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ABSTRACT. Continuous-time games involving complex uncertainty are a well-known challenge
because they can rarely be formulated as well-posed extensive forms. Yet, it is the extensive form
that fully specifies the rules of a dynamic game, making it essential for describing information flow
and dynamic equilibria ([5]). This fundamental issue concerns large classes of decision problems,
including stochastic differential, timing, or Bayesian “games” in continuous time.

The stochastic process form, introduced in this article, provides an abstract game-theoretic
model of the extensive form characteristics of such games, formulated in the language of stochastic
processes. It is based on outcome processes and information structures on the space of config-
urations. A strategy is a process on that space describing a complete contingent plan of action
compatible with information, and outcomes are induced by strategy profiles. A natural notion of
information sets and subgames as well as of dynamic equilibrium obtains.

The problem of instantaneous reaction and information about it is tackled by introducing
vertically extended continuous time. The article shows that there is a suitable stochastic analysis
on this time axis, generalising the classical one. Via the notion of tilting convergence, action along
the vertical half-axis is a limit of accumulating action processes on smaller and smaller grids in
classical continuous time. This provides a notion for viewing outcomes in stochastic process form
as limits of outcomes in well-posed stochastic extensive forms as introduced in [56].

The theory is finally shown to apply to stochastic differential and timing games. For the
latter, we provide a specific model in stochastic process form, construct the symmetric preemption
equilibrium described by [58, 29] in a stacked strategic form setting, and explain the equilibrium
outcome as a tilting limit of classical continuous-time decision making.
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INTRODUCTION

Alice and Bob can try to grab a one-dollar bill once the referee has whistled. The first who grabs
gets it. However, in case of simultaneous first grabbing both are fined in the amount of one dollar
instead. What can game theory tell about this? If we find it plausible, helpful, or reasonable to
model time as a continuum — and there are good points favouring any of these attitudes —, no
symmetric “subgame-perfect” equilibrium obtains. This issue has been identified in [29, 58] (see
also the references therein), and a solution proposed, yielding a symmetric “equilibrium”. However,
that construction is based on discrete-time approximations on the level of payoffs and relies heavily
on the specific structure of a two-player timing game. Thus, it is relevant to understand

1. whether this solution can be explained by an intrinsic continuous-time model (based on in-
trinsic continuous-time outcomes and decision points, as well as strategies that are complete
contingent plans of action), and

2. whether such a model does arise from abstract decision-theoretic principles, in a way com-
patible with control-theoretic language used in applied probability theory.

Game-theoretic models in continuous-time formulation are an important object of applied prob-
ability theory indeed. One important example for continuous-time models employing game-theoretic
terminology is given by (stochastic) differential games. These are usually formulated in terms of a
(stochastic) differential equation of the form

(0.1) dxe = V (&, xt) A, te Ry,

where &; is the tuple of all agents’ actions at time ¢, valued in, say, R™, 7 is a suitable integrator
(for instance, a function of bounded variation, or a continuous LL2-martingale with respect to some
probability measure P), valued in, say, R™, V: R**? — RI*™ i5 a sufficiently regular map so
that this equation admits a unique solution in a reasonable sense, and y describes the R%valued
solution, called “state process”, which is the payoff-relevant quantity and which agents can partially
condition future decisions on. In this context, information available to the agents is modelled via
the state process’s path x, filtrations, and the requirement that the processes, particularly ¢ and
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the strategy inducing &, are adapted to them. One typical definition of equilibrium would be, given
a bounded continuous function u from a suitable path space to R:

=t

E,u(x®) > Exu(x(s 754))’ vz € RY,

for all players ¢ = 1,...,n and all unilateral deviations §°. In this example, s = £ is the strategy
profile, directly determining the action process, n is the number of players, and s* = £* is its i-th
component. x*® describes the solution to Equation 0.1 given £ = s, with initial condition x under
the measure P,, whose expectation is denoted by E,. This is a stacked strategic form perspective:
For any initial value of the state process, an own strategic form is defined.!

As another natural example, timing games can be seen as the simplest non-trivial class of dynamic
games. In these, at each point in time, agents can choose a number in {0, 1}, the choice of 0 being
irreversible. These games are often formulated in terms of the first times the number 0 is chosen by
the agents (“optional” or “stopping” times). An alternative description is based on decreasing {0, 1}-
valued? stochastic processes adapted to some information flow modelled by a filtration.® Due to their
relative simplicity, timing games allow to study conceptual problems in game theory and solutions
to these like under a magnifying glass. For example, one classical conundrum in continuous-time
preemption games is the difficulty of constructing a symmetric preemption equilibrium, which is
readily possible in discrete time.* The problem is that complicated chains of randomised action and
reaction on smaller and smaller discrete-time grids collapse in the continuous-time limit — or seen
from a different perspective, in continuous time, waiting for a tiny, but positive amount of time
with positive probability still gives the opportunity to an opponent to preempt you.

However, from a decision-theoretic point of view, a game is specified by a complete set of rules.
The concepts of “strategy”, “equilibrium”; “subgames” (or “information sets”) are derived notions,
implicitly determined by the primitives. In turn, the primitives of a dynamic game are given in
terms of what we may call its extensive form characteristics, that is, “the flow of information
about past choices and exogenous events, along with a set of adapted choices locally available to
decision makers”.® As argued in [55, Introduction], the “paradigmatic model of these extensive
form characteristics is provided by classical extensive form theory, as established by von Neumann
and Morgenstern in [68] and furthered by Kuhn in [16, 47]”. Tts two main formulations — using
either refined partitions or (decision) trees, illustrated in Figure 1 — can be given a very abstract,
general setting. This has first been done in [3, 4, 2, 5], and generalised to a stochastic setting
in [57, Chapters 1, 2]. A well-posed extensive form theory obtains under specific order-theoretic
conditions on the underlying tree or forest (cf. [4, 2]), which generalises to the stochastic setting in
[57]. For (stochastic) extensive forms based on time-indexed paths of action, well-posed is found to
be equivalent to the well-orderedness of the time half-axis, by [57, Theorem 2.3.14]. This creates

I1See [39, 26] for the initial accounts due to Isaacs and Friedman. For a more recent overview on differential games
in general, see [22]. Regarding stochastic differential games, see [16, 17] for a recent textbook focusing on stochastic
differential games where the “vector field” V' depends also on the distribution of (&, x), called “mean field games”,
introduced independently in [38, 50].

20r [0, 1]-valued, which is equivalent, up to taking some conditional expectation of the {0, 1}-valued process in
question, see [14, 67]

3See, e.g., [23, 24] for the start of the literature on “Dynkin games”, [67, 48, 33] and the references therein for
more recent works on this topic. For another, more abstract “game-theoretic” stream of the literature on timing
games, see, for instance, [29, 49, 58, 65] and the references therein. For a review of the vast literature on economic

applications via real options theory, see [9].
4This is the example from the very beginning of this article.
5Ct. [57].
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F1GURE 1. Refined partitions on a set of outcomes, and a tree representing out-
comes by maximal chains (copies of Figures 5, 9 in [68])

a foundational issue for the huge class of game-theoretic models that are essentially based on
continuous time, like those mentioned above.®

As a consequence, the interplay of continuous time and complex uncertainty represents both a
litmus test and a fundamental challenge for game theory. When time is modelled as a continuum
and information is subject to intricate structures of uncertainty, even the most basic notions —
such as strategy and outcome, simultaneity and reaction, randomisation and beliefs, subgames
and information sets — become elusive. Ultimately, canonical meta-concepts of equilibrium and
optimality become difficult to implement rigorously and in a natural way, raising the questions of
their general decision-theoretic meaning and of their interpretation in concrete applications.

The reasons for continuous-time modelling are manifold. One is pragmatic. Working in continu-
ous time unlocks the powerful toolbox of (real, stochastic, functional, ...) analysis and considerably
helps pushing the frontiers of mathematical tractability. Relatedly, the numerics — calculating op-
timisers, values, equilibria — may become much more tractable and the convergence of numerical
schemes easier to analyse. Another reason is decision-theoretic. Working in discrete time assumes
that there is some entity or natural constraint that can enforce agents to act only at the times of
the predefined grid — though in many situations it is well conceivable that a real agent could try
to act in between two grid points. This is a severe restriction for non-cooperative game theory,
where, once the rules have been fixed, agents are otherwise anarchic. A fourth traditional argument
is rather “philosophical”, based on the statement that time really “is” continuous. If one accepts
this point of view, any realistic model must employ continuous time.”

For examples, we refer to the discussion of stochastic differential and continuous-time timing
games from the beginning. On this occasion we emphasise that in stochastic differential games,
the action process £ and the state process x do typically not have locally right-constant paths, and
hence there is little hope of being able to formulate the problem directly within a well-posed action

SWe have to mention here the action-reaction framework from [1] which is based on paths of action in continuous
time, but still does yield a well-posed extensive form. However, in this model, players cannot de facto act continuously
because they must determine inertia (or waiting) times after any definitive action, committing to inaction during
the corresponding period of time. This structure restores well-orderedness of all plays alias decision paths; see [57,
Section 2.3.2].

"We express no philosophical opinion regarding the validity of this argument; we just mention its existence. It
has a prominent tradition in the debate about the interpretation of physics. Another example for its use may be
volatility modelling in finance. At least when assuming the concept of volatility to represent reality in one way or
the other as opposed to a mainly instrumental view on it, the claim that “volatility is rough” (cf. [32], see also [31]
and there references therein, not least their titles) would make little sense without the implicit claim that “time is
continuous”.
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path stochastic extensive form, by the results of [57, Chapter 2].® We also note that in timing
games instantaneous reaction to new exogenous information, i.e. a Brownian motion hitting some
boundary, may be a relevant optimiser or best response candidate which is also incompatible with

the well-posed action path stochastic extensive form models constructed in [57, Chapter 2].
The sheer size, breadth, and relevance of the literature on continuous-time games and con-
trol, which involve uncertainty (stochastic noise, randomisation, “incomplete information”,; ...) to

varying, but often high degrees, makes it necessary to develop an abstract decision-theoretic under-
standing. Existing standard approaches typically fall into two extremes: either a stacked strategic
form, as is common in stochastic differential games and control (see [26, 58, 19]), without any ca-
nonical way of implementing extensive form notions like subgame-perfect equilibrium (cf. [60]), or a
fully developed well-posed extensive form (cf. [68, 17, 5]), based on action paths indexed over time
(cf. [3, 4] for the basic deterministic example, and [57, Chapters 1 and 2] for a general stochastic
theory). One must further mention the product form (cf. [69, 70, 37]) which leaves the extensive
form terrain in a decent way in order to center on measurability, also with respect to information on
past choices. Yet, to best of the author’s knowledge, measurability along time (or more generally,
instances of decision making, e.g. subgames) is not focal in this formal model, while it is critical for
continuous-time theory and the application of (stochastic) analysis.

All these perspectives aim to capture the essence of dynamic strategic interaction, and all seek
to be analysable through dynamic refinements of the Nash equilibrium concept. This text argues
that these approaches, despite their differences, share underlying extensive form characteristics and
can be unified through an abstract and general formal model. We show that this can be done
in a way incorporating the necessary structure to implement dynamic equilibrium (like perfect
Bayesian or subgame-perfect) and to be compatible with complex forms of probabilistic uncertainty
in continuous time and, in particular, the general theory of stochastic processes (cf. [21, 25, 43, 54]).

In a temporal setup involving probabilistic uncertainty, focusing on extensive form characteris-
tics leads to the basic insight that the fundamental object describing outcomes of possible choices
are not decision trees or forests (as in extensive form theory), nor mere collections of random
variables over decision points or “agents” (as in the product form), but rather stochastic processes
satisfying particular measurability properties with respect to a given filtration. Yet, strategies
must be understandable as complete contingent plans of action, alias local choices, given these infor-
mational alias measurability constraints; it must be explained which outcome processes they induce;
it must be explained what are the “decision points”, “subgames”, “information sets” (including
counterfactuals) conditional on that outcome processes are induced and, ultimately, preferences are
formulated. As in extensive form theory, the stacked strategic form ultimately used in equilibrium
analysis must derive from these data.

Thus, we develop a framework that speaks the language of stochastic processes while syste-
matically preserving the structural hallmarks of the underlying extensive form characteristics. This
abstract model is deliberately general: it subsumes a broad class of games and control problems
formulated in terms of stochastic processes and offers a conceptual bridge to extensive form-based
reasoning. It enables rigorous comparisons with stochastic extensive forms (in the sense of [57,
Chapter 2], a generalisation of [5, 47, 68]) and captures key strategic properties without relying on
case-by-case ad-hoc adaptations of extensive form theory.

The relevance of such a model lies not only in its capacity to represent strategic dynamics
with greater clarity, but also in its ability to enable a general theory of a) reformulating classical

8In [3], game trees based on action paths are actually linked to “differential games”. This neglects the fact that
usually differential games are not formulated via trees, but via differential equations and filtrations. Be it as it may,
the corresponding decision tree, or decision forest in the stochastic framework we propose in this text, is not such
as to give rise to extensive forms or, even if so, to ensure their well-posedness, as we conclude in [57, Chapter 2],
thereby generalising findings from [4, 2].
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continuous-time models like stochastic differential games and then approximating them using rigo-
rous action path extensive form models, and of b) conversely describing decision-theoretic limits
of action path extensive form models as reaction lags shrink to zero. Indeed, as mentioned above,
a very general class of action path stochastic extensive forms — that is stochastic extensive forms
wherein outcomes are given by pairs (w, f) of an exogenous scenario and a time-indexed path f
of action — can be constructed, as demonstrated in the thesis [57, Chapter 2]. It is shown in
[57, Theorem 2.3.14] of that thesis that, if restricting to a well-ordered time grid in R, these
stochastic extensive forms are well-posed, i.e. strategy profiles induced unique outcomes. Under
this hypothesis, action paths can be seen as locally right-constant paths in continuous time whose
jump times lie in a fixed, well-ordered grid.

With this approximation intuition in mind, we make a fundamental observation concerning the
limit behaviour of outcomes: as intervals of interaction shrink to zero, information about potential
reactions vanishes. Precisely, if on the grid G,,, n € Z, given by G, (k) = k27" for all k =0,1,...,
Alice acts according to the process £ = 1[0,27")g, and Bob according to £7~1 then Alice switches
to zero strictly before Bob, and there is no difficulty in modelling Bob observing this until time
2177 Letting go n — oo, both " and £"~! converge pointwise to the action process 1{0}. The
order of action and also Bob’s observation of Alice’s action is lost in the limit. Moreover, there is
no instant of time at that the stopping really occurs: at time zero, the value is still 1, while at any
time € > 0, the stopping must have already happened before — a paradox.

This problem essentially underlies the challenge described and analysed in [29, 58] in the context
of continuous-time preemption games. Yet, the analysis of these articles does not formally describe
the “limit” outcome processes, which yet are a crucial part of the extensive form characteristics of
the problem. If we wish to do so in the language of stochastic processes, the described phenomenon
suggests allowing for well-ordered chains of “reaction nodes” at a single real point in time. Inter-
preting these as instances of instantaneous reaction, it becomes natural to glue well-orders above
every real time point — leading to a vertically extended continuous-time structure. That is, we
consider the vertically extended set of continuous time T = R, x a for some well-order o, whose
smallest three elements we call 0,1, 2, and we equip T with lexicographic order. Then, the intuitive
limit as n — oo of Alice’s behaviour £ is 1{(0,0)}, whereas that of Bob’s £€"~1 is 1{(0,0), (0,1)}.
Then, there is no loss of information in the limit. The set T and the notion of “tilting” convergence
just described are illustrated in Figure 2.

This extension raises several foundational questions: What size and structure should such well-
orders have in order to be consistent with the above-mentioned limit procedure? How are stochastic
processes to be defined on such an extended time scale? What are the appropriate notions of or-
der, topology, and measurability on the vertically extended time half-axis? How can we formalise
“points” that agents can consider their options and revise their plans at, and what are counter-
factuals? What concept to use in order to describe the corresponding instances of time, optional
times, and, based on that, optional processes generated by these times and corresponding actions,
adapted to the information flow? Finally, how can we formally describe the “tilting” limit procedure
motivated above, and establish a link between grid-dependent decision making in continuous time
and decision making in vertically extended time? These questions, rooted in game, decision, and
control theory, lead to an extended theory of continuous time and stochastic analysis on that time
half-axis, which is the subject of the first two sections of this article. In the third section, a rigor-
ous abstract game-theoretic model of stochastic extensive form characteristics based on stochastic
processes in vertically extended time is introduced, which we call stochastic process form, and we
argue that it responds to the above challenges. Within this model, we derive notions of strategy
and outcomes, information sets and subgames, randomisation and beliefs, and of equilibrium. We
examine the contrasts with classical extensive, product, and strategic form approaches and explore
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¢

(t= 0)= R+

FIGURE 2. An illustration of vertically extended continuous time and tilting con-
vergence: above any real time ¢t € Ry we attach a sufficiently large well-order. The
action process consisting of three actions at times (¢,0), (¢,3), and (¢,210 + 4) can
be obtained by a limit of sequences of classical continuous-time decision making on
refining, convergent grids in R, on which these actions occur at the grid points
with indices 0, 3, and 2w + 4, respectively. The limit procedure is illustrated by
the dashed arrow pushing the classical continuous-time decision making to the left.
They eventually accumulate at the real time ¢; but, via the special notion of con-
vergence proposed here, they are tilted by 90° counterclockwise and end up on the
vertical axis above t. — Notation: Roughly speaking, up to unique isomorphism,
1o is the “smallest infinite well-order”, and 2t + 4 is the twofold concatenation of
this well-order concatenated with the four-element well-order. tw; can be seen as
the set containing, up to unique isomorphisms, all well-orders embeddable into R .
For rigorous definitions and more details, see Section 1.

the consequences of our framework for dynamic equilibrium analysis. To demonstrate both the
breadth and specificity of the theory, we apply it to stochastic differential games in general and
provide a detailed treatment of a prototypical class: timing games.
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One the one hand, we discuss on a rather abstract level how and why stochastic differential games
fall within the framework of stochastic process forms, which provides a stronger decision-theoretic
footing than the traditional stacked strategic form framework. A detailed analysis is performed
in the case of timing games. Concerning the latter, we recall that [29, 58, 65] give a solution to
the continuous-time preemption problem in terms of a stacked strategic form approach, based on
extended mixed strategies. There, payoffs are defined as direct functions of strategy profiles, using
a “discrete time with an infinitesimally fine grid” limit consideration. This approach does not
formally describe outcomes, nor does it describe how payoffs arise from outcomes. One side effect
of this is that payoffs are rather hard to formulate, and it probably would be even harder for more
than two players. Moreover, in the cited approach strategies are actually “stacked strategies” alias
large families of stochastic processes, one for each subgame. Thus, strategies formally depend on
subgames — though this dependency is ex post weakened by a dynamic consistency requirement.
However, this consistency condition is not further justified and appears as a solution to a difficulty
arising from the formalism rather than from the formalised problem itself. After all, a strategy is
a complete contingent plan of action alias local choices. Further, a “subgame” is a “point” where
agents can revise these local choices. Both notions are no primitives in any strong sense, but arise
from the description of information flow and local choices, i.e., the extensive form characteristics.
Provided well-posedness of the game-theoretic model, a strategy profile induces a unique outcome
in any “subgame”. In the stacked strategic form model from the cited literature, these decision-
theoretically important steps are skipped. This raises the question whether the “stacked strategies”
can be integrated into one strategy process, defining a complete contingent plan of action. Similarly,
we ask how “subgames”, “decision points”, “information sets” arise from information flow and local
choices. This would clearly strengthen the interpretation of subgame-perfect equilibrium, because
an equilibrium must be a strategy profile in its own right, understandable in terms of the basic
extensive form characteristics.

Responding to this, we propose a well-posed stochastic process form model for timing games.
Aside from being more general (general finite number of players, asymmetric information, full
closed-loop setting, including a larger class of subgames), it gives a systematic explanation of out-
comes and strategies, information, subgames, and equilibrium, deriving from the basic principles of
the stochastic process form model. We show that the expected symmetric preemption equilibrium
obtains via one global strategy profile which induces the expected outcome of randomisation on the
vertical half-axis above the preemption boundary. As a corollary of the theory of “tilting conver-
gence”, transforming reaction on smaller and smaller time lags into chains of infinitesimal reaction,
we obtain a representation of this outcome in terms of a limit of discrete-time approximations. This
extends a similar result on the deterministic two-player timing game from [64].

Organisation of the text. The paper is organised as follows. In Section 1, vertically extended
continuous time T is introduced as the smallest complete total order containing all countable accu-
mulations of well-orders embedded into R,.. Topology and measurable structures on T are studied.
In Section 2, stochastic processes and random times are investigated, and suitable notions of pro-
gressive measurability, optional and predictable times and processes are introduced and their basic
properties analysed. The notion of tilting convergence is introduced and so the fundamental link to
outcomes of well-posed action path stochastic extensive forms is establishes. In Section 3, stochastic
process forms are introduced in full generality and their information sets analysed. The section is
concluded with a case study of continuous-time stochastic timing games and a short discussion of
stochastic differential games.

All proofs can be found in the appendix. A pedagogic, self-contained treatment of the Dedekind-
MacNeille completion of partially ordered sets, which we use in Section 1, is found in the appendix
as well.
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Related texts. This text is essentially equal to parts of the doctoral thesis [57] of E.R. The main
body and the appendices are more or less exactly taken from [57, Chapter 3 and Appendix]. The
introduction is a combination of parts of [57, Introduction]; the conclusion is a combination of parts
of [57, Conclusion]; — in both cases, some changes have been made.

Further declarations. In selected places and to a very limited extent, the software ChatGPT-
4 in its current version was used to check spelling and improve the English formulation of the
authors’ thoughts. Any suggestion has been critically reviewed by the authors and the authors
take full responsibility for resulting modifications of the text. I TEX has been used to generate this
manuscript technically. Figure 2 has been generated by E.R. using the graphics software draw.io,
version v27.0.9.

Notations. We give a list of some notations or conventions used throughout the text some of which
are not completely standard.

— N =7, = the positive integers including zero, N* = N\ {0}, Q = the rational numbers, R
= the real numbers, Ry = {x € R | z > 0}, all of them understood to be equipped with
the standard order and algebraic structure;

— UM = the union of a set M = the set of all z that are the element of some S € M, also
written (J,c; S in case M is the image of some function I > i+ 5;, for some set I;

— f x g = the function Dy x Dy — V; x Vs, (x,y) — (f(x),9(y)) for functions f: D; — Vi,
g: Dy — Vo

— tv = the smallest infinite ordinal, tv; = the smallest uncountable ordinal;

— |M| = the cardinality of a set M;

— < ymeans “x < yand x # y”, given a partial order < an a set M and z,y € M; similarly,
> denotes the strict partial order associated to a partial order >;

—[z,y)r ={2 € T | x < z < y} for any poset (partially ordered set) T" and all z,y € T}
intervals [z, y|r, (x,y]r, (z,y)r are defined similarly according to usual conventions;

— P = the Borel o-algebra of a given topological space T

- &lp={END|E € &}, for any measurable space (€2, &) and any subset D C Q;

— [o,7) = {(t,w) € Tx Q| o(w) <t < 7(w)} for the poset T introduced in Section 1, any
set 2, and all maps o,7: Q — T, known under the name stochastic interval in probability
theory; the intervals [o, 7], ((¢,7], and ((r,0)) are defined similarly according to usual
conventions; moreover, [7] = [, 7];

— fep is the push-forward of a measure p on a given measurable space (2,&) by a map
f:Q — Y into some set Y, defined on the o-algebra f.& = {B C Y | f~1(B) € &} and
given by f.u(B) = u(f~'(B)), B € f.&;

~ f*% = {f~Y(B) | B € #} is the pull-back of % by f, for any map f: 2 — Y and any
o-algebra % on Y;

— P is the set of probability measures on a measurable space (2, &);

— &" denotes the universal completion of a o-algebra &, that is, the intersection of the com-
pletions of & with respect to all elements of Pg.

1. VERTICALLY EXTENDED CONTINUOUS TIME

In [57, Chapter 2], we have shown the well-posedness of action path stochastic extensive forms
on well-ordered time grids. We have also seen that, essentially, one cannot go beyond this within
a rigorous action path stochastic extensive form setting. Thus, as described in the introduction
to this text, we use the outcomes of these action path stochastic extensive forms defined on well-
ordered time grids and let the grids become finer and finer to obtain asymptotic action processes,
as illustrated in Figure 2 printed in the introduction. The corresponding notion of convergence is
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discussed later in Section 2. First, we need to vertically extend the continuous-time half-axis in
order to faithfully represent relevant patterns of reaction on these smaller and smaller time grids
in the limit.

The aim of this subsection is to introduce this vertically extended continuous time, that is, the
smallest complete total order containing R; and any tilted well-order embeddable into R;. We
equip it with a suitable topology and with suitable o-algebras. The order topology being too large,
the interesting o-algebra is not given by the Borel sets. Hence, we are led to studying the problems
of the measurability of continuous functions and of measurable projection and section.

1.1. Preliminaries on order theory. We start with recalling some basic, well-known facts from
order theory and thereby fix notation and conventions.

Completions. Basic notions from order theory are recalled in the appendix, see Section B. Here, we
only recall the following special notions which are introduced in that appendix. Let P be a poset
and ¢: P — L be a completion. Then,

1. we call ¢ dense iff im ¢ is both join- and meet-dense in L;
2. we call ¢ small iff for any completion ¥: P < M, there is an embedding f: L — M with
Y =fop.
It can be shown that a completion is dense iff it is small, for any poset P there is a small completion
(¢, L), for any small completion (¢, M) there is a unique isomorphism f: L — M such that
1) = foy, and the small completion of P can be represented by the Dedekind-MacNeille completion.
For details, see Section B.

Topology on total orders. Without further mention, we equip any total order 1" with the order
topology Or. Namely, this is the topology generated by all sets of the form + t\{¢t} = {u € T | t < u}
and [ t\ {t} ={ueT|u<t}, teT. In the following definitions, let T' be a total order.

Recall that in a topological space Y, a neighbourhood of a point y € Y is a set V C Y containing
an open set V/ with y € V! C V. A point t € T is a left-limit point iff for every neighbourhood U
of t we have UN (} t\ {t}) # 0. A point ¢t € T is a right-limit point iff for every neighbourhood
U of t we have U N (T t\ {t}) # 0. Denote the sets of left-limit (right-limit) points by T~ (T),
respectively.

If f: T — S is a function on T into some set S and ¢t € T is a left-limit (right-limit) point, then
we call f left-constant at t (right-constant at t) iff there is a neighbourhood U of ¢ such that f|uny.
(flare) is constant, respectively.”

If f: T — Y is a function on T into some topological space Y and t € T is a left-limit (right-limit)
point, then y € Y is said left-limit (right-limit) of f at t iff for every neighbourhood V' C Y of y,
there is a neighbourhood U C T of ¢ such that UN (L t\ {t}) C f~H(V) (UN (Tt \{t}) C fF~L(V),
respectively). Provided Y is Hausdorff, if existent such y is unique, and denoted by y = lim,, »; f(u)
(y = limy,~ f(u), respectively). We call f left-continuous at t (right-continuous at t iff, provided ¢
is a left-limit (right-limit) point, f(t) is a left-limit (right-limit) of f at t, respectively. With these
definitions, f is continuous at ¢ iff it is both left- and right-continuous at ¢; and f is left-continuous
(right-continuous) at ¢ if it is right-constant (left-constant) at ¢, respectively. If Y is a total order
as well, and ¢ € T is a right-limit point, f is said lower semicontinuous from the right at t iff for
any y € Y with y < f(¢), there is v € T with ¢ < v such that for all u € (¢,v)p, we have y < f(u).

A function f: T — S into some set S is said locally right-constant (locally left-constant) iff it
is right-constant (left-constant) at any left-limit (right-limit) point ¢ € T, respectively. In direct
generalisation of the standard framework, we call a function f: T'— Y into a topological space Y

9We choose this convention; a weaker alternative would have been to ask for f‘Uﬂ(u\{t}) (flun(ren{ty), respect-
ively) to be constant.
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lag (lad) iff it has left-limits (right-limits) at all left-limit (right-limit) points, respectively. We call
a function f: T — Y into a topological space Y left-continuous, or cdg (right-continuous, or cdd)
iff it is left-continuous (right-continuous) at any ¢ € T, respectively. Agglutinations, like cadldg,
stand for the conjunction, like “cad and 1ag”. So, for example, f is continuous iff it is cadcag.'® A
function f: T — Y from a totally ordered set T into a further totally ordered set Y is said lower
semicontinuous from the right iff it lowersemicontinuous from the right at all right-limit points in
T.

Well-orders and ordinals. We recall basic notions from the theory of well-orders within ZFC, see
[71, Chapter 2]. A well-order is a poset S such that any non-empty subset M C S has a minimum.
An ordinal (number) is a set « such that all y € « satisfy y C « and the element relation € defines
a strict partial order on «. The class of ordinals is denoted by On. Then (see [71, Section 9]),

1. any set of ordinals is strictly totally ordered by the element relation €,

2. any non-empty set of ordinals has a minimum with respect to that partial order,
3. for every « € On, a = {# € On | § < a}, and

4. On is not a set.

Ordinals are important to us because any well-order is isomorphic to a unique ordinal via a unique
isomorphism (cf. [71, Section 9]).

The empty set is an ordinal, i.e. @ € On, which is called zero and denoted by 0 = (), any a € On
has a unique successor, given by a + 1 = a U {a}, and any downward closed set of ordinals is itself
an ordinal. The successor of zero is one, denoted by 1 = 0+ 1 — and so on. A successor ordinal is
an ordinal 8 such that there is & € On with 8 = a+ 1. A limit ordinal is a non-zero, non-successor
ordinal. For any set S C On of ordinals, there is a smallest ordinal g such that all a € S satisfy
a < f8, given by |JS. Hence, if S C «a + 1 for some o € On, then supS = (JS in the poset
«a + 1. Based on the zero ordinal, the successor operation +1, and the supremum operation sup,
one can recursively define ordinal arithmetic in terms of an associative addition, a left-distributive
multiplication, and a multiplicative exponentiation on ordinals. Care must be taken, however, since
the algebraic structure of these operations is relatively limited in general, see [71, p. 80] for details.

As a direct consequence of the infinity axiom, there exists a smallest infinite ordinal, denoted by
. Equipped with ordinal addition and multiplication, and the respective neutral elements 0 and 1,
1 is identical to the algebraic structure N = Z, of natural numbers. One can show the existence of
a smallest (alias first) uncountable ordinal, denoted by tv;.'! Tts successor is tv; + 1 = tv; U {tv; }.
By the results cited above, to; is the set of all countable ordinal numbers. An ordinal can be
embedded into Ry iff it is countable. For any countable set S C w; of countable ordinals, |J S
is countable, hence it admits a supremum in to;. Recall that, without further mention, we equip
any totally ordered set with the order topology. tv; is sequentially compact, but not compact.
As a consequence, any uncountable ordinal is not metrisable. Hence, an ordinal is Polish iff it is
countable.

1.2. The complete total order T. In view of the theory developed in [57, Chapters 1 and 2],
and by [57, Theorem 2.3.14] in particular, one can construct a broad class well-posed stochastic
extensive forms based on paths of action indexed over well-ordered subsets of R;. The theory
of this text is based on the intuition of eventually accumulating these time well-orders from the
“right”. Here, we graphically represent continuous, or “real”, time Ry as a horizontal half-axis

101y principle, to all these definitions concerning the entire function f one must add the qualifier “locally”. As
continuity is a local property, this makes no difference however. By contrast, “constant” is not a local property: for
example, the identity on {0, 1} is locally right- and left-constant, but not constant.

Hy is typically denoted by w, and w1 by wi, but in view of the dominant role of probability in this text, and the

typical notation “w” for scenarios, we choose this unusual notation.
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oriented towards the right. As discussed later on in Subsections 2.5, in the limit, such well-orders
can collapse form a purely horizontal point of view. As we wish to keep track of this order structure
of decisions in the limit, we extend real time on a well-ordered vertical half-axis.

Recalling that well-orders embedded in R are always countable, the time half-axis we require
is

(11) T:R+ X ml.
We equip T with lexicographic order, that is, (¢, 5), (u,v) € T satisfy
(1.2) (t,8) < (u,7) — t<u, or t=wuand g <Al

A stochastic analysis based on this time half-axis requires understanding two things: first, the small
completion of T (for taking infima and suprema); second, suitable topologies and o-algebras on that
completion (for convergence, probability, and integration).

In this subsection, we deal with the first question, but also prepare our later treatment of the
second one. For that, the approach will consist in exhausting T by sufficiently “small” extensions.
Namely, fix some a € to; + 1, and let

(1.3) To =Ry xa={teT|n(t) <a}.
Clearly, we have T,, = T if o = ro;. More importantly, T = |, ¢y, Ta-

Let us note that, via set inclusion, T, is embedded into Ry x (o +1) endowed with lexicographic
order, i.e. all (¢, 8), (u,7) € Ry x (01 + 1) satisfy Statement 1.2. Here, Ry is the small completion
of the poset R, given by Ry = Ry U {oc}, with oo = supR,. To obtain a (candidate for a) small
completion of T, let
(1.4) T — Tot1 U{oo}, if ais a limit ordinal,

T, U{o0}, else,

equipped with induced order. If a = 1y, we simply write T = T,, that is, we let

(1.5) T = Ry x (rog + 1)] U {oo}.
Note that Ty = {oo} and, if a > 0,
(1.6) T, =Ty U{(t,supa) |t € R4} U {oc},

where sup « is the supremum of the set o in tv; + 1. This union is disjoint iff « is a limit ordinal.
There are embeddings R, — T — R, x (tv; + 1) mapping t + (¢,0) and (¢,a) — (¢,a), by
means of which we treat R, as a subset of T, and T as a subset of R x (tv; + 1). Moreover, let
p: Ry x (lo; +1) = Ry and 7: Ry x (o3 + 1) — (g + 1) be the canonical projections of the
set-theoretic product. Clearly, p is monotone and 7 is not.
We now answer the first question above.

Proposition 1.1. Via set inclusion, Ty is a small completion of To. In particular, T is a small
completion of T.

The proof is based on the following lemma which is of independent interest.
Lemma 1.2. Let a € oy + 1 and S C T, be a subset. Furthermore, let
a = inf Pp(9), b = sup Pp(9), in Ry.
Then, S has both an infimum and a supremum in T, given by
(a,7y), if a € Pp(S) and v = inf Pr(S N [{a} x (supa+1)]) in supa+ 1,
infS= ¢ (a,supa), ifacRy\Pp(S),
00, else,
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and

b, if b ¢ Pp(S).

Definition 1.3. The complete and totally ordered lattice T is said vertically extended continuous,
or real, time, or shorter vertically extended time, or even shorter, if the context permits, time.

sup S = {(b7 v), ifbePp(S) and v =supPw(SN[{b} x (supa+1)]) in supa+1,

As detailed above, the elements of T have a direct interpretation in terms of “accumulated”
well-orders embedded into R ; this point is further detailed by the notion of tilting convergence,
introduced in Subsection 2.5. The other elements of T arise by taking suprema and infima of
elements of T, as described in Proposition 1.1 and, more explicitly, in Lemma 1.2. In most decision-
theoretic contexts, the element co can be interpreted as “never” or as a terminal time. A natural
interpretation of (¢,t01), for t € Ry, is “never at real time ¢” — a contradiction, of course. Yet,
this contradiction is later resolved by the fact that the relevant objects describing dynamic decision
making, introduced in Section 2, — optional times and optional processes — overlook these vertical
endpoints.

1.3. Topology and o-algebras on T. In the remainder of this and the following section, we study
suitable o-algebras on the vertically extended continuous time half-axis T, the small completion of
T. First, we note that T is equipped with the order topology Oz. For any subset S C T, let 4=(S)
be the set of all down- and up-sets of the form [0, t)z and (¢, 00z, t € S. Then, by definition, %(T)
is a subbase of the topology 0. This is slightly strengthened by the following simple result.

Lemma 1.4. The set
(1.7) U(T) = {[0,u)5 | u € T}U{(t,00l5 |t € T}U{(t,u)5 | t,u € T}
is a base and 95(T) is a subbase of the topology % on T.

Let %5 = o(0F) be the Borel o-algebra on (T, O5). By definition, basically, %5

1. is the smallest o-algebra %’ on T such that for all topological spaces Y, all continuous maps
T — Y on are #'-%By-measurable,

2. and is the largest o-algebra %’ on T such that for all topological spaces X, all continuous
maps X — T are Bx-%B'-measurable.

Deleting sets from %z removes some continuous maps T — Y — in probabilistic terms, a fortiori,
also some stochastic processes with continuous paths — from our reach. Adding sets to %3 removes
some continuous maps X — T — in probabilistic terms, some random times — from our reach. In
that sense, %5 is quite natural. However, despite being Hausdorff the topology Oz on T is non-
metrisable, because 17 is not metrisable. This makes standard methods from stochastic analysis
hard to apply. Moreover, it is shown further below that % is neither generated by the (compact)
class of (closed) intervals, respectively, nor by that of products of compacts in Ry x a, a € wy,
and basic results from stochastic analysis, such as measurable projection, do not generalise to that
o-algebra.

Therefore, we consider the o-algebras generated by intervals on the one hand, and by the products
of compacts Ry x o, o € t; on the other. This defines the following programme which we are
concerned with in most of Sections 1 and 2:

1. Introduce these o-algebras formally, precisely describe their relevant generators, and estab-
lish their relationship;

2. Determine a relevant class of topological spaces Y such that continuous maps T — Y are
measurable;
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3. Study whether the theorem of measurable projection and section holds true for these o-
algebras;
4. Study stochastic processes and random times with time T regarding relevant measurability
properties.
We start with Step 1. Let J4(T) = o(%4:(T)) be the o-algebra generated by %3(T), the
complements of principal up- and down-sets of elements of T in T. Next, for any a € toq,
equip Ry, a + 1, and their product R, x (a + 1) with their Polish topologies ﬁ@, Oq41, and

ﬁﬂx(aﬂ) = ﬁﬂ@’ Oa+1, respectively, let
(1.8) o T B x (a+1), ¢ (p(t), supl(r(t) + 1) N (o + 1)),
and let 9% be the o-algebra on T generated by p® and ‘@Mx(aﬂ) = J(ﬁmx(aﬂ)), called the

projection o-algebra of rank o. Let &5 be the o-algebra on T generated by the set of pairs p®,
@ﬂx(m—l) = U(ﬁMx(a+1))7 ranging over a € vy, called the projection o-algebra.'? In formulae,

(1.9) 22 ={(0*)"(B) | BE By oiny}» €Wy,

+x(a+1)
and Pr = Vaerm 3”%.
We now describe several generators of .#5(T), making precise the statement that “.#%(T) is the
o-algebra generated by the intervals”. For this, let

Hg(T) = {[t,ulz | t,u € T}.

Proposition 1.5. For any t,u € T, [t,ulz is compact. J5(T) is an intersection-stable compact
class satisfying
H7(T) = o(44(T)) = o (AH(T)).
Corollary 1.6. The following sets of intervals are intersection-stable and generate the o-algebra
{[0,ulz[ueT}, {0,u)z|uecT}, {[tooz|teT}, {(t oof5|teT}.
Hence, we call #5(T) the T-interval o-algebra on T, and abbreviate it by J5. We continue with

discussing the projection o-algebras. Generators of @%, for a € vy, and 5 are spelled out in the
following lemma.

Lemma 1.7. For any Y € {R,} Uy, let % be an intersection-stable generator of the o-algebra
By such that'Y is the countable union of elements of 9y . For o € wq, let

52~ {078 % C)| By C < ).

and let

(1.10) %.= U %,
aEtg

Then,

1. for all a € 1o, E%”‘X is an intersection-stable generator of the o-algebra 3”% on T;

2. 95 is a generator of the o-algebra &5 on T; moreover, if, for all o, 8 € Wy with a < f3
and all C' € 9,41, we have either o € C and CU (e, Blw, € Ys+1, ora ¢ C and C € Yp44,
then the union in Equation 1.10 is increasing in o € wy and 95 1is intersection-stable;

3. if %y consists of compact sets in'Y for all Y € {R,} Uro; and the only element B of %@
with oo € B is B = {00}, then the preceding generators are compact classes, respectively.

120ne may interpret the notation “4?” also by the words “product”, “Polish”, “preimage”.
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Example 1.8. A typical example for the generators ¥,,1, a € wy, is given by 9,11 = a+2 =
{f €w; | B C a+1}. This provides an intersection-stable generator of « + 1, a € tv;7. Moreover,
the hypothesis in the second sentence of Part 2 is satisfied, i.e. for all a, f € to; with a < 5 and all
C € 9,41, we have either « € C and C' U (o, flw, € Y34+1, or @ ¢ C and C' € ¥5141. In order to
obtain compact classes as in Part 3, we could restrict to those 8 that are not limit ordinals, leading
to{0jUu{y+1|vea}Ca+1l.

The o-algebras Z2, for a € tvy, are defined by projecting down on the vertical levels o and
below. As the following lemma indicates, they are insensitive to “new information” above these
levels, and — a result which is important in the context of stochastic processes — this result is
compatible with taking the product with a measurable space.

Lemma 1.9. Let o € w; be a countable ordinal and (Q, &) be a measurable space. Then, for any
M e 9% ® &, any t € Ry, and any w € , we have

(u,w) € M
for all or now € p~1(t) N (T \ Tq).

Next, we ask the following: Is there an easy representation of the “vertical limit” o-algebra P =
\/aem ?%? And, if so, is it compatible with taking the product with a measurable space? The
next result gives a simple answer to these questions. It illustrates the interplay of the uncountable
vertical half-axis and the countable additivity of o-algebras.

Proposition 1.10. Let (2, &) be a measurable space. Then,

(1.11) Zz0é= ] 2206 ={(p" xido) " (S) |a €W, S € By, (1) @ E}.

acg

The union is increasing in o € toq.
In particular, taking singleton (2, and recalling Equation 1.9, we get the representation
(1.12) Pr={(p")""(B) |a€w, BE€ B (011}
Furthermore, we obtain the following corollary.
Corollary 1.11. We have 5 C %5V o(B x {0} | B € Py and Py # PBr.
We continue with a result linking . and Zx.
Lemma 1.12. We have jT - ﬁf.

We close this subsections with confirming that the relevant structural maps are measurable with
respect to the o-algebras under scrutiny. Let us denote, for any « € w1, the set-theoretic inclusion
map Toy1 — T by . Note that, as follows from Equation 1.4, we have T,y € %’@X(aﬂ).
Lemma 1.13. Let « € toy. Then, 1, is %EX(QH)|Ta+1—ﬁf—measumble and p is both ff—%’m—
and P -PBr—-measurable.

T +

Note that, by Lemma 1.12, ¢, is also 93@

measurable.

(o +1)|Ta+1—ff—measurable7 and p is also ‘@T“%ﬁ‘
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1.4. Continuous functions on T. We continue with Step 2. Actually, a more granular answer is
of interest, because it is natural in stochastic analysis to consider processes whose paths satisfy the
weaker requirement of having left- and right-limits. For this, recall the definitions of limit points
and continuity in Subsection 1.1, which require some additional care when dealing with T instead
of R, . To start, we determine the left- and right-limit points in T.

Lemma 1.14. The set T » of left-limit points in T is given by all t € T \ {0} such that w(t) is not
a successor ordinal. The set T , of right-limit points in T is given by all (t,101), t € Ry.

We now answer the main question of this subsection. In a first step, we note the special role of
the points t € T with 7(¢) = w;.

Lemma 1.15. LetY be a metrisable topological space and f: T — Y be Pr-PBy -measurable. Then,
for allt e Ry, f is left-constant and, in particular, left-continuous at (t,vo1).

This left-continuity requirement at the “never at t”-instants is thus necessary for P7-Zy-
measurability (and, in particular, for .#&-%y-measurability), but it is not a restriction as it may
seem at first sight. First, for all topological spaces Y, any function g: R, — Y induces a function
f: T — Y that is left-continuous at (¢,t;), for all + € R, namely f = gop. f inherits relevant
properties from g, like lag, continuity, measurability.'®> Moreover, note that a lag function T — R
that is left-continuous at (¢,w;1), for all t € Ry, is essentially a lag function T U {co} — R that
can be continuously extended from below, or the left, to the point at infinity of any vertical half-
axis. That is, asymptotic behaviour of the function along the vertical half-axis can be explained
by countably many values along each vertical half-axis. Speaking game-theoretically, the formally
uncountable chains of vertical, infinitesimal (randomised or not) reaction are actually described by
countably many ones.

Provided this unproblematic regularity assumption in ¢t € T with 7(¢) = tv;, measurability can
be assured under mild regularity conditions, as the following proposition clarifies.

Proposition 1.16. Let Y be a metrisable topological space. Any lag function T — Y that is left-
continuous at (t,v01), for allt € Ry, is S5-By -measurable. In particular, it is Ps-PBy -measurable.

We emphasise some of the special cases covered by the preceding proposition.

Corollary 1.17. Let Y be a metrisable topological space. The following functions T — Y are
I5-PBy -measurable, and, in particular, P5-By -measurable:

1. provided Y = R, any monotone function that is left-continuous at (t,101), for all t € Ry,
2. any ladlag function that is left-continuous at (t,w1), for allt € Ry,

3. any cddlag function that is left-continuous at (t,1w1), for allt € Ry,

4. any continuous function. ([

1.5. Measurable projection and section. Next, we discuss Step 3. The basic idea of the proof is
already expressed in Proposition 1.10 and Lemma 1.9. As a consequence, the following proposition
obtains.

Proposition 1.18. Let (2,&) be a measurable space, prig: T x Q — Q denote the canonical
projection onto S, and M € Pz ® &. Then, there is o € w1 such that
My, =MnN (Ta+1 xQ) € ‘@Ex(a+1) ® &, and Pprjo(M) = Pprig(Ma).
We now state the theorem of measurable projection and section for vertically extended real time.
For the setup, let us introduce some notation. For a measurable space (€2, &), let & be the universal

13The latter in view of Lemma 1.13.
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completion of &, that is, the intersection of the completions of & with respect to all probability
measures on (£, &). Moreover, given a measurable space (0, &), for any map 7: Q@ — T, we let

(1.13) [7] = {(7(w),w) | w € O}
be its converse graph. Then, we have the following result.

Theorem 1.19 (Measurable Projection and Section). Let (§2,&) be a measurable space, M €
P52 & and prjg: T x Q& — Q be the projection onto 2. Then,

Pprjig(M) ={weQ|FHeT: (t,w) e M} € &
Moreover, there is an &"|pyy,, (m)-Pp-measurable map o: Pprig(M) — T such that [o] C M.

2. STOCHASTIC PROCESSES IN VERTICALLY EXTENDED CONTINUOUS TIME

In this section, we tackle Step 4. For this, and for the entire Section 2, we fix a measurable
space (€, &) and a filtration .# = (%), on it with time index set T, and a measurable space
(Y,%). Moreover, we will introduce a model of instants of vertically extended continuous time
that options can be evaluated or decisions be made at, called optional times. Based on this, we
are led to a theory of optional and predictable processes, yielding a natural model for decision
making in vertically extended continuous time. We will see that these notions non-trivially extend
the classical notions from stochastic calculus on R, . Finally, we show that these optional processes
arise naturally by accumulating discrete-time decision making in classical continuous time R, using
the new concept of tilting convergence.

2.1. Augmentation and right-limits of information flow. As the theory of stochastic pro-
cesses and stopping times involves both approximations from the right and projections, we have to
discuss right-continuity and completeness assumption on .%.
Regarding right-continuity, approximation from the right in the Polish spaces Ry x (a + 1),
a € vy, may require the strong right-continuous extension Fa = (Fiw) T which we define as
follows:
Fook = Foo, §(t75)+ = ﬂ y(u,g), teRy, getw; +1.

u€(t,oo)ﬁ

As .Z is a filtration, this implies that for all t € T, we have Fip = Fp(ty# — a strong property.
Namely, this is equivalent to saying that there is a filtration ¥ = (%) teRy with time index set

R, such that .Z4 = & o p. We note that (F4)4 = F¢ and we call .Z, idem (Q,&,.F), strongly
right-continuous iff F = Fg.

Note that the right-continuous extension defined above is much larger than the one with respect to
the order topology on T. With respect to the order topology, the right-continuous extension is .F, =
(ﬁt+)t€T’ given by ﬁt.}r = ﬂue(tpo]fﬁu = Fp if t € T/ = W_l({ml}),14 and gZ’tJ’_ = Z; else.
F,idem (,&,.7), is said right-continuous iff # = F,. In the strong right-continuous extension
information about events collapses along the vertical axes — for any x € R, all information about
the realised scenario included in .%, suffices to describe randomisation along the vertical half-axis
p =z

The second issue is completion. As beliefs are treated as part of agents’ preferences, we do not
fix probability measures at this stage. Hence, we make use of universal completions. We fix our
conventions for this and recall basic properties.®

1See Lemma 1.14.
15For the essence of these notions and their properties, the methods of proof from the classical case can be directly
adapted to the present setting. For the classical case, see, for instance, [62, Chapter 1].
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Let Ps denote the set of probability measures on (2, &) and, for any P € Pg, Ap = {M C Q|
dN € &: M C N, P(N) = 0}. Then, for any sub-c-algebra & C &, call universal augmentation of
o in & the o-algebra

(2.1) 7= ([ (7 V).
PePe
Moreover, we have
AV C o CE=EY, o =,
and the inequalities can be strict. .« is said universally augmented in & iff &/ = o/ . We recall that,
with this convention, & is universally complete iff it is universally augmented in itself.

The universal augmentation of F in & is the filtration F = () et The filtration 7 is said
universally augmented in & iff F = .F. We call the filtered measurable space (2, &,.F) universally
complete iff & = & and .F = .#. We finally note that universal augmentation and right-continuous
extension commute, i.e.!®

(2.2) T = T4
As a direct consequence, the same equation holds true with “4+” replaced by “4”.

2.2. Progressively measurable processes. We continue with recalling some basic notions and
thereby fixing notation. A stochastic process, with time T and valued in (Y, %), isamap &: TxQ —
Y such that the maps & = £(¢,.), t € T, are &-%-measurable. This is equivalent to the map
Q= YT ws (t = £(t,w)), also denoted by &, being &-% ®T-measurable. A stochastic process
€T x Q — Y is said (strictly) .F-adapted iff, for all t € T, & is even .#;-% -measurable. We
emphasise the following generalisation, which is less evident, because it depends on the choice of
the o-algebra on T.

Definition 2.1. Let .7 be a o-algebra on T containing the T-intervals, i.e. with I5(T) C T
1. A subset M C T x Q is said .Z -progressively measurable with respect to F iff, for all t € T,
(2.3) MN([0,t]s x Q) € 5 F.
The set of .Z-progressively measurable subsets of T x Q with respect to Jt is denoted by
Prg( %, 7).
2. A stochastic process £: T x Q — Y is said .Z -progressively measurable with respect to Iz
iff £71(B) is .Z-progressively measurable with respect to 5 for any B € &
3. If the qualifier “with respect to %" is omitted, then 7% = 5. Moreover, let Prg(.%) =
Prg(P5, 7).
Remark 2.2. The following facts are easily shown. Let the objects and notation be given as in
the definition. Then:
1. Standard real time notions of adapted and progressively measurable processes are essentially
retrieved by considering stochastic processes £: T x 2 — Y and filtrations % such that
& = &pr) and Fy = Fp(y) for all t € T.
2. Prg(J,.7) defines a o-algebra, and a stochastic process &: T x Q — Y is F-progressively
measurable with respect to J iff it is Prg(. 7%, 7 )-% -measurable.
3. If 7, % are two o-algebras on T containing the T-intervals and such that & C 9%, then
Prg( %, 9) C Prg(fT’,g), i.e. ¥-progressively measurability with respect to % implies
that with respect to ﬂ%.

16This follows from the analogous classical result. For the reader’s convenience, the appendix contains a proof
nevertheless.
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4. We have 7% ® %y C Prg(%, #) C J5 ® Fo. Hence, with respect to Fz, any set of the
form T' x E, with T' € F%, A € %y, is .F-progressively measurable, and any progressively
measurable set is J5 ® Fo-measurable.

5. If 7% C P5 and Y is a metrisable topological space, then for any, with respect to .,
F -progressively measurable £: Tx Q) — Y, allw € Qand all t € Ry, £(.,w) is left-constant
at (t,11). This follows from the fact that T — T x Q, ¢ — (t,w) is P5F=® &-measurable,
and Lemma 1.15.17

6. Any, with respect to 7%, .#-progressively measurable stochastic process ¢: TxQ—=Y as
in Definition 2.1 is adapted in a relaxed sense. Namely, & is %#-% -measurable (at least)
for any t € T with m(¢) < oy, alias t € TU{oo}. In view of the discussion in Subsection 1.2,
these can be interpreted as (deterministic) optional times. The result follows from the
previous item with 7' = {t} and E = Q.

The simplest non-trivial progressively measurable processes are those generated by certain ran-
dom times — making the emphasised qualifier precise, is our concern for the remainder of this and the
following subsection. A random time with respect to a o-algebra 7 on T containing the intervals
is an &-.Z5-measurable map 7: Q — T. These are in one-to-one correspondence to certain subsets
of T x Q, by considering its converse graph [7] as defined in Equation 1.13, its converse epi- or its
converse hypograph. These sets can be defined in terms of stochastic intervals as well, which in
turn are defined in complete analogy to the real-time case.'® By assigning to any ¢ € T the constant
map Q — T with value ¢, we obtain an injection of T into the set of random times, and we identify
T with its image under this injection. Note that, hence, any set M C T x € is .#-progressively
measurable with respect to J as in the definition iff, for any ¢t € T, M N [0,t] € F=® Z,.

As in the classical theory, the notion of adaptedness for stochastic processes alias compatibility
with the filtration .# motivates defining the following subclass of random times (with respect to
J=(T)). An .Z -stopping time is a map 7: @ — T with {r <t} € % for all t € T. In other words,
7: Q — T is an F-stopping time iff the process 1]0,7)) is .F-adapted. That is, by Corollary 1.6,
7 is a random time with respect to #&(T) such that at any (order-completed) time ¢ € T, the
given information flow .# can tell whether 7 lies not in the future. It describes information about

whether a fixed event in & has already happened — including the present —, or not. To any
T-valued stopping time 7, we can associate the set
(2.4) F,={Ec&|VteT: En{r <t} € #}.

Remark 2.3. Standard arguments, combined with Corollary 1.6, show that, for any sequence
(T )nen of F-stopping times and 7 = 79 we have:
1. Scenariowise supremum sup,,cy 7, is an #-stopping time;
2. Scenariowise infimum ¢ = inf, ey 7, is an % -stopping time, and even an .%-stopping time
in case J,,enio =} =
For all t € T with 7(¢) < tvy, we have {r < t}, {1 =t} € F;
4. F. is a sub-o-algebra of & and moreover, if (Q, &, ) is universally complete, then it is
universally augmented in &
5. If 7 =t holds true, for some ¢ € T, then %, = Zy;
6. If 79 <7 holds true, then %, C .7, ;

@

17As wq is uncountable, this does not have clear implications on the random variable §(; 1) in general.
18For instance, given two maps o, 7: 2 — T, we have

[o,7) = {(t,w) ET x Q| o(w) <t < 7(w)}.

That way, the converse graph of 7 is given by [r] = [, 7], the converse weak and strict epigraphs of T are given by
[, 00] and (7, o0], and the converse weak and strict hypographs of T are given by [0, 7] and [0, 7)).
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7. 7 is F-I5(T)-measurable.

The following counterexample shows that other classical results about stopping times do not
generalise. Detailed verifications can be found in the appendix.

Example 2.4. Suppose that @ = R, equipped with Lebesgue c-algebra & and the exponential
distribution P with parameter 1, i.e. the identity o on R, satisfies P(c > t) = e~ !, t € R,. We can
see o as the set-theoretic inclusion map Ry — T. Let . = (#;),o5 be the P-augmented filtration
generated by o, i.e. the collections .%; of sets {o < s}, s < t, ranging over t € T. Let V C R,.
Define 7: Q — T by letting 7(w) = o(w) if w € V, and 7(w) = (0(w),1) else. Then the following
statements hold true:
1. 7 is an F-stopping time;
2. P, =P, on S5(T);
.o<tand {oc=71} =V,
4. fV ¢ &, then:
(a) 7 is not .F-P5-measurable;
(b) [r], [0,7)), and (7, 00] are not .Z#-progressively measurable (i.e. not even with respect

Note that Part 4 is not void, since & C PR, (Vitali).

We conclude that there are .#-adapted processes with cag paths that are not .#-progressively
measurable (i.e. not even with respect to &%), for instance, 1((7,00] from Example 2.4, Part 4.
Moreover, the example demonstrates that two stopping times can have the same distribution, be
ordered and still be different in any scenario (case V = ). We can also infer from Item 4(a),
combined with Remark 2.3, Item 7, that the inclusion in Lemma 1.12 is strict:

Corollary 2.5. We have .%5(T) C Py. O

2.3. Optional times. The preceding discussion raises the question whether there is a natural
subclass of stopping times exhibiting stronger measurability properties. This can mean different
things: the measurability of the stopping time itself and the progressive measurability of its converse
graph, epi- and hypograph. Making the o-algebra on T larger works against the first, but in favour
of the second requirement. Thus, we may rephrase the questions as whether there is a o-algebra
that solves this trade-off. Indeed, there is one, namely the projection o-algebra, as the following
theorem affirms.

Theorem 2.6. For a map 7: Q — T consider the following seven statements.

1. The converse graph [1] is F -progressively measurable.

The converse strict hypograph [0, T)) is .F -progressively measurable.

The converse weak epigraph [1,00] is F -progressively measurable.

The converse strict epigraph ((1,00] is F -progressively measurable and wo T < to;.
The converse weak hypograph [0, 7] is F -progressively measurable and wo T < 1w;.
There is o € wy such that moT < o and, for all 3 € a+1 and t € T:

S Grds Lo o

{mor=0,7<t} € %.
7. T is an .F -stopping time, there is o € wy such that mo7T < «, and 7 is F,-Pr-measurable.
The following holds true:

— Statements 2 and 8 are equivalent, and statements /4 and 5 are equivalent.
— Statements 6 and 7 are equivalent, and they imply all the others.
- If (Q,&,.F) is universally complete, then all statements are equivalent.
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Definition 2.7. An .Z-optional time is an % -stopping time satisfying 7 o 7 < « for some « € 1,
and being .7 - #5-measurable.

Remark 2.8. A map 7: Q — R, is an (Zt)ter, -optional time, or equivalently, an (.%;)er, -
stopping time, both in the classical sense (see e.g. Dellacherie-Meyer [21], Kallenberg [44]), iff it is
an .%-stopping time in the extended sense, iff it is an .%-optional time. In the extended setting,
the notion of optional times is stronger than that of stopping times.

Example 2.4 together with Theorem 2.6 already illustrates the difference. On a more abstract
level, a stopping time is a random time such that one can tell whether it is already over or not; this
time can indeed be thought of as the time some given process on (2, &) stops.

In addition, an optional time lies in T, unless it takes the value oo, meaning “never”; more
precisely, even on T,; for some countable o € ;. Recalling that the vertical axis stands for
accumulating embedding of well-orders into R and that any well-order embedded into R must be
countable, we see that a fixed optional time must be thinkable in terms of one such an embedding
(or at most countably many) — the discussion in Subsection 2.5 and, in particular, Proposition 2.33
will make this precise. Moreover, the time itself must be measurable at the time of its realisation,
with respect to the o-algebra &%, which takes into account information about the vertical time
coordinate as well. In total, optional times describe times where one can revise options and make
decisions in a way compatible with the given information flow. This is applied and further elaborated
on in Section 3 to formulate a general notion of “information sets” and “subgames” in a stochastic
process-based game-theoretic model.

Corollary 2.9. If (2, &,.F) is universally complete, £: T x Q — Y is .F -progressively measurable,
and T is an F-optional time, then

QoY we gf(w)(w)
18 F-% -measurable.

the following propositions underline the importance of optional times, illustrate the utility of the
previous theorem, and moreover prove useful in some of the upcoming proofs.

Proposition 2.10. Let (,)nen be a sequence of .7 -optional times and 7: Q — T be a map. The
following statements hold true:
1. If 7 is an F-stopping time and € > 0 is real, then po T + £ is an Fg-optional time, and
provided € > 0, it is even an % -optional time.
2. If o € w7 is such that, for alln € N, roT1, < «, and

(W) = {limn_,oo To(w), if this limit exists, weQ

0, else,

the limit being taken in the Polish space Ry x (a+ 1), then T is an Fg-optional time.
3. We have {190 < 11} € F,, N F,.
4. o AT1 and o V 11 are % -optional times.

In general, the proofs are a bit tedious. In the universally complete setting, they can be sub-
stantially simplified. This is discussed in the appendix, together with the proofs.
As an illustration, we present the following result about approximating optional times with

respect to the augmented filtration by optional times with respect to the right-limit of the original
one — the case of Ry-valued 7 is well-known (see, e.g., [62]).

Proposition 2.11. Suppose that & is universally complete and let F = (F;) Then, for any

. teT"
P e Py and any F-optional time T there is an Fg-optional time T with P(r =7) = 1.
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A large class of stopping and optional times can be constructed as follows. For a set M C T x €2,
let
Dy:Q—T,w—inf{teT| (t,w) € M}
be its début alias entry time. For example, M = {£ € B} for a Y-valued stochastic process £ and a
measurable set B € #. Recall that £ is .%#-progressively measurable iff M is for any B € #'.

Theorem 2.12 (Début). Suppose that & is universally complete. Let M C T x ) be . -progressively
measurable. Then, Dy is an F o -stopping time. Moreover, the following conditions are equivalent:
1. Dy is an .Z -optional time.
2. mo Dy < to1.
3. [Dpm]N[0,00) C M.

Remark 2.13. Note that, by Theorem 2.6, conversely, any optional time 7 is of the form Dy,
with progressively measurable M, namely, with M = [r,00]. This sheds further light on the
interpretation of optional times. Namely, Dy, being an .Z-optional time means that the option-
revising or decision-making agent really does so at time 7, and not only in the infinitesimal future
after 7. In classical continuous time R, an analogous statement is not true for optional times.
For instance, the début of Brownian motion £ into an open set U is the smallest time 7 such that
infinitesimally after this the Brownian motion enters U — but, typically,'® ¢, ¢ U! Hence, the
notion of the first entry time is problematic: it actually does not exist in this situation, there is
only a greatest lower bound on all times ¢ with & € U.

Not so for optional times in vertically extended continuous time! Here, Property 3 in The-
orem 2.12 essentially expresses the fact that if in scenario w € ) the set M is reached at some
(finite or infinite) time, then it is reached at the infimal time Dy, i.e. (D (w),w) € M.

2.4. Optional processes. So far we have focused on the basic case of stopping times and cor-
responding processes. We continue with discussing a classes of progressively measurable processes
describing decision making at optional times. By Theorem 2.6, the o-algebras on T x 2

Prd(#) = {{0} x E| E € %}V U([[O 7] | 7 #-optional time),
Opt(F) = {{oo} X E| E € Fo} V a([[O 7)) | T F-optional t1me>

are contained in Prg(.%). In analogy with the classical case, call a subset M C T x Q .% -predictable
(F -optional) iff M € Prd(%#) (M € Opt(.%), respectively); and idem for a stochastic process
€: T x Q — Y iff this holds true for any M of the form M = ¢~1(B), B € %. As in the classical
case, predictability implies optionality:

Lemma 2.14. We have Prd(.#) C Opt(#) C Prg(%#).

An important and illustrative example of optional processes is the following. Let us call real-
valued simple F -optional process any map &: T x  — R of the form

(2.5) ¢ = ¢ oprjg 1ra] + ) €% 0 priq 1[rs, 7541)),

BEa
for a countable ordinal o € tvy, a family (75)gea+1 of F-optional times with 7y = 0, 7, = oo,
75 < 7y for all B,v € a+ 1 with # < ~, and 7, = supge,, 75 for all limit ordinals v € o + 1, and a
family (€7)gear1 of real-valued 7. ,-measurable &P, Given a Polish space Y, a simple .Z -optional

processisamap £: TxQ =Y such that for any measurable map ¢: Y — R, ¢ o€ is a real-valued
simple % -optional process.

9T hat is, if & does not already start in U, i.e. & € U, ...
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Let us briefly note that, as a special case, real-valued simple .#-optional processes contain what,
in view of the classical stochastic analysis literature (see, e.g., [21, 44]), we might call real-valued
stmple .F -predictable processes. That is the case where 7y = (0,1), & = v + 1 for some 7y € 1y,
€7 = ¢°, and for all B € a\ {0}, there is an Z-optional time og with po 73 = p o og and
moTg = mwoog+ 1, implying [r, 7)) = [0], [78,78+1) = (08,08+1] for 8 € (0,7)w,, and
£* o prig 1[7a] + &7 o prjg 17y, Ty41)) = £ 0 prig 1((o, o0].

Lemma 2.15. Opt(%) is the smallest o-algebra .4 on T x Q such that all real-valued simple
F -optional processes are M -measurable.

Lemma 2.16. The set of real-valued .F -optional processes is the smallest set of maps T x 0 — R
a) containing 1[0, 7)) for all F-optional times and 1({oc} X E) for all E € F, b) closed under
pointwise addition and real scalar multiplication, and c) closed under pointwise convergence.

Similar results may be obtained for predictable processes. By definition, optional (and predict-
able) processes can be seen as a limit object of locally right-constant sequential decision making,
progressively measurable with respect to the information flow. Note that we further elaborate on
this in the following Subsection 2.5. Here, for predictable processes, the approximators are such
that any action can be predicted (see the discussion above about simple predictable processes).
Generalising these concepts to vertically extended real time allows to fully and consistently model
an agent’s capacity of sequential instantaneous re- or proaction with respect to information flow,
including information progressively revealed only during this “instantaneous” process (of course, it
is only instantaneous in the R -coordinate).

Remark 2.17. 1. In view of the preceding discussion and Lemma 2.14, one can further de-
velop the subtleness of re- or proaction with respect to information flow in the framework
of vertically extended time, by considering generalised Meyer o-algebras, i.e. o-algebras .4
on T x Q satisfying

Prd(F) C .4 C Opt(F).

These objects have been introduced in classical continuous times by [51], further developed
in both theory and applications in [10, 11, 13, 12]. A detailed mathematical development of
the related stochastic analysis in vertically extended continuous time is beyond the scope
of the present work. It seems worth further inquiry, because it naturally arises in control-
and game-theoretic models in order to mix predictable and optional decision making with
respect to different sources of information (see Subsection 3.1).

2. The notions of predictability and optionality correspond to the classical notions when sup-
posing .% and ¢ such that .%; = .7,y and & = §,(4) for all t € T.

The following proposition provides a hierarchical description of optional processes in the spirit
of descriptive set theory (see [15]). This allows to better understand the measurability of optional
processes at all t € T with 7(¢) = ro;. For this, let us introduce the following notation. Let V,
denote the real vector space, with pointwise addition and scalar multiplication, generated by all
maps of the form

(2.6) 1[0,7), 1{oo} x E, 7 F-optional time, F € Z.

For any ordinal o € oy, let V4,41 be the set of pointwise limits of V,-valued sequences. For any
limit ordinal « € toq, let V, = UBEa V.

By transfinite induction, one shows that for all o, 3 € tv; + 1 with a@ < 3, we have V, C V3.
Moreover, for all a € w1, V, is an R-vector space — for if not, there would be a smallest o €
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to; + 1 without that property, which is impossible.?°

proposition.

We can now state and prove the announced

Proposition 2.18. The set of real-valued .7 -optional processes equals Vi, .

Corollary 2.19. For any .7 -optional process & valued in a Polish space Y, there is o € 1oy such
that for allt € T with w(t) > a and allw € Q, £(t,w) = &((p(t), @), w) holds true.

Note that, in view of Remark 2.2, Part 5, we already knew that for any progressively measurable
process £ valued in a metrisable topological space, any u € Ry and any w € 2, there is a € to;
such that all 8 € w7 + 1 with o < g satisfy £((u, 8),w) = &((u, a),w). By the preceding corollary,
this can be considerably strengthened for optional processes: « can be chosen independent of both
u and w.

Definition 2.20. For any .#-optional process £ valued in a Polish space Y, its vertical level is the
smallest o € v such that for all t € T with () > a and all w € €, £(¢,w) = &((p(t), a),w) holds
true. The upper vertical level of £ is the smallest 8 € w; satisfying the following property: For all
r € Ry and all w € Q, there is a € 8 such that for all ¢t € T with p(t) = x and 7(t) > «, we have
§(t7w) = 5((33’ a)’ w)'

Remark 2.21. Note that the vertical level is inferior to the upper vertical level. Let a € toq. If
« is the vertical level of £, then its upper vertical level is either a or a + 1. If o + 1 is the upper
vertical level of £, then « is the vertical level of €. So, the upper vertical level is a more general and
flexible concept than that of the vertical level, while the latter is a bit more accessible.

2.5. Tilting convergence. In this subsection, we show that optional processes in vertically ex-
tended time arise by closing the set of classical, very simple optional processes with respect to
binary continuous operations and natural limit procedures. Given a Polish space Y, a very simple
F -optional process is a map £: T x  — Y such that for any measurable map ¢: Y — R, ¢ o &
is a real-valued simple .#-optional process admitting a representation according to Equation 2.5
with deterministic 75, for all 8 € a + 1. We recall that a process £: T x Q — Y is said classical iff
& =¢&o(pxidg). A classical, very simple .Z-optional process can be represented as just mentioned
with deterministic, R -valued 75.

The subtle point is to clarify what “natural” limit procedure means in our context and to for-
mulate a suitable notion of convergence. Pointwise convergence has already been considered in the
preceding section — by Lemma 2.16, optional processes are essentially generated by simple pro-
cesses via pointwise limits. Stability under pointwise convergence is a requirement that emanates
from basic measure and integration theory: Any o-additive measure on the sample space T x €2 that
can integrate (bounded measurable) functions of all simple .#-optional processes, can also integrate
(bounded measurable) functions of general .#-optional processes.

In order to obtain general simple optional processes out of classical very simple ones — and
therefore give an interpretation of (simple, then general) optional processes in vertically extended
time —, one needs an additional notion of convergence, namely one capturing infinitesimally ac-
cumulating information. With the game-theoretic background of this text, mostly developed in
Section 3, this is in particular information on decisions which, under pointwise convergence, may
collapse in the limit. To give a visual description of the process, imagine an infinitely long sentence
written in one horizontal half-axis (think of R;). A schematic representation of this is given in
Figure 2, printed in the introduction. Words are indicated by points, and the position of the words
at the beginning of the convergence procedure are indicated by light gray.

Now, there is a person sitting at 4+oco, requesting an executive summary. The person therefore
pushes the sentence with infinite strength in the direction of the start of the sentence (that is, zero)

20The arguments are similar to those used in the context of the Borel hierarchy, see, e.g. [15].
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— this is the dashed arrow pointing to the left in Figure 2, moving the words (indicated by points)
towards the left. The movement is indicated by the points being printed in darker gray. Now, at
any point t € R, on the half-axis, there are parts of the sentence that accumulate in its right-hand
neighbourhood. Things turn out such that these parts are tilted by 90 degrees counterclockwise
as to build a vertical strip just above ¢, to be read starting from below. In Figure 2, the tilting is
indicated by the curved dashed arrows. The accumulation process is most easily imagined at zero;
but, given a sufficient kind of periodicity of the sentence, the asymptotics work out at any t € R
as well.

Note that the sentence, although written on a continuous paper roll, is well-ordered and so are
the vertical strips. On the paper roll, severely reshaped by the person, a continuous structure may
yet arise. This should remind us of various pointwise approximation procedure in analysis, e.g.
the approximation of measurable functions valued in R4 by simple ones, or even by step functions
in certain cases. What we see in addition here, is the preservation of information on order about
“words” (or more generally objects) that collapse at a single position ¢ on the paper roll within the
limit. The game-theoretic importance of this construction seems rather obvious then: the order of
actions, whose execution times collapse to one identical “real” time ¢ € R in the limit, should be
preserved.

Before getting to a formal description of this concept, let us note by means of an example that:
a) pointwise convergence is far too restrictive, and b) convergence of the sequence ({")nen alone
does not lead to a satisfactory notion, i.e. the “convergence” depends on the sequence of grids.

Example 2.22. For this, consider the real-valued processes indexed over n € Z given by ¢" =
1J0,27™)). Imagine that the process describes the actions of some agent called Alice on the dyadic
grid G,, given by k27" k € N. What is a limit of (£"),en? The pointwise limit, as n — 400,
is 1]0, (0,11)] — but this gives no interesting information about the (vertically extended) time at
that the agent switches to value zero (in short: stops). On the other hand, for any optional time 7
with por =0and o7 >0, £ = 1[0, 7)) is a limit horizontally, i.e. £*(t) — £(t) at any ¢ € R;. As
only Alice is involved, the exact choice of 7 does not seem to reflect much essential information.

Now, add another agent called Bob acting according to £"~! in grid G,. Horizontally, the
same limit obtains, and for Bob alone the choice of the vertical stopping time seems irrelevant.
However, in any grid G,, Alice switches to zero strictly before Bob: Alice uses the second, Bob
the third opportunity to stop. In that context, the adequate limit outcome for Alice would be
¢4 = 1[0, 74)) with 74 = (0,1) and, similarly, for Bob ¢8 = 1]0,75)) with 78 = (0,2).2! Hence,
the game-theoretically plausible limit depends on the chosen grid sequence and not only on the
sequence (£™),en. It also depends on the fact that both agents use the same grid sequence. Next,
suppose that, in any grid G,,, n € N, a third agent called Carol acts according to £"~2 if n is even
and according to ™ if n is odd. Then, comparing with Bob, in any grid both agents do not stop
simultaneously, but any susceptible limits £Z for Bob and £¢ for Carol, in any scenario w € €,
must either let them stop — also vertically — instantaneously or gives one of them the priority
— which both would remain unexplained by the approximating sequences. A similar comparison
with Alice is equally inconclusive. Thus, on the vertical half-axis, there may be no plausible limit
at all. This holds true despite the facts that a) all sequences do converge in the strongest possible
sense (pointwise on the full domain T x 2, and they are uniformly bounded) and b) the horizontal
limit is plausible. Hence, for understanding “limit behaviour along the vertical half-axis”, looking
at convergence of the sequence (£"),en alone is insufficient.

Based on the theoretical motivation outlined in the beginning, underlined by the preceding
example, we give the following definitions.

21Note that, in the von Neumann hierarchy, the second ordinal is 1, and the third ordinal is 2.
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Definition 2.23. An . -adapted grid is a map G: (o +1) x Q — T for some « € t; such that:
1. for each § € a, T'@Gi Q= T, wr G(B,w) is an F-optional time;
2. 7§ =0, 75 = oo;
3. for all 8,7 € a with 8 <, we have Tﬁa(w) <78 (w) for all w € {TBG < o00};
4. for all limit ordinals v € a + 1 and all w € €2, we have G(v,w) = supge., G(3,w).

An Z-adapted grid is said classical iff it is R -valued. A (deterministic) grid is an .%-random grid
as above such that, for all 8 € a, TBG is deterministic (i.e. constant).

Given two F-adapted grids G: (a+1) x Q2 =T, G': (o/ +1) x Q = T, G’ is said to refine or to
be a refinement of G iff there is an order-embedding j: a«+1 < o'+ 1 such that G = G’ o (j x idg).
For any .Z-adapted grid G: (a+ 1) x Q — T, let the grid size at w € Q be given by

00, if supge, G(B,w) < o0,
A(G,w) = SUp gea: (p oG(f+1,w)—po G(B,w)), else.
Tﬁc(w)<oo
Let (Grn)nen be a sequence of Z-adapted grids. It is said refining iff for all n € N, G,,41 refines
G,. Tt is said (pointwise uniformly) convergent if, for every w € Q, A(G,,w) — 0 as n — oo.

Remark 2.24. Any .Z#-adapted grid G: (a + 1) x © — T can be seen as a map to; x Q — T, by
letting G(B,w) = oo for all arguments (8,w) € [w1 \ (o + 1)] x Q. We use this convention in the
following.

Simple / very simple (classical) .#-optional processes are defined via .#-adapted / deterministic
(classical) grids, respectively. Let us fix a name for that.

Definition 2.25. Let Y be a Polish space and ¢’ be a simple .%-optional process valued in Y. An
F-adapted grid G: (o + 1) x Q — T is said compatible with &' iff there are a real-valued simple
F-optional process £, given by Equation 2.5, with 74 = G(8,.) for all 8 € a + 1, and measurable
¢: R — Y such that £ = po&.

In other words: Compatibility essentially means that all jump times of £ are part of grid. By
definition, for any simple (very simple) .#-optional process, there is a compatible .%#-adapted (de-
terministic) grid. For simple #-optional processes, there is even a smallest such grid, provided
measure-theoretic completeness:

Lemma 2.26. Suppose that (2, &, F) is universally complete. Let Y be a Polish space and & be
a simple F-optional process valued in Y. Then, there is an F-adapted grid G: (o +1) x Q@ = T
satisfying, for all B € a and w € Q:

(2.7) G(B+1,w) =inf{t € [G(B,w), 0l | & (w) # Ea(pw) (W)}
Moreover, & can be represented as in Equation 2.5 with 75 = G(B,.) and £° = &5 for all B € a + 1.

If € is classical, then so is G.

It is easily shown using transfinite induction that if there is an order embedding o < o’ of one
ordinal « into another o/, then @ < o’. As an immediate consequence of this, if G, G’ are as in the
definition such that G’ refines G, then @ < /. As another consequence, we obtain the following
lemma.

Lemma 2.27. Let (Gp)nen be a refining, convergent sequence of 7 -adapted grids Gy (an +1) X
O — T and let (t,w) € Ry x Q. Then,

1. for any n € N, there is a unique ordinal 0™ (t,w) admitting an order isomorphism
Pt w): 6" (tw) + 1 > {B € an+1]Gy(B,w) 2t}
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and, moreover, this order isomorphism is unique and given by
B inf{B € a, + 1| Gp(B,w) >t} + 5

2. for alln € N, §"(t,w) < " (t,w), and 6(t,w) = sup,cn(6"(t,w) + 1) is non-zero and
countable.

Hence, to any refining, convergent sequence of .#-adapted grids G,,: (a, +1) x @ — T, n € N,
we can assign maps with domain R, x © denoted by ¥™, §", §, and ~ and given as in the lemma
and by the following formula??

(28)  y(t,w) = B € 8(t,w) | limsuppo Gu(" (t,w) (B),w) > 1}, (tw) € By x Q.

n—roo

As (Gp)nen is convergent, v(t,w) is a limit ordinal for all (¢,w) € Ry x Q.

Definition 2.28. Let Y be a Polish space, £ and ", n € N, be stochastic processes T xXQ =Y,
and (G, )nen be a refining, convergent sequence of % -adapted grids G,,: (a, +1) x Q — T.
(€™ | Gp)nen converges tiltingly to &, or (§™)nen converges tiltingly along (Gp)nen or (£7 |

Gn) l>§ as n — oo, iff, for all (¢, 3,w) € T x Q, we have the following convergence in Y:

limy o0 € (Ga (7 (L0)(B), ), @), i B € A(t,w),
limgr sy (e,0) §(L, B, w), else.

(2.9) £(t,8,w) = {

Note that, for a fixed refining, convergent sequence of .#-adapted grids G, n € N, the tilting

convergence (" | Gy,) Lf as n — oo determines € uniquely at all arguments of the form (¢, 8,w) €
T x Q with 3 € y(t,w), by the first case in Equation 2.9. This includes R, but not all of T. The
values on the (uncountable) remainder the vertical half-axis above t are determined by extending
&(.,w) left-continuously at (¢,v(¢,w)) and then constantly until (¢,101). Indeed, using the metaphor
from the subsections’ beginning, these arguments are not attained by the “infinitely strong push”
initiated by the person at +oco. In other words, they do not contain relevant information about
the asymptotics of (£™)nen along (Gp)nen. Note that, for this to work, an asymptotic limit must
exist at the right-hand end of the information that accumulates near ¢ — formally, left-continuity of
&(.,w) at (¢,7(t,w)) is necessary.

Remark 2.29. Let Y be Polish spaces, £ and £", n € N, be stochastic processes T x =Y, and
(Gn)nen be a refining, convergent sequence of F-adapted grids G,,: (a, + 1) X  — T such that
T
(€ Gn) =€
1. If £: T x Q — Y is another stochastic process such that (6" | G,) Lf, then = ¢.

2. Let Z be another Polish space and f: Y — Z continuous. Then, (f o &" | G,,) N fo&.
3. Let Y’ be another Polish space, and ¢’ and ¢, n € N, be further stochastic processes

T x Q — Y such that (& | Gn) ¢ Then, ((€,&™) | Gy) = (£,¢), with respect to the
topological product ¥ x Y.
4. As a consequence, if Y/, &', (¢"),en are given as in the preceding item, and if Y =Y is
also a topological vector space on R and (ay)nen a sequence of scalars converging to a € R,
then (€™ + an & | Gp) L e+ at’ asn — oo.
Note that we refrain from embedding tilting convergence into the language of general topology;
though an interesting question, this is clearly beyond the scope of this text.

22The following infimum is computed in the complete lattice 6(¢,w) + 1.
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To the best of the author’s knowledge, the notion of “tilting convergence” is a new contribu-
tion to both the literature on stochastic analysis and control and that on limits in continuous-time
games. Stochastic analysis in vertically extended time needs a notion of convergence that is adapted
to both information flow given by the filtration .# and to the vertical extension of time. Direct
extensions of classical notions (such as pointwise / almost sure, measure-, or LP-convergence) seem
inappropriate for this. Regarding game theory, in [28], Fudenberg and Levine study approxima-
tions of outcomes in continuous-time games in terms of outcomes generated by embedded refining,
convergent sequences of grids, but they do not consider instantaneous reaction. The “discrete time
with an infinitesimally fine grid” approximation by Simon and Stinchcombe (cf. [63]) does so, but it
restricts to a deterministic setting, to approximators £ with a finite number of jumps and with sta-
tionary actions,?® and with piecewise constant £. Having said that, formally, tilting convergence can
be seen a (though broad) generalisation of the convergence implied by the metric in [63, Section 4,
p. 1185].

Example 2.30. Reconsider Example 2.22. Let £ = 1[0,27")), and let G,,: (v + 1) x Q —

T, (k,w) — k27", for any n € Z, with the understanding w2~ = co. Then, Alice’s and Bob’s beha-
viour on (G, )nen converge tiltingly: (€7 | Gy) = 1]0] = 1[0, (0,1))) and (€71 | G) > 1[0, (0,1)] =
170, (0,2))). Carol’s, however, does not. Indeed, let, for n € Z,

n &2 if2|n,
; :{ |

&, else.
For all n € N and w € Q, ¢¥"(0,w) = idy+1; whence

1, if2|n,

0 else,

& (Gulw (h) (1)) ) = €277 ) = {

which does not converge in R as n — +oc.

Example 2.31. We again consider Example 2.22 in order to illustrate the grid-dependence. Let
& =1[0,27"), and let G,,: (0% +1) x Q@ = T, (kto +m,w) — (k+1—27)27" for any n € Z,
with the understanding w2~" = oo (case ktvo +m = w? alias (k,m) = (1,0)). Then, Alice’s and
Bob’s behaviour on (G, )nen converge tiltingly, but to other limits: (£" | G,) N 1[0] = 1]0, (0,1)))
and ("1 | G,) N 1]0, (0, 2w))). Alice only switches at the wth moment, Bob only at the 2toth
moment. Carol’s behaviour does not converge on (G, ),en for similar reason as those from the
previous example.

To some extent, it is possible to represent tilting convergence in terms of pointwise convergence:

Lemma 2.32. Let &7, n € N, be real-valued stochastic processes T x Q7—> R, and (Gp)nen be a
refining, convergent sequence of F-adapted grids Gy: (an +1) x @ — T. Let L(On) denote the
class of limit ordinals. Then, for all (t,5,w) € T x Q with B € §™(t,w) + 1, we have:

6 (n("(t.)(B),).w) = €l () 1[0](,0,)

+ Y e (WS TSI 0,0)

0148
Bocan+1 "°

+ > €, (W) 175" ](t,0,w).

Bo+8
Bo€(an+1)NL(On) ' °

(2.10)

23That is, for large n, the action at the Sth point of grid G,, does not depend on n, for a fixed grid index 8 € am,.
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With this representation, we see directly that tilting convergence “accumulates information from
the future”. In particular, it is — in general — not correct that any sequence of .#-optional processes
converging tiltingly along a sequence of refining, convergent .%-adapted grids has an .%-optional
(tilting) limit. Provided the grid converges sufficiently strongly, it appears natural to hope for an
F¢-optional tilting limit. Making this precise is beyond the scope of the present work.

Here, the more relevant question for us is the following: What processes can be generated out of
classical, very simple .%-optional processes via tilting and pointwise convergence?

Proposition 2.33. Let 7 be an .Z-optional time. Then, there are a sequence (§™")nen of clas-
sical, very simple .F -optional processes and a refining, convergent sequence (Gp)nen of classical,

deterministic grids G,, compatible with ", for all n € N, such that (" | Gy,) N 1[0, 7)) as n — oo.

For the following result, let us adopt the following conventions. A set S of maps T x Q — Y
is said optionally closed under tilting convergence iff, for all S-valued sequences (£"),en of -
optional processes, all maps £: T x  — Y, and all refining, convergent sequences of .%-adapted
grids (G, )nen such that a) (" | G,,) l>€ as n — oo and b) £ is F-optional, it necessarily holds true
that £ € S. Further, a set S of maps T x Q) — Y is said closed under continuous binary operations iff
for all £,¢ € S and all continuous f: Y xY — Y, themap &”: Tx Q =Y, (t,w) — f(&(w), & (w))
satisfies £ € S.

Theorem 2.34. Let Y be a Polish space. The set of Y-valued & -optional processes equals the
smallest set of maps T x Q — Y a) containing all Y -valued classical, very simple .F -optional
processes, b) closed under continuous binary operation, c) closed under pointwise convergence, and
d) optionally closed under tilting convergence.

We conclude that — in the sense made precise in this subsection — %#-optional processes are
the processes generated by all classical simple .%-optional processes defined on deterministic grids
(= very simple), by means of “continuous completion” (continuous binary operations), “measurable
completion” (pointwise convergence), and “decision-theoretic completion” (tilting convergence).

3. STOCHASTIC PROCESS FORMS

In this section, we introduce the abstract game- and decision-theoretic model of stochastic process
forms. These implement extensive form characteristics using the language of stochastic processes,
giving rise to a model that encompasses much of the continuous-time stochastic control literature,
including stochastic differential games and timing games, but comes as close as arguably possible to
an extensive form. The stochastic process form comes with a subtle model of information flow and
information sets, or “subgames”, using techniques from stochastic analysis. In stochastic process
forms, strategies are complete contingent plans of action given by one stochastic process. A minimal
requirement is well-posedness, i.e. any strategy profile induces a unique outcome compatible with
it. This gives rise to a canonical way of implementing abstract concepts of dynamic equilibrium,
including perfect Bayesian and subgame-perfect equilibrium. These point are illustrated concretely
by a case study of the stochastic timing game and further discussed in the context of stochastic
differential games.

3.1. Introduction of stochastic process forms. This text studies game-, decision-, control-
theoretic models in that action is described by stochastic processes evolving in (possibly) continuous
time. As shown in [57, Chapters 1 and 2] — and in particular in [57, Theorem 2.3.14] — a large
class of well-posed stochastic extensive forms based on paths of action indexed over well-ordered
subsets of R4 can be constructed. The construction of action path stochastic extensive forms in
[57, Chapters 1 and 2] moreover reveals that the induced outcomes generate adapted processes



30 CHRISTOPH KNOCHENHAUER AND E. EMANUEL RAPSCH

with respect to the exogenous information flow. These adapted processes on a well-ordered grid in
R, can be equivalently seen as locally right-constant adapted processes with time index set R .**
Thus, we see that there is an extensive form footing to stochastic games with locally right-constant
continuous-time paths of action, given a fixed grid of admissible action times.

By the classical results due to [63, 66] and [4, 2], going beyond such a locally right-constant
setting while remaining strictly within extensive form theory is doomed to failure. However, when
starting out of well-posed stochastic extensive forms with adapted (and thus optional) locally right-
constant action process with time index set R, continuous, measurable and decision-theoretic
completion yields exactly the class of general optional processes in vertically extended continuous
time, by Theorem 2.34. This implies two things. First, in that limit sense, defining a game-
theoretic form on the basis of action processes with these properties has a footing on well-posed
action path stochastic extensive forms. Second, decision-theoretic generality requires to work in
vertically extended continuous time, based on the stochastic analysis developed so far in this text.

Therefore, for abstract game-theoretic reasons, the question arises what game-theoretic struc-
tures obtain when we describe action by stochastic (and in particular optional) processes in vertically
extended time. This is moreover motivated by the existence of a huge literature on games, decision
and control problems in continuous time using stochastic processes, including timing games and
differential games, in various formulations.?® A third reason, linked to the two previously mentioned
ones, is that explaining these games in terms of their extensive form characteristics also suggests a
limit theory using action path stochastic extensive forms as approximators. In a first step, however,
a susceptible limit must be identified, if we are interested in more than mere existence of it. Indeed,
we wish to provide an abstract and general model a priori of the extensive form characteristics of
games based on stochastic processes. As this formulation is not an extensive form and the basic
structure of it are not decision trees, but stochastic processes, it receives the name stochastic process
form.

We motivate main parts of the following definition of the stochastic process form beforehand, and
continue the detailed discussion afterwards. How do we model the “extensive form characteristics”
in a stochastic process form, defined as “the flow of information about past choices and exogenous
events, along with a set of adapted choices locally available to decision makers” in the introduction?
The flow of an agent i’s information about past choices and exogenous events is given by a stochastic
process x on the one hand and on the other a pair consisting of a filtration /#* and a o-algebra .#°,
respectively. This stochastic process is called state process, valued in some state space B, as in the
control-theoretic literature. The filtration is defined on the configuration space W = Q x BT, which
is the product of the set of exogenous scenarios 2 and the path space for the state process BT, as
in the Witsenhausen product form (cf. [69, 70, 37]). Departing from a product form setting, .#*
is a o-algebra T x W with Prd(#%) C .#% C Opt(2#), describing in flexible way what pieces of
information revealed at time 7° the agent i can condition her action on (roughly speaking). These
measurability conditions are also a clear departure from the extensive form setting because they
use properties of entire processes and not of their evaluations at fixed deterministic times.

The condition defining .#* reveals it as what it well-known in stochastic analysis as Meyer o-
algebra (a.k.a. o-field) with respect to 7%, introduced and developed in [51, 25, 10] in the classical
setting; for recent work on applications to stochastic control, see, e.g. [12, 13, 11]. Following this
literature, .#* allows to express the amount of information revealed “at time 7¢” agent ¢ can use for

24More precisely, in the language and notation of [57], given a well-ordered subset T C Ry with 0 € T, the
collection of induced outcomes (w, f’) € W C Q x AT of a strategy profile s, given a random move x = x;(f) with
domain Dx = Dy ¢, (t,f) € T x AT, and given scenario w € €, can be seen as map R4+ X Dy — A with locally
right-constant paths jumping only at times T.

25For a recent textbook with many examples focusing on “mean field games”, see [16].
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action at time 7¢, as opposed to action at times succeeding 7. The presented framework of Meyer
o-algebras in vertically extended time permits to use the power of classical Meyer o-algebras in
describing action with respect to information at a given time in settings where longer well-ordered
chains of instantaneous pro- and reaction are relevant, including games.

The set of choices locally available to decision makers is described by stochastic processes s*: T x
W — A?, valued in some personal action space A?, and called strategies. These are thus formal
primitives, but they are required to be J#*-progressively measurable and “locally” .#*-measurable
processes. The meaning of “locally” is subtle: what are these loci alias decision points? When
equipped with the o-algebra .#, agent i can check her options at any .#*-optional time 7 such
that [0,7%)) € .#%; for exactly in that case, she can really follow the abstract strategy 1[0, 7%)) of
opting for value zero at time 7¢. At time 7%, agent i can observe the state process ¥ up to time
7%, that is everything she can see of .#‘-measurable functions (thus, possible strategies) of it up
to time 7¢. However, already optional times equipped with pointwise order do clearly not define a
tree or forest; this is a clear departure from the extensive form. Still, we obtain a notion modelling
instances (7%, %) at that choices alias options are available to agents, and strategies can be seen as
complete contingent plans of action at all these instances, compatible with the information structure
M. We nevertheless insist on the difference to extensive forms where strategies are all complete
contingent plans of locally available choices, without any condition on measurability along the time
axis, or more precisely, over option-revision instances (7%, ¥). In the stochastic process form setting,
it is the 7 -progressive measurability and “local” .#*-measurability that imply such a condition.

Based on this, one can also develop a notion of outcome, or actually, state processes induced
by strategy profiles, given a starting point (7¢,%) as above. Then, a minimal requirement for a
stochastic process form in order to give rise to a proper game-theoretic model is well-posedness:
that any strategy profile induces a unique state process, given any starting point.

With these preparations, we introduce the formal definition. In what follows, T denotes vertically
extended time as introduced in Subsection 1.2. In addition, we fix a measurable space (92, &) with
Q # (. The elements of  represent exogenous scenarios, those of & events.?® Moreover, fix a
o-ideal .4/ on &, that is a non-empty and strict subset of &, stable under both intersection with
elements of & and countable union. The relevant example for this is A" = & N [\pey Ap for a
non-empty set P C Pe of prior beliefs alias probability measures on &. This also includes the
case A4 = {0}. Given this o-ideal .4, we say that a property holds for A -almost all w € Q or
N -almost surely iff there is N € 4 such that the property holds for all w € N . For any set
S CTxQ, twomaps x, X' : S — Y are said A4 -indistinguishable, denoted by x = 4 X’ if .4 -almost
all w € € satisfy the following property: for all t € T with (t,w) € S we have x;(w) = x}(w). If
N =& N Np for some P € Pg, then “4” is replaced by “P” in these phrases, as usual.

Definition 3.1. (PART A): For fixed (Q, &, .4), consider the data
F= (I7AaBaVV7W7%7%7S)7
where:

— I is a non-empty, finite set — its elements are called agents;

—A=Tlc; A’ is the topological product of Polish spaces A?, i € I — the elements of A’ are
called i’s actions and the elements of A action profiles;

— B is a Polish space — it is called state space, its elements are called states;

W C Q x BT is a subset — its elements are called configurations;
— W is a set of pairs ( = (§,x) of maps £: T x 2 — A and x: T x Q@ — B such that, for all
w e Q, (w,x(w)) € W — an action process is a £ such that there is x with (£, x) € W, a

26In the language of [57], (€2, &) is an exogenous scenario space.
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state process is a x such that there is £ with (£, x) € W, an outcome process is an element
of W,seenasamap T x Q — A x B;

— A = (H")icq is a family of filtrations S = ('), 5 on the sample space W, i € I — for
any i € I, S is called basic information structure for i;

— M = (M?)ier is a family of o-algebras .#° on T x W satisfying Prd(#%) C .#' C
Opt(#%), i € I — for any i € I, #" is called Meyer information structure for i;

=8 = Xier S' is the set-theoretic product of sets S? of J#-progressively measurable maps
s': Tx W — A" — for any i € I, a strategy process for i is an element of S*.

(PART B): Let i € I. An optional time for i is an #*-optional time such that [0,7%)) € .#%.?"
A history for i is a pair (7_'i, X) consisting of an optional time 7% for i and a state process x. Let x, x’
be state processes and 7° be an optional time for i. Then, we say that x’ cannot be distinguished
from x until T by i, or that (7°,x’) cannot be distinguished from (7*,x), in symbols x’ ~; i x, iff
we have, for ./ -almost all w € Q and all ¢ € [0, 7% (w, x(w))]z, and for all real-valued .#‘-measurable
maps f: T x W = R:

(31) f(t7w7X(w)) = f(tvva/(W))-
An (endogenous) information set for i is a pair p = (7%, 1) for an optional time 7¢ for i and an
equivalence class ¢ with respect to =, ,+ on the set of state processes.?® 7% is said the time of the
information set. The set of information sets for i is denoted by 9%, and its subset of information
sets with time 7¢ is denoted by B¢(7?), for any optional time 7¢ for i.

Let, for any stochastic process s: T x W — A and any stochastic process x: T x Q — B, the
stochastic process sLv be given by

six: Tx Q= A, (t,w) = (s (t,w, x(W)))ier-

We call s admissible iff for all i € I, all optional times 7° for i, all state processes ¥, there is an, up
to 4 -indistinguishability, unique state process x extending Y, i.e. satisfying X|[[07Tio(id9 o)) Ex
Xl[0,7i0(idg +y))> and indistinguishable from it until 7%, i.e. satisfying x ~; .+ ¥, that admits an
action process £ with (&, x) € W satisfying

(3.2) (sLX)|[rio(idg xx),00] ot El[rio(ida xx),00]-
We call the — up to .4 -indistinguishability uniquely determined — processs x the state process
induced by s given (7%, X), respectively, and use the notation y = Out*(s | 7%, ).

(PART C): A stochastic process form is given by data F as above such that

1. foralli € I, 7" is non-anticipative, that is, there is a family of o-algebras jﬁi on QO x Bz,

ranging over t € T, such that, with proj 04" BT — B, f— f|[0,t]ﬁ, we have

T
A, = {(ida x projp ) (H)NW | H € H'};
2. for all ( = (&,x) € W, all i € I, the map
ido*x: Q@ =W, w— (w, x(w))

is &- -measurable;

27By Theorem 2.6, [0,7%)) € Opt(#7*) for any #*-optional time 7¢. If 7 is augmented, the converse is true
as well, by the same theorem. Note that this is a generalisation of stopping times with respect to Meyer-o-algebras,
going back to [51, 25], see also [10, Subsection 2.1].

281t follows from the definition that ~; ;i is an equivalence relation. For the proof, take f = 1[0, 7%)). Inserting
t = 74w, x(w)) yields 78 (w,x'(w)) < 7¥(w,x(w)). Hence, we can insert, in a second step, t = 7%(w, x’(w)) which
yields 7¢(w, x(w)) < 7%(w, X/ (w)). See Proposition 3.4 for further discussion.

29Both properties are not necessarily equivalent. See Proposition 3.4 for a discussion of this.
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3. for all outcome processes ¢ = (£,x), ¢’ = (&¢,x') € W, for all i € I, all optional times 7¢ for
i, such that, with #* = 7% o (idg *X), &ljo,#1] = €' ljo,71] holds true, we have x| +i] =.x
X’|[[o,+i1]; ‘ A ‘ |

4. for any i € I, any optional time 7° for 4, any § € 1, any s* € S, there is an .#*-measurable
process §°: T x W — A’ such that §° € S* and slT = §’T on {ro7! = p}.3

(PART D): An SPF F is said well-posed iff all s € S are admissible.

We make some additional remarks. Let us first note that, since everything is encoded as processes
in time, information is non-anticipative (Axiom 1) and the state is a non-anticipative function of
action (Axiom 3), we obtain a basic structure for “causality” from the beginning. In that sense, the
stochastic process form is more similar to the stochastic extensive form than to the product form.
The stochastic process form therefore merges different concepts of information in order to provide
a general and tractable setting for problems with uncountably many decision situations (“agents”
in the language of Witsenhausen; information sets in the setting of this text), as discussed in the
sequel.

Furthermore, outcome processes are pairs of action and state processes, where the former de-
termine the latter in a non-anticipative way compatible with optional times (Axiom 3). However,
this mapping need not be scenariowise; it can be purely “statistical”. This is a further departure
from the strict stochastic extensive form setting, but is common in many contexts. For instance,
the state may arise through stochastic integration of a function of the action process with respect to
a semimartingale. “Endogenous” information (that is, information about agents’ behaviour) is only
transmitted via the state process, and we may assume that only the state process is payoff-relevant
— both without loss of generality, because the state could include a copy of action.

Moreover, let us insist on the fact that the term “information set” does, of course, not have
the same formal meaning as in extensive forms. An information set p = (7%, 1) describes the time
7t at that an agent i € I currently considers her options and which set ¢ of state processes is
still possible to be realised. This explains in particular the information the agent has about the
behaviour of all agents up to time 7¢ (whence the qualifier “endogenous™”). Agent i’s information
about W, including realisations of exogenous scenario w € €2 and state processes x(w), and including
information “at” time 7%, can then be derived from .#*. 7 itself is compatible with this information
because [0,7%)) € .#*. In a considerable generalisation of [(0], another name for information sets
would be subgame because information sets are the instances that agents consider options or revise
decisions at. We refrain from this usage in general because the present setting goes beyond the
situation of perfect information.

Finally, let us close the bracket opened in the beginning of this subsection by noting that in a
well-posed stochastic extensive form, the action process £ with & = s_y, for the state process x
induced by s given some history, is progressively measurable with respect to the filtration induced
by all %, i € I, and the map idgxy. This follows from Axiom 2 and the optionality of s?, for
any ¢ € I. The proof is elementary; it is given in the special case of timing games later in the text.
Moreover, by Axiom 4, at any joint optional time 7 for all ¢ € I (for example, elements of T), for
any 3 € wy, there is § € S with §, = s, on {7 o7 = 8} whose i-th component is .#*-measurable
and therefore #-optional, for all i € I. Then, the action process £ with € = 5.y, for the state
process ¥ induced by § given some history, is even optional with respect to the filtration induced by
all 7%, i € I, and the map idg *¥. We conclude that “induced” action processes are progressively
measurable and “locally” optional, and if strategies for i € I are .#*-measurable, even optional.

30Following the setting of [51, 25], this means nothing else than the measurability of sii with respect to the

filtration associated with .#? evaluated at 7%, where all this is considered on the measurable space given by {mor? = 8}
with induced o-algebra.
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3.2. Information sets, counterfactuals, and equilibrium. In this subsection, we further dis-
cuss the “problem of information” [47] in stochastic process forms. We treat the role of ¢ and .#,
and we analyse information sets. We first give some examples for classical choices of 7.

Example 3.2. Fix a stochastic process form F and an agent ¢ € I. We consider the separable,
symmetric case where 7' equals F} ® B}'|lw, i € I, t € T, for some filtration .Z' on (Q,&)
and some sub-c-algebra %, of (%g)®T. One can take (2, &,.%*) to be universally complete. The
following cases, classical in control theory,3! obtain:
1. The case of state-independent exogenous information obtains iff every state process x is
Fi-progressively measurable.
2. The case of dynamic learning of exogenous information is the opposite. It can be formulated
by fixing some filtration ¢* with .%} C % for all t € T and considering state processes y that
are ¢‘-adapted but not necessarily .#‘-adapted. Given two outcome processes ¢ = (£, x)
and ¢’ = (&, x’), the filtrations on Q describing i’s information flow for either outcome,
which are those induced by 4#* and idgxx and idg xx’, respectively, may therefore be
strictly larger than .#* and differ.
3. Open-loop strategies (or controls) obtain iff ! = {0, BT}.
4. Closed-loop strategies (or controls) obtain iff, for all t € T, (%p)®"Y7 @ {p, BEH>lF) C
B C (Bp)®0r @ {9, BEE=IEY (for t = 0, this reads: BY C (Bp)®10 @ {0, B2>l7}) 32
These are stylised special cases, of course, and mixed regimes obtain quite easily. For instance, in
a game, some dynamic learning of exogenous information may already come in by other players’
using private randomisation devices.

Out of the separable case one can construct more complicated information structures, intertwin-
ing information on exogenous and endogenous events. For example, ' (i € I, t € T) could also be
given by (F} @ BV (9} @ B} |w for some filtration ¢ on (2, &) and some suitable sub-o-algebra
B of (%)®T. We also note that B could be a product of Polish spaces, and the information struc-
tures could depend in different ways on the different factors of that product. For example, one factor
could describe a partially observable signal the agent cannot condition on (open-loop) and a second
factor could describe an observation process the agent can condition on (closed-loop) and whose
underlying exogenous randomness the agent try to learn. Moreover, information can be asymmetric
in that not all agents can observe all factors in the same way. For example, any agent could have
its own observation process, described by a corresponding component of .

Next, we discuss an example for the choice of .# and elaborate on the combination of Meyer
o-algebras and vertically extended time.

Example 3.3. Meyer o-algebra have been used in the financial literature recently in order to
model information about imminent trade signals (see, for instance, [13]). So far the focus has
been set mainly on the single-agent setting however.>® Reinterpreting this modelling approach in
the language of the present setting, and adding vertically extended time in particular, yields a
stochastic process form where .# is given by

M =Prd(H)V o(ZY), i€l

for a fixed ##*-optional process Z*, for any i € I, describing the signal observed by agent i. In [13],
only a single agent is considered and this agent can essentially act twice per instance of time.

313ee, e.g., the textbooks [19, 16].

32We could, without loss of generality, ask for %}l = (%B)(@[O’t]ﬁ ® {@,B®(t’°°]ﬁ} if t > 0 since this does not
necessarily imply that strategies can condition at time ¢ on the state at time ¢. Indeed, in that case, we could still
have .#% = Opt(A#7), for A = Fi @ (Bp)°1"D7 @ {0,BE1F} ¢ > 0, B = {0,B°10T}, and 4 = 7.

33Yet, see [12] for a multi-agent model.
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In the interactive setting or settings involving non-trivial consecutive, infinitesimal randomisa-
tion, e.g. in the framework of preemption as in [58], one might wish to extend this. This requires
adding additional virtual instants of time along the vertical half-axis, in order to keep track of
the chain of reactions. Moreover, the signals Z¢ would no more be sufficient for describing the
information agent 4 has at the different vertical versions of the given real instant 7 of time: if Z°
contains sufficient information about agents’ behaviour at 7¢, there may be more than one (“I do
what you do”) or no (“I do not do what I do”) outcome process ¢ = (&, x) compatible with a given
strategy profile (in the sense of satisfying Equation 3.2), therefore destroying well-posedness. In
the well-posed setting, Z* will mainly be useful for describing exogenous signal observations and
pro- and reaction with respect to these, while vertically extended time accounts for endogenous
signal observations and pro- and reaction with respect to the latter. The formulation in terms of
stochastic analysis in vertically extended time assures that both sorts of observation and action are
consistent.

In stochastic dynamic games, it is important to analyse strategy profiles given counterfactual
“histories” in a way compatible with the agents’ information. By construction, the extensive form
offers natural concepts for this, based on moves and, more generally, information sets. These
concepts extend naturally to stochastic extensive forms, as introduced and studied in [57, Chapter 2].
In stochastic process forms these concepts are no more available in a strict sense; we have mimicked
them in the definition above.

In a stochastic process form, an information set for an agent ¢ € I is given by an optional time
7t with respect to i’s information structure and an equivalence class of state processes y, where x
is identified with all other state processes x’ that ¢ cannot distinguish from it given the information
A and time 7°. Here, y and x’ cannot be distinguished given .#? and time 7¢ iff any strategy
based on information .#* (= .#‘-measurable) yields the same result up to time 7¢ inclusively. It
is clear that if the amount of information is too large — implying too much future knowledge, and
in particular times 7% that depend on agents’ action at 7¢, i.e. arbitrary s#*-optional times — too
many state processes can be distinguished which may prevent well-posedness. At the same time it
may seem natural to permit “subgames” starting at the first jump of an exogenous Poisson process,
for example. Hence, restricting to predictable .7*-optional times is not a convincing solution either.
Here, Meyer information structures provide a subtle device for managing this trade-off. This point
is illustrated by the following proposition.

Before stating it, we note that the mathematical tractability of this analysis is ensured by the
fact that in stochastic process forms information is modelled on a “universal” configuration space
W C QxBT, not only on Q. This namely allows for a description of information that is independent
of the choice of a concrete state process, and from which the state-dependent exogenous information
— that is, given a state process x, the filtration on (€, &) generated by #* and idg xx — can be
derived. However, our approach is not primarily chosen for mathematical convenience, but because
we esteem it natural in a stochastic process-based game-theoretic setting.?*

Proposition 3.4. Let F be a stochastic process form on (Q,&,.4) and i € I. Consider the
following additional assumptions:
(A) We have ;i C & @ {0, BT};
(B) For allt € T\ {0}, {0,Q} @ Bz @ {0, B~} C 7.
(C) We have .#* C Opt(& @ {0, BT}) v Prd(#"), where & ® {0, BT} denotes the filtration equal
to that o-algebra at any time t € T.
Suppose that Assumptions (A) and (C) are satisfied. Then, we have:

34Compare the paper [42] which treats a general adaptive stochastic control framework in a classical continuous-
time setting.
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1. For any .#*-measurable f: TxW — R and allt € T, w € Q, and h,h/ € BT with
hljo,0)= = 'ljo,0)
f(t,w,h) = f(t,w,h').
2. For any optional time 7* for i and all state processes X, X' with

Xl[o.rio(ian xx)) Zor X' l0,70(ida x));
we have X ~; i X'

3. If in addition Assumption (B) is satisfied, then, for any optional time 7° for i and all state
processes X, X' that are left-continuous® at allu € T with w(u) = w1 and satisfy x =i+ X',
we have X|[0,rio0(idg xx)) =4 X'[0,70(idq %)) -

In particular, if all three assumptions above are satisfied, then, for all optional times ¢ for i and all
state processes X, X' that are left-continuous at all u € T with m(u) = toy, we have the equivalence:

X R ri X — X|[[0,rio(iclQ o)) =N X/|[[0,Tio(idQ *x))*

Remark 3.5 (“Nodes”). As a consequence of this proposition, if Assumptions (A) and (C) are
satisfied, then, for any 7 € I, one could call nodes for i all sets of the form

Lri ()2) = {X state processes | X||IO,Tio(idQ *X))) = X/|[[O,'r'io(idg *X)))}7

ranging over all optional times 7% for i € I and all state processes Y. This is analogous to the
definition of nodes in action path stochastic decision forests in [57, Section 1.2] (similarly, in a
deterministic and very special setting, under the name “differential games”, in [3]). However, it is
clear that the set of all these x,:(x) does not at all define a tree or forest. This yields no extensive
form in any strict sense.

In this SPF language for describing extensive form characteristics based on stochastic processes,
including a model of information sets alias “subgames” alias instances of decision revision, we
can conclude this subsection with a definition of equilibrium. It is a refinement of the classical
Nash equilibrium concept in two ways: 1) the best-response condition must also be satisfied given
counterfactual histories (“off the equilibrium path”), in the spirit of subgame-perfect equilibria
(cf. [60, 61]); 2) the beliefs agents form about exogenous information and, in the case of imperfect
information, the current “move” must be consistent, in the spirit of perfect Bayesian equilibria. As
the stochastic process form is still very similar to stochastic extensive forms, it is unsurprising that
the following definition is an adaptation of Definitions 2.3.16, 2.3.17, and 2.3.18 to the setting of
stochastic process forms.

Yet, there is an important difference here since in SPF time provides a “uniformising structure”
among information sets (making possible a refined meaning of conditional probability). Moreover,
calculating expectations with respect to the posterior at a given endogenous information set requires
to determine an adequate g-algebra to condition on. The natural concepts for this, once again,
derive from the general theory of Meyer-o-algebras because at an information set p = (7%,r) for
agent i, the agent can condition on all .#‘-measurable maps evaluated at 7, at the realised scenario
w, and at the belief x; , € r about the actual endogenous “history”. We propose a relaxed version
of dynamic rationality and equilibrium — allowing for a selection of information sets (and thus
counterfactuals) to be checked®® — because this a restriction typically made in the literature, for
reasons that will become clearer in the case study of the timing game. For instance, one may focus

35Note that the pathwise left-continuity at times u € T with m(u) = 171 is not at all a strong requirement; it
suffices for x to be progressively measurable with respect to some filtration (see Remark 2.2, Part 5).

361y the static Nash equilibrium case, one would only check the best response condition given the information set
at time zero, provided it is unique. In a rigorous dynamic setting, on the contrary, one would wish to check given all
information sets, of course.
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on information sets p = (7%,r) such that r contains a deterministic (if not even constant) state
process.

Definition 3.6. Let F be a well-posed spF on (2, &, .4).

1. A belief system on F is a family II = (Qi’Ti,ﬂi’Timw, Pip)p=(ri v)ept, icl S_UCh that, for
any ¢ € I and any optional time 7t for i, 2% is a o-algebra on B(rY), k5™ is a Markov
kernel from (7(7%), 27" ) to (Q, &) with A C e/VHi,,i(A »)
for any information set p = (7%,1) € P(7?) for i with time 7%, & , is a o-algebra on r,*"
and p; p: Q — 1 is an &-Z; y-measurable map.

2. A taste system on F is a family U = (u;p)pepi, ics of maps u;p: W — R.

3. An expected utility (EU) preference structure on F is a tuple Pr = (II, U, #') where

— IT is a belief system on F,
— U is a taste system on F, and
— W is a o-algebra on W,

such that, we have, for all i € I, all optional times 7 for i and information sets p = (7¢,1) €

()

(a) u;p is bounded and # -Borel-measurable;

(b) Outj,: Q= W, w s (w,Out™(s | Ti,pl-jp(w))(w)) is _g—ijeasurable for all s € S;

(¢) for any s € S and any optional time o* for ¢ with 7* < ¢*, the map

for all p € P¥(7*), and, moreover,

@5 ot £ P07,
assigning to any x € r the unique p’ = (0*,r') € P*(¢*) with Out*(s | 7%, x) € ¢/, is
P p-B7 -measurable;
(d) the map
Xip: Q= BT wes pip(w)(w)
is a state process.
4. Let Pr = (II, U, #') be an EU preference structure on F and s € S a strategy profile. (Pr, s)
is said dynamically consistent iff:
(a) for all i € I, there is u; with u;, = u; for all p € P
(b) for all i € I, all optional times 7¢, 0 for i with 7¢ < o, all p € Pi(r?), all w € Q
satisfy>8
Pior (o)) (@) = Out’™(s [ 7% pip(w));

(c) foralli € I, all optional times 7*,0° for i with 7° < o*, all p € P*(7*) and the measure
Py = “©T'(.,p), and all E € &, we have, P; y-almost surely:*’

(3:3) KB,y i 0 Dip) =Piyp (E | .o opi,p)-

37According to a classical choice of ; ,, any X, x’ € 1, that coincide .#"-almost surely on [0, Ti]], would have to
be inseparable by &; ,,, that is, for all P € &; ,, x € P iff X' € P.

38Note that for 7¢ = o this implies the equality pip(w) = Out*(s | pjp(w)). This reflects the fact that in SPF,
formally, information sets actually partition all possible state processes, rather than “moves”. In SEF already, moves
contained in an information sets form a partition of attainable outcomes, and information sets partition moves, see
[57, Section 2.1]. However, note that there is no rigorous meaning to “moves” in SPF.

39We recall that Equation 3.3 is, by definition of conditional expectation (and “probability”), equivalent to the

following statement: for all bounded, 24" _Borel-measurable maps f: P (o?) = R, we have

EPi.» (f(wf,p,ai O Diyp) - 1E> = EPip (f((’pz?,p,ai O Diyp) - KT (E, Cp:,p,ai opi,p)).
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5. Let Pr = (II, U, #') be an EU preference structure on F. For any ¢ € I, any optional time
7% for 4, and any information set p € P(7°), let P; , = k7 (.,p) and

Fip = {{w €N frifwpip @)@ Xipw) € By f: TxW =R M ‘-measurable, B € %R}.‘lo

Further, for any strategy profile s € S, let m; ,(s) denote the conditional expectation of
u;p o Out; , with respect to P; , given .7, p, that is, "

Tip(s) = E7r (i 0 Outy, | Fip).

For any i € I, fix a set of information sets PP C P, and let P = (Phier. A strategy
profile s € § is said dynamically rational on P given Pr iff for all i € I, all p € P, and all

5 € S with 5% = s, we have, P; p-almost surely,
Tip(5) 2 i ().

Let s € S be a strategy profile. Then, (s, Pr) is said in equilibrium on ﬁ iff it is dynamically
rational on ‘P given Pr and (Pr, s) is dynamically consistent. The qualifier “on 9B” can be
dropped iff B¢ = P for all i € I.

Remark 3.7. Consider a stochastic process form F satisfying Assumption (A) in Proposition 3.4
(i.e. at time zero, agents have no information about the state process), and an EU preference
structure Pr as in the definition. Then, it follows directly from the definition that, for any i € I,
there is a unique (endogenous!) information set at time zero. Denote this information set by
po = (0,10). It clearly does not depend on the agent i.

Then, for any s € S such that (Pr,s) is dynamically consistent, p; ,, is constant with value
X = Out*(s | 0,%) (where ¥ can be any state process). More generally, for any information set
p = (7%,1) for i with x € 1, p;p is constant with value x, and, in particular, P; , = P; ,,. Off the
equilibrium path (or without Assumption (A)), this need not hold true.

Moreover, in Bayesian language, for any i € I, P; ,, is the prior of agent ¢. The common prior
assumption, alias Harsanyi doctrine, says that P; ,, = P; ,, for all 4,5 € 1.** The posterior for i at
information set p € P’ is the “conditional probability” P; ,(. | % y), though this need not admit a
representation via a Markov kernel in the spirit of regular conditional probabilities.

Example 3.8. Consider, for example, the special case of “quasi”-perfect information as expressed
by the Assumptions (A), (C), and (B). Then, with 7" being constant in the second component
and independent of i and 7%, the equilibrium definition above implements a generalised stochastic
version of the concept of subgame-perfect equilibrium (cf. [60]). More generally, the definition above
implements the concept of perfect Bayesian equilibrium (cf. [36, 30]) in stochastic process forms. In
Subsections 3.3 and 3.4, we discuss this definition in the context of stochastic timing and differential
games, with a concrete detailed example for the former.

3.3. Timing games. We apply the developed theory to the simplest non-trivial dynamic game-
theoretic model. That is, we introduce the general continuous-time stochastic timing game in
stochastic process form, and illustrate it by proving the existence of the symmetric preemption
equilibrium in the grab-the-dollar game. While natural in discrete time, it is hard to justify in

40This is nothing else than the g-algebra of the 7%-past associated with the Meyer-o-algebra .#*, pulled back onto
Q by idgq *x4,p; introduced in [51], see also [25], and [10, Subsection 2.1]. Using the notation from the latter survey,

and of the pullback of -algebras, we thus have: .%; , = (idg *xi,p)*ﬁ;ffti = {(idq *xi,p) (M) | M € 9‘:{”}
4INote that the following expression is well-defined in view of Equation 3.3, because Outfyp: Q — W is uniquely
defined up to .#’-indistinguishability, and 4" C Ap, . by assumption.
42 ’
See [ k) b b b ]'
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continuous time. Yet, preemption is both an interesting theoretical example of subgame-perfection
and a crucial phenomenon in many economic applications. In seminal papers, [29] and, in a general
stochastic setting, [58, 65] provide a theory explaining the symmetric preemption equilibrium in
continuous time using a stacked strategic form.

However, in such a formulation, strategies necessarily depend on subgames. Although consistency
across subgames may be assumed ez post, the question remains on what grounds this happens.
Moreover, the cited literature formally explains neither outcomes, that is, track records of the
players’ action, nor how payoffs derive from outcomes. Instead, payoffs are a direct function of
strategy profiles, without factorising over (induced) outcomes. Hence, these models do not explain
what happens, but what abstract strategies are chosen in each strategic form and what the payoffs
are. This is reflected by the fact that payoffs are derived via a discrete-time approximation, see [64].
As discussed in the introduction of [58], and shown in the already-mentioned literature [66, 4, 2], a
well-posed extensive form formulation based solely on paths with time index set R requires locally
right-constant paths, so that reaction can only occur with a positive time lag of delay — such
a model is not very conclusive regarding preemption. The action-reaction model in [1] provides
a well-posed extensive form model making instantaneous reaction, and even tv many of them,
possible;*® however, as this model leaves the question of randomised strategies open, this theory
is not sufficiently applicable to the preemption problem as well. This explains why the stacked
strategic form approach has been chosen in [29] and idem in [58].

One problem about passing from discrete-time preemption to continuous-time preemption lies in
the collapse of complicated patterns action and reaction near the preemption boundary to action
at the preemption boundary with probability one. In classical continuous time, this implies a
dramatic loss of information on the action process containing information about the action-reaction
behaviour. However, this is a result of looking at action process convergence in terms of pointwise
convergence. By contrast, tilting convergence preserves the detailed information by writing it on the
vertical axis above the preemption boundary. Hence, stochastic process forms in vertically extended
continuous time can bridge the gap between a) the need of a faithful model of the extensive form
characteristics, based on an explicit description of outcomes, choices and information flow and
including randomisation, and b) the desire to formally describe action and reaction behaviour, e.g.
in preemption games, arising in continuous time via game-theoretic equilibrium analysis.

The mentioned kind of preemption is a very interesting example from the literature on timing
games, but only one among many. Many other of these timing game models also use stacked
strategic forms and ad-hoc variants of Nash equilibrium, which makes it difficult to understand
the dynamic aspect of strategy and equilibrium. This includes the rich economic literature on real
option games as well as the mathematical theory of Dynkin games — we refer to the introduction
of [58] for an overview on the literature. Another example would be timing games of asymmetric
information, e.g. about price signals. Here, one agent can trade proactively thereby making profit
and another one can only react (instantaneously in real time, one level higher on the vertical half-
axis). But this other person’s reaction may impact the price, and other players may pro- or react
with respect to this.** The stochastic process form and the included abstract, dynamic equilibrium
concept allows formulating a very general stochastic timing game model, which can shed light on
this problem in general and is therefore of general interest.

Let us start with introducing our formal model of timing problems. For convenience, we focus
on the case of “full” endogenous information alias closed-loop controls (more precisely: at any
time, all players know what the other players have done up to, exclusively, that time). This is the

43The model in [1] is formulated with one reaction node per action node (i.e. roughly per instant of real time);
the extension to to many reaction nodes is immediate.
44For related models, see, e.g. [12, 13].
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comparatively complicated case, weaker informational settings can be analysed similarly without
essential additional effort. For this subsection’s purpose, let (£2,&) be a universally complete
measurable space. Suppose that (€2, &) is large enough to support a probability measure P and
a, with respect to P, [0, 1]-uniformly distributed random variable. Let A4 = {(}.

Let us fix an important technical convention. To any decreasing map h: T — {0,1} we assign
the map h_ = h(.—): T — {0,1}, defined in any ¢ € T as follows. We let h_(0) = h(0—) = 1 if
t = 0; h(t—) = lim,,_» h(u) if ¢ is a left-limit point; and, else, that is, if t = (p(¢), 8 + 1) for some
B € w1, h(t—) = h(p(t), 3). We extend this convention to componentwise decreasing maps valued
in {0,1}! in a componentwise manner, and to stochastic processes with decreasing paths valued in
{0,1}1.

Let the data F = (I,A,B,WW, €, #,S) and (a,v, 9,7, F",(Te, Ty, )beB, 2) be given as fol-
lows:

— I is a non-empty, finite set;

—~ A"=1{0,1} forany i € I, A =[]
order;
B = A, thus also equipped with discrete topology and the product order, let 1 = (1,...,1) €
B and 0 = (0,...,0) € B denote the constant functions I — {0,1} with value 1 and 0,
respectively;
— «a € w;y \ {0} is a countable non-zero ordinal;

el A, equipped with discrete topology and the product

— W is the set of pairs (w, h) € Q x BT such that h is right-continuous, decreasing, and has
upper vertical level smaller than or equal to «, and satisfies h(co) = 0;
— 4 = (9%);er is a family of universally augmented filtrations on (€2, &) with time index set

=l

= (vi);er: Q — [0,1)! is &-Borel-measurable, such that there is probability measure P on

Q, &) making v uniformly distributed and independent from ¥;

= (F")icr, and for any i € I, F' = (F}), 5 is the filtration given by .7} = % v o(v?),
the universal augmentation being taken in &

- FV = (%)) +7 1s the in & universally augmented filtration generated by this family, i.e.
T = Vier Zi ¢

— W is the set of pairs ¢ = (£, x) where £: T x Q — A is an .# V-optional, right-continuous,
componentwise decreasing process with upper vertical level smaller than or equal to «
satisfying £o = 0, and y = &*°

I
e

—~

\
Y

— let
— 1, if t =0,
(3.4) 2: TXW =B, (t,w,h) — 1
h(t), ift>0,
and, for any b € B,
7 = inf{u € T | z, < b}, 7y =inf{u € T | z,— < b}

— foranyi € Iandt €T, let %i’o be the smallest o-algebra on W containing .%} ® %’[[B;w]f ®
{0, B>z} |y, and such that, for all u € [0,t]7 and 3 € 1oy,

{ro <u,mom, =B} € 4",
let #,"" be the universal augmentation of 7" in [#2:0]%; then, let, if t > 0,

A= {Hecn"|3H Q=B g = projjg. (H) "W},

45The condition x = &, for instance, could be relaxed; x could be the solution to some (stochastic) differential
equation depending non-anticipatively on &.
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and, else,
A ={(ExBY)NW | E e Fi};

~ foranyi € I, #" = Opt(F'@{0,B"})VPrd(#"), where .Z'®{, BT} denotes the filtration
given by Z; ® {0,B"}, t € T;

— for any i € I, let S} be the set of #*-progressively measurable, A‘-valued processes s°: T x
W — A?, lower semicontinuous from the right, with upper vertical level smaller than or
equal to o, and satisfying both s¢(w,h) < hi(t—), for all (t,w,h) € T x W, and s'_ = 0;
then, let S? be the set of s* € S such that any optional time 7¢ for i admits .#‘-measurable
§:Tx W — A’ with § € S and s*, = §’,.

The basis of this model are the outcomes, like in extensive form models, and in contrast to
the stacked strategic form model. Outcomes are exactly the outcomes of a timing game which,
by definition, is a game with two actions, one of them being irreversible: that is, collections of
decreasing {0, 1}-valued paths for any player. There are no grounds for considering additional
stopping intensities as in [29, 58], nor for acting on the whole unit interval (as in almost all of the
timing game literature with randomisation). The assumption of optionality of action processes is not
even strictly required, since in the proof of well-posedness it can be seen that only optional action
processes can be generated by strategic decision making according to S. We have a countable
uniform bound on activity; in the perspective of approximation of action processes via tilting
convergence this corresponds to an upper bound on the well-order type of approximating grids.
The assumption that the state process induced by a given action process equals the action process
can be relaxed; it is made for simplicity here. Regarding the information structure J#% and .#* of
player i € I, we are in the setting of Proposition 3.4. Here, 5 has been sufficiently enlarged to make
the stochastic analysis of relevant débuts on W possible, without violating the non-anticipativity
axiom, Axiom 1, in the definition of SPF.

Let us discuss strategies in a bit more detail. In the SPF setting, strategies are complete contingent
plans of action — contrasting stacked strategic form frameworks. They are globally defined objects,
assembling local decisions based on available information (though this also requires measurability
along “nodes”, see Remark 3.5). They must be globally progressively measurable, and, moreover,
at any optional time for i, representable by an .#*-measurable strategy. Lower semicontinuity from
the right implies that the choice to remain at 1 at the upper end of the vertical half-axis above some
real time ¢ € Ry implies the agent to choose 1 as well on some positive interval ((¢,101),t + )7,
for some € > 0, depending on (w,h). On a scenariowise level, this reflects the “identifiability”
axiom in [60] and the inertia time lags in [1]; yet, it is only a weak restriction because the player
has the whole of {u € T | p(u) = t, n(u) < a} to react infinitesimally. However, as a difference
to (the natural stochastic generalisation of) [1], the inertia time lag can depend on information
revealed only at time ¢ +¢e. The inequality “si(w,h) < h'(t—)” simply expresses that at time ¢ and
conditional on a history h according to that ¢ has already chosen 0, there is no other choice than 0
left. Note, however, that it is absolutely possible that s{(w,h) = 1 while s (w,h) =0 for t,u € T
with u < t: s*(w, h) need not be decreasing! For instance, consider the strategy choosing 0 whenever
some real-valued Markov process 7 stays in a closed set C' C R, and 1 otherwise. Starting in a
subgame (77, X) with 7):io(ia,, «5) ¢ C, the agent will stay at 1 for a positive amount of classical real
time. Yet, n may have hit C strictly before 7% o (idg *Y). Dropping this monotonicity assumption
is crucial in the endeavour of formulating strategies as complete contingent plans of action, and
independently of subgames. At the same time, it requires a consistent and careful application of
stochastic analysis.

Our first aim is to show well-posedness of F. For this, we start with the stochastic analysis
of the data introduced before. The first step is about the processes z and z_ and its débuts 73
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and 7, . They are crucial in constructing the induced outcome map; hence, we must verify their
measurability properties beforehand.

Lemma 3.9. For any b € B, 74 and 7, are A -optional times satisfying 1 = 1, = 0, and, if
b#1, momp<a,mor, =noTp,+ 1, and [0,7, ) = [0,7p]. z is " -optional and has the upper
vertical level o. z_ is A -predictable and has the vertical level o, and even upper vertical level o
if a is a limit ordinal.

In what follows, let 7V denote the augmented filtration generated by the family of 5#7, j € I.
That is, with 7" = \/,c, 7 forall t € T, " = ;" is the augmentation of 7" in [/ 0]".

The next two lemmata are concerned with the questions whether optionality and progressive
measurability are preserved under natural operations on the path space of the state process.

Lemma 3.10. Let f: T x W — B be S -optional with right-continuous, decreasing paths, and
upper vertical level smaller than or equal to « satisfying foo = 0. Then, with f seen as a map
W — BT, there is a map

(3.5) fETxW = TxW, (t,w,h) — (t,w, f(w, h))
which is both Opt(#7Y)-Opt(#Y)- and Prg(s#V)-Prg(s#Y)-measurable.

Lemma 3.11. Letn: TxW — B be 7 -optional and x be a state process. Then, nolids X (idg xx)]
is FY -optional.

Now, we can state the well-posedness theorem.
Theorem 3.12. F is a well-posed stochastic process form on (2, &,{0}).

We call F the timing SPF of upper vertical level a. Combined with the equilibrium concept in
Definition 3.6, it provides a general continuous-time timing game model for finitely many players i €
I with possibly asymmetric exogenous information 4%, and augmented with private randomisation
devices v*. Players can react instantaneously to new information a times vertically above any
real time ¢ € R,. By the choice of .#*, at any optional time 7° for i, a decision can be based
on information J#* in a predictable way in general, but in addition on exogenous information
Z% in a fully optional way. Loosely speaking, the player i € I can base a decision at time 7
on exogenous information .#% until 7% inclusively, but only on endogenous information that can
be explained by endogenous information accumulated over previous instants of time.*® Note that
“indistinguishability up to an optional time 7* for i” and information sets can be easily characterised
in this setting, see Proposition 3.4.

Theorem 3.12 is remarkable because already in the relatively simple case of timing games,
counterexamples to well-posedness are well-known (see, in particular, [63, 66]). The analysis of
a similar, but deterministic setting in [66] concludes that well-posedness can only hold true for a
specific subset of strategies, including a) a restriction of the number of simultaneous action, and
b) an “identifiability” requirement regarding accumulating action from the right.*” An analogue to
a) is given by the assumption of a uniform upper bound on the upper vertical level of outcomes
processes and strategies. Note, however, that — in contrast to the assumptions and conclusions in
[66] — infinitely many jumps at a given real time are possible without risking well-posedness, as
long as there is a uniform upper bound «.*® On the other hand, b) is addressed by the regularity

465 formally precise description of this can be given in terms of the o-algebras 5’77‘_/1.”1, in the sense of [10,
Subsection 2.1], following [51, 25].

47Ag already noted, the inertia nodes in [1] play a similar role. However, this latter model is a rigorous extensive
form model, in contrast to Stinchcombe’s ex post strategy set restriction.

48 similar, but finite structural requirement is contained in [63, Assumption F.1], also in a deterministic setting.
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requirement — namely lower semicontinuity from the right — of strategies.*” By the inclusion of
vertically extended real time, this requirement does not preclude instantaneous reaction.

Remark 3.13. Theorem 3.12 also obtains if we do not ask for a uniform upper bound on upper
vertical levels. Formally, such an SPF obtains by formally taking o = to; in the definition of the
SPF’s data. One can indeed show that the corresponding SPF is well-posed, but we omit this result
and the proof here because in many relevant applications, it appears, there is a uniform upper
bound on the vertical level.

We next illustrate F by constructing an equilibrium in a specific toy example. This particular
example is motivated by the literature on — deterministic and stochastic — games of preemption in
continuous time, see [65, 64, 58, 29]. As already said before, the existence and nature of symmetric
equilibria crucially depends on the way instantaneous pro- and reaction is modelled and combined
with randomisation. While the just-cited works take a “discrete time with an infinitesimally fine
grid” perspective (see, e.g. [58, 63]), we propose a formulation using abstract stochastic process
forms. This is for the following reasons. First, this theory directly addresses the extensive form
characteristics of the problem and provides canonical concepts of equilibrium in a general dynamic
and Bayesian setting, including the here-relevant version of subgame-perfect equilibrium. Second,
we insist on the fact that exogenous randomness, a Bayesian uncertainty domain, or randomisa-
tion can all be taken care of using the generalised stochastic calculus for vertically extended time
proposed in Section 2. Third, the concrete definition of the game, including payoffs, in stochastic
process form given below is “intrinsic” and does — even not implicitly — rely on approximation
arguments, though approximation is an important interpretation device. As a consequence, the
definition of the game in general, and of the payoffs in particular, can seem a little simpler while
being more general than that in [29, Subsection 4.B] or [58, Definition 2.9] — provided the ab-
stract theory of stochastic process forms in vertically extended continuous time has been accepted.
Fourth, by reformulating the stochastic timing game in the language of stochastic process forms we
indicate how much more general games in continuous time, which critically involve instantaneous
pro- and reaction, can be analysed in an abstract and tractable framework.

We consider a very stylised example illustrating key structures of the theory, and appearing quite
similarly in the cited literature. It is a stochastic version of the “grab-the-dollar game” as described
in the deterministic setting in [29]. Let us recall the basic facts about this example, following,
e.g., [58] and the references therein. The story behind is about two players sitting in front of a
one dollar bill. At any time, they can decide to (try to) grab it. The player grabbing first gets
the dollar. If both grab at the same time, however, they both have to pay a fine. Clearly, this
is a toy model for the modelling of preemption. The discrete-time version of the game admits a
symmetric equilibrium, given by the behaviour strategy of grabbing with probability 1/2 at any
feasible time. In a standard continuous-time version such an equilibrium does not exist, as is well-
known. Indeed, simultaneous grabbing at time zero with probability one is not in equilibrium.
Hence, in any symmetric equilibrium in classical continuous time, both players have not stopped
with probability one at some time € > 0. Given this behaviour of one player, the other player can
do strictly better by stopping before € with probability one, in a way that reduces simultaneous
grabbing.?® Therefore, there is no evident symmetric continuous-time equilibrium.

As a solution, Fudenberg and Tirole [29], as well as Riedel and Steg [58], argue within a “discrete
time with an infinitesimally fine grid”-approach, and introduce “extended mixed strategies” (cf. [58,
Definition 2.7]) consisting not only of (mixed) stopping decisions along the time axis, but also of

497 similar, but finite structural requirement is contained in [63, Assumption F.3]. An analogue to [63, Assump-
tion F.2] (piecewise continuity) is automatically satisfied for the timing game.

50The latter can be achieved by a distribution of stopping that is absolutely continuous with respect to Lebesgue
measure on (0,€]g, .
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processes describing the “conditional stopping probabilities” of reaction on the infinitesimally fine
grid (cf. [58]). At least in the deterministic case, these have a precise interpretation as limits of
grabbing probabilities in behaviour strategies on refining, convergent sequences of discrete-time
grids (cf. [64]). They are motivated as a device to effectively control the order of stopping of the
two agents if they happen to stop simultaneously, and this becomes clear in the definition of the
payofls in [58, Definitions 2.9 and 2.11]. Hence, that approach contains an idea of different instances
of time attached to one real point in time — however, in the cited texts, this notion is not formally
spelled out. As a consequence, the definition of payoffs is relatively hard to state, and the definition
of subgame-perfect equilibria (cf. [58, Definition 2.14]) is not tightly linked to the abstract game-
theoretic concept of subgame-perfect equilibrium, which is based on extensive forms — or, at least,
extensive form characteristics. This is, of course, linked to the mentioned general difficulties of
formulating continuous-time and stochastic games and to the decision of these articles’ authors to
work with a stacked family of strategic forms rather than with an “approximate” extensive form.
The latter did simply not exist and so it could not be applied.

In the present text, we have developed such a theory out of abstract principles underlying
extensive forms and decision making under probabilistic uncertainty. The notion of “approximate
extensive form” we suggest is the stochastic process form. We note that it combines extensive form
and stochastic aspects — without being an extensive form, but based on outcomes that derive from
extensive forms. Below, we see that the use of stochastic calculus in vertically extended time can
give a meaning to a) non-simultaneous and ordered action at the same time that is b) measurable
with respect to information given by c-algebras. Moreover, ¢) it provides further fundamental
insights regarding the definition of “subgames” in the stochastic setting, supporting and extending
one key innovation of [58].

We now discuss the model formally. As in the cited literature, we focus on the two-player case,
I = {1,2}, with symmetric exogenous information, 4! = ¢2. Fix the level @ = o + 1 and a
probability measure P on (2, &) making v uniformly distributed and independent from ¢%, i € I.
Slightly developing [58, Example 2.4], the stochastic component of the “grab-the-dollar game”
now consists in two things. First, player 2 is not American, and at time ¢ € Ry, one dollar is
worth 7 in 2’s local currency, where n = (n;)¢cr, is ¥'-adapted, takes values in (0, 0o)g, and has
continuous paths. Second, the dollar is only released at some exogenously given classical optional
(alias stopping) time, for example, the time a neutral referee whistles. If a player acts before that
time, both players are fined. All fines are payed in local currency. Let 7 be an R -valued ¥-stopping
time modelling the “whistle”. For i,j € I with ¢ # j, we consider the tastes u;,u;: W — R, given
as follows. Let (w,h) € W, and, for all k € I, define o1 (h) = inf{t € T | h*(t) = 0}. Further, let n'
denote the constant process with value 1, and n? = 7. Let a;(h) = 1{r o 0;(h) < w} and

ui(w, h) = uj(w, h) = -1, %f oi(h) < 7(w);

(3.6) ui(w,h) = n;(oi(h))ai(h), uj(w,h) =0, %f T(w) < oi(h) < oj(h);
u;(w, h) = uj(w, h) = —a;(h), if 7(w) < oy(h) = 0,(h) < o0;
u;(w, h) = uj(w, h) =0, if o;(h) = 0j(h) = 0.

Now, we define the strategy profile s = (s%);e7. Let ¢ = (¢")new: [0,1] — [0,1]™ be measurable
such that, for each i € I, ¢(v*') = (" (V")) nenw = (V"")new is an ii.d. sequence of [0, 1]-uniformly
distributed random variables, according to P. Let i € I, j = 3 — i, and (t,w,h) € T x W. If
hi(t—) =0, or if t = oo, let si(w,h) = 0. Else, let

1, ift<7(w),

i 0,7 77;
sp(w, h) = or (T(w) <t, w(t) < ro, 7O (W) > ﬁ(w),
0, else.
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That is, an agent i pursuing strategy s°, starting at an optional time 7° of her’s does the following,
provided x = Out™(s | 7%, ¥) denotes the state process induced by s given the process ¥ constant to
1 (all players are still active exclusively until 7*). If 7 is not yet reached, i.e. on {7 o (idg *x) < 7},

player ¢ waits until 7, and then “stops” (i.e. switches to zero) with probability IZ]:IJ (w)atany t € T
with 7 = p(t) and 7(t) < w, independently along the vertical axis below level Tm, until player @
manages to actually stop. This implies that ¢ reaches state zero with probability one before time
(por ).

If 7 has already been reached, two cases arise. Let 7¢ = 7% o (idg xx). On {#* > 7, 70 7 < w0},
analogously at any instance of time on the vertical to-axis above #% the player stops with probability

J
1-717-77 — (w), until stopping occurs, reaching state zero almost surely before level tv. In the remaining

event, on {#! > 7, 7o 7! > w}, i stops immediately (and so does the opponent); given the payoffs,
they are indifferent about different options at this time, and if ¢ wishes to stop “in the near future”,
then by lower semicontinuity from the right and the fixed bound a = to 4+ 1 on the upper vertical
level, then she even has to stop immediately. Anyway, this latter case is reached with probability
zero from the “classical” part of time, the real time axis R,..

The outcome induced by s can be obtained directly by tilting convergence, as states the following
theorem. For simplicity, we restrict the statement to the unique information set at time 0.°* The
theorem can be seen as a stochastic variant of a similar result in [64], and as a representation of it
on the level of outcomes. Conversely, this shows that tilting convergence allows for a substantial
generalisation of the “discrete time with an infinitesimally fine grid” approach (see Subsection 2.5
for further discussion). The theorem follows directly from Proposition 2.33. By the very definition
of tilting convergence, the approximating sequence " locally equals the outcome of the classical
discrete-time symmetric equilibrium, written onto the grid G,,, for any n € N.

Theorem 3.14. Let x be the state process induced by s given the unique information set at time
0, and & = x be the corresponding action process. Then, there is a sequence (§™)nen of clas-
sical, very simple F -optional processes and a refining, convergent sequence (Gp)nen of classical,

deterministic grids G,, compatible with ", for all n € N, such that (" | Gy,) Lf as n — 00.

It is shown in the following that s defines an equilibrium on some relatively large B and with
respect to the payoffs u;, i € I, and the EU preference structure arising from PP in the most consistent
way possible. Precisely, we let 8 = (‘J}i)ie 1, where for each i € I, 3" is the set of information sets p =
(7%,x) such that r contains an .%*-progressively measurable state process. That is, counterfactual
histories must be independent of the opponent’s randomisation device. This restriction appears
necessary to the author because the agents cannot use “new” independent randomisation devices
at each real time t — it is well known from stochastic analysis that this is incompatible with
measurability in the time variable, and in particular, it obstructs progressive measurability and
M-measurability.? If we wish to obtain i.i.d. randomisation over all instants of real time such
as to obtain a random distribution in the Schwartz sense, we obtain “white noise” which, in that
sense, cannot be represented as a function, or process, valued in the original state space. Hence, in
order to go beyond P as above, one would have to model strategies by random distributions rather
than processes on action spaces. This is deliberately left for future research.

Nevertheless, the setting with 9 as above is already more general than the setting in [29] and
that, more general one, in [58]. In the latter, dependence on endogenous histories is encoded by
the dependence of each strategic form on modes describing which players have already stopped and

51Gee Remark 3.7.
52We also refer to the proof of the theorem which would not work for general information sets because, in general,
the history of the state process could correlate with the future randomisation of the opponent.



46 CHRISTOPH KNOCHENHAUER AND E. EMANUEL RAPSCH

plans are only revised at real instants of time. In our setting, this would correspond to information
sets p = (7%,1) such that r contains a deterministic path and 7¢ is real-valued; and to strategies
that can only condition on the left-limit of this path at the current instant of time.

By contrast, in the model of the present text, s’ is a best response to s’, for both 4,5 € I,
i # j, with respect to a larger class of (generalised) “subgames”, given by a general class of
optional times o = o' possibly taking values on higher levels of the vertical half-axis, by our
definition of equilibrium and information sets. Note that the model of subgame-perfection in [58, 29]
does not contain that feature: Once the “atomic” randomisation procedure for “extended mixed
strategies” has been started, players can no more revise their plan. By contrast, the stochastic
process form in vertically extended time model allows for this. Agents can revise plans at all those
cross-sections — given by information sets — through “two-dimensional” time measurable with
respect to information and below level o = to + 1. Agents can even perform different actions, with
different probabilities, on different levels within the same vertical strip.

Furthermore, we do not restrict to strategies that are Markovian in the “mode”, and find that the
strategy profile s (which is “horizontally Markovian”) is an equilibrium even within the larger and
more natural strategy space defined here. We also note that most timing game formulations, includ-
ing the just-cited ones, integrate out the randomisation of both players, including the opponent,
by considering the action space [0, 1] rather than {0,1}. In such an approach, the above-mentioned
problem becomes invisible by construction yet remains unsolved.

Due to the specific information structure, especially the closed-loop information on all players’
states and the symmetric exogenous information, we may interpret the equilibrium property as a
stochastic version of subgame-perfect equilibrium (see Remark 3.8). This is indeed the term used
for this equilibrium in the stochastic stacked strategic form setting by Riedel and Steg in [58], and
by Fudenberg and Tirole in [29].

Theorem 3.15. There is an EU preference structure Pr = (IL, U, #') such that:

~ (s,Pr) is in equilibrium on B,
— U is given by (u;);cr defined above,
- W =)

In this equilibrium, no stopping occurs strictly before 7. At all R -valued ¥-stopping times o
not earlier than 7, both players stop with P-probability one on the vertical half-axis above . More
precisely, they do so on the initial leg {7 € w, p = o}. Simultaneous stopping, sole stopping by
player i, sole stopping by player j (these terms referring to the extended time half-axis T) — all
these three events have the probabilities known from [58]. If n = 1 is constant equal to one, then
all these probabilities are 1/3 under P. This confirms the findings from [58, 29].

3.4. Stochastic differential games and control. We conclude our study with discussing how
stochastic differential games and control problems based on differential equations can be formulated
using the language of stochastic process forms. The basic idea is as follows. On a complete
probability space (2, &,P), with 4" = A%, we consider the system of abstract stochastic differential
equations

(3.7) dx} = Vies) (Xpo.(t.0)2 E0.epns) - Ay B €1+ 1,
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on the stochastic intervals consisting of (t,w) € Ry x Q with #(w) < (¢,8) < 00,® with initial
condition x|jo,+) = X, where:

— I is a non-empty, finite set of agents, or players;

—&: T x Q — A is a stochastic processes describing the agents’ action, A = HieIAi and
A" = R% for a; € N* and i € I;
x: T x Q — R? is a stochastic process describing a state or signal, not fully observable by
the agents, for d € N*, for any (¢,3) € T, Xf = X(t,8), and x: [0,7] — R? is (the restriction
of) a stochastic process describing a given initial state;
— 7#:Q — T is a random time with respect to = such that m o 7 < o for some a € 1wy,

describing the initial time;

— n: Ry xQ — R™ describes an exogenous “random” perturbation of the state, where m € N¥;
the maps V;: (R)0H7 x (R*)[OV7 5 RIX™ wwhere t € T, describes the infinitesimal linear
effect of these perturbations on the state process x at time ¢, where m € N* anda = 3

iel %
Stochastic analysis treats the meaning and further properties of such equations, understood as
integral equations with respect to the measure P.°* The dependence on the measure may be
crucial, of course. For example, ) could be a continuous R™-valued L2-semimartingale with respect
to P and the integral be understood in the sense of LL?(IP)-convergence, following Ito. We only
formulate one abstract non-anticipativity assumption on System 3.7, which is satisfied by the usual
integration concepts:

— Assumption SDG. Suppose that, with the notation just introduced, x solves System 3.7
for ¢ and initial condition x|[p7) = X and initial time 7. Further, let &': T x Q@ — A and
X'+ TxQ — R? constitute another pair of stochastic processes satisfying ¢’| [0,7] = &lpo,+7 and
X'lj0,77 = X and such that x’ solves System 3.7 for £’ and the initial condition x’[jo; = X|[o]
and initial time 0. Then, x solves System 3.7 for £ and the initial condition x|jo; = X|[o
and initial time 0.

Imitating the stochastic differential games and control literature, System 3.7 can be used to
construct the set of outcomes . For this, we select a subset W C Q x BT and fix the relevant
information structures. Let, for any i € I, %% be a filtration on W satisfying Axiom 1 in Defin-
ition 3.1 above, and .#" be a o-algebra on T x W satisfying Prd(s#%) C .#° C Opt(#?). Let
H = (H)ier, M = (M")icr. Then, let W be a non-empty set of pairs ¢ = (&, x) satisfying the
following properties:

L. for all ¢ = (£,x), ¢" = (&', X') €W, x0 = x0;

2. forall ( = (£, x) and all w € Q, (w, x(w)) € W;

3. for all { = (£, x) € W, x is the, up to .4 -indistinguishability, unique stochastic process y
satisfying System 3.7 for £ and initial data (0, x|[o7);

4. for all i € I, all s -optional times ¢ with [0,7%) € .#%, all { = (£,%), ¢’ = (€,X) €
W, for € = € and the initial data (7,%) = (7% o (idg *X'), X'|[0,7]), there is an, up to P-
indistinguishability, unique stochastic process x satisfying System 3.7, and (for at least one
representative thereof with respect to P-indistinguishability) we have (&, x) € W.

Let X% = x|pop for some (and all) (£,x) € W. Moreover, let Z denote the set of pairs (7,%) =
(7" o (ida *X), X|[0,7]), Where i € I, 7% is an #"-optional time with [0,7%) € .Z*, x is such that

53In an alternative “localised” setting, we would only consider the stochastic interval consisting of (¢,w) € R4 X Q
with #(w) < (t,8) and fix a value of x at infinity, thereby restricting our attention to T \ {oo}. The difference
between both settings is smaller than one might suppose at first sight, because of the stopping property of stochastic
integrals and because [0,1] C [0,00)) C [0,00], and [0,1] — [0, o], (t,w) + (—log(l — t),w) is a map preserving
many relevant structures.

54(}0ing back to [10, 41], see, for example, the textbooks [21, 43, 54, 27].
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there is & with (£,x) € W. For any i € I, fix a set S of .#*-measurable maps s': T x W — A,

such that all elements of the product § = X,.; S are admissible.

Proposition 3.16. The data ¥ = (I, A\B, W, W, 5, #,S) defines a well-posed stochastic process
form.

Remark 3.17. Note that, by well-posedness, for every s € S, the ansatz £ = s_y plugged into
System 3.7 yields the system of abstract stochastic differential equations

(3.8) dx} = Vies) (Xpo.e.02 (SU0p.80) - die, B e+ 1,

on the stochastic intervals®® consisting of (t,w) € Ry x Q satisfying (¢,3) < oo and with initial
condition x|y = X°. If x = Out™(s | 0, %) and & = s_x, where ¥ is a state process with ¥|jo; = %°,
then x solves System 3.8. If this system is, up to P-indistinguishability, uniquely solvable, then
the induced outcome processes of all strategy profiles, given the information set at time 0, can
be characterised by it. Counterfactual induced outcome processes are less handily characterised
because they involve conditioning on counterfactual information sets.

Remark 3.18. We note that we have covered stochastic differential games and control problems
in the so-called “strong formulation” here. What about the so-called “weak formulation”? As a
side remark, we note that often there is a way to translate a weakly formulated problem into the
language of the strong formulation, e.g. by change-of-measure techniques (then, the agents’ action
consists in determining a density process).’® Relatedly, by the Yamada-Watanabe theorem, under
certain conditions, weak existence of solutions for stochastic differential equations already implies
strong existence.’” So, in these cases, there is not much to worry about. However, what about an
untranslated, and possibly untranslatable, weakly formulated problem?

It can be seen as a relaxation of the above-discussed formalism. Indeed, this is by accepting
that the probability space (2, &,P) and the information structure % need no more be fixed, but
may vary depending on the outcome and strategy process. Moreover, the random perturbation and
the initial states are only fixed in distribution, not (almost surely) pathwise. This situation can be
interpreted in the sense of an outcome-dependent extension of the exogenous scenario space, adding
sufficient randomisation devices in order make sense of the state dynamics in distribution.

The fundamental decision-theoretic problem with this model lies in that the mere existence of
certain scenarios then depends on agents’ strategies (creating “unknown unknowns”). This can be
compensated for by directly working on the path space for outcome and strategy processes, thereby
fixing (€2, &) and a canonical outcome and strategy process on it, an approach often adopted in the
stochastic analysis and control literature, already for reasons of mathematical convenience. Then,
the decision making of any agent no more consists in choosing a strategy, but in selecting a “non-
anticipative” probability measure on this path space (£2,&). In our approach,”® that is, essentially,
a belief on the realised own strategy — a true paradox which highlights that this weak approach
does really relax the basic modelling principles of the present text.

Remark 3.19. We note that, without loss of generality, we have restricted our attention to a partic-
ular type of stochastic differential equations in this subsection. Instead of controlling the “velocity”

551dem.
‘%See, for instance, the [19, Chapter 21] for a textbook account on that.
57See, for instance, the [14, Theorem 32.14] for a textbook account on that.

58Note that, in the present text, a “mixed strategy” in the von Neumann, Morgenstern and Nash sense is

modelled simply by a strategy (perhaps only conditionally) independent from the exogenous information of other
agents and inducing the same distributions under all agent’s beliefs (“secret” and “objective” in the sense of [7]).
The randomising nature of a strategy is entirely based on its dependence on (£2,&). This is discussed in more detail
in [57, Subsections 2.1.4 and 2.3.5].
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(like drift rate or volatility) with respect to some exogenous random driver as in Equation 3.7, one
might also control the driver itself, as, for instance, done in stochastic singular control or optimal
stopping (or timing), and related multiple-agent (games) models. One could also make the field V'
dependent on the distribution of x, leading to so-called McKean-Vlasov dynamics with applications
in non-atomic stochastic or mean-field games (introduced in [50, 38], see, e.g. [16, 17, 15]). The
discussion of this subsection can be adapted to these cases as well.

Remark 3.20. We briefly comment — on a very informal level, without going into technical
details — on the equilibrium concept for stochastic process forms in the context of this subsection.
Stochastic differential games and control problems are often formulated in stacked strategic form.
For instance, the optimality criterion in a strongly Markovian setting with a single agent ¢ may be
of the form
(%) Maximise J(z;s) = B, [u;(x5,)] over s = s, vz € RY

supposing x* to be a strong Markov process, given by x* = Out*(s | 0, x) for some fixed state process
X corresponding to an initial condition, with continuous u;: R™ — [—4,2]. Very roughly speaking,
one may (try to) apply the strong Markov property in order to rewrite this as a maximisation
problem of conditional expectations given a suitable filtration evaluated at relevant optional times.
This in turn lies within the framework of the equilibrium (in the single-agent case, say, optimiser)
concept for stochastic process forms in Definition 3.6. If all this works out, then the stacked strategic
forms thus turn out as a special case of a stochastic process form, also from the perspective of
equilibria and optimisers.

This perspective on dynamic optimisers (and equilibria) is also compatible with and explains
standard methods from control theory. The representation in (x) is used because it gives rise to a
function in z, the value function V(z) = sup, J(z;s). The dynamic programming (alias Bellman)
principle exploits the optimality of s at different “information sets” or “subgames”, given sufficient
regularity of V. It can be used to study local properties of V. This can be a powerful method to
characterise, verify, or compute optimisers or equilibria using partial differential equations (called
Hamilton-Jacobi-Bellman equations), thereby further justifying the approach using stochastic pro-
cess forms in (possibly vertically extended) continuous time.?"

CONCLUSION

An abstract and general language of continuous-time games based on stochastic processes has
been introduced. Taking limits of the outcomes from well-posed action path stochastic extensive
forms, in a way that preserves accumulating reaction behaviour, leads to the notions of tilting
convergence and of vertically extended continuous time. On this extended time half-axis, a suitable
stochastic analysis — with consistent notions of progressive measurability, optional and decision
times and processes, a Début Theorem etc. — can be defined. The resulting game-theoretic model
based on the stochastic process form, which avoids a) well-posedness problems by reducing the set
of strategies and b) measurability problems by supposing strategies to be progressively measurable
(a strengthening, or, depending on the perspective, weakening, of the product form approach [69,

, 37]), can be justified on the grounds of tilting approximation of outcomes, but, at the same
time, encompasses a vast class of applications: stochastic differential games, continuous-time timing
games, continuous-time Bayesian games (e.g. principal-agent problems). In a case study of the
timing game, we see that the symmetric, randomised preemption equilibrium predicted by [29, 58]
obtains also in this setting, conditional on a vast class of subgames.

The language proposed here is developed out of first principles of game and probability theory,
which thus encompass different disciplines. Despite their strong conceptual and historical links

59F0r the purely control-theoretic aspects, we refer, for instance, to the textbooks [19, 53].
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these disciplines sometimes speak quite different languages, which blurs the view on those prin-
ciples. [57, Chapters 1 and 2] and the present text have pointed to some of the key difficulties,
which makes it understandable that one often recurs to specific ad-hoc formulations. Yet, those
works also demonstrate that it is possible to make the link in a certain sense, given sufficient
mathematical effort, and that this effort may improve the conceptual understanding. For example,
the symmetric preemption equilibrium arises rather naturally from the general theory; no specific
theory of “stopping intensities” alias conditional stopping probabilities as in [29, 58], which heavily
uses the two-player and timing games structure, is needed. Using mathematics, a convincing but
seemingly ad-hoc solution in “economic” game theory can be represented by a canonical “economic”
game-theoretic solution concept.

The present text focuses on abstract and general theory, illustrated via simple examples, and
on the general link to stochastic process-based game and control theory. Moreover, we have seen
that this theory yields a well-posed model of timing games, compatible with and providing further
footing to the existing theory on preemption games. Other things remain to be addressed. For
example, we argue that stochastic differential games are an important class of problems covered
by stochastic process forms. It is beyond the scope of this text to provide another detailed case
study of a differential game in stochastic process form within the necessary detail. We think that
future research on stochastic differential games with preemption features, or asymmetric or partial
information, with applications in economics and finance (as in [13, 12]), for example, could benefit
from and draw upon the game-theoretic formalism introduced in [57] and this text.

Furthermore, using tilting convergence we have provided a general approximation mechanism
on the level of outcomes. A game-theoretically very relevant question would be how this can be
lifted to equilibria (see, e.g., [03, 28, (4] for related literature). However, an approximation on the
level of equilibria is more dependent on specific assumptions on the concrete problems at hand,
e.g. regularity assumptions on tastes alias payoffs function. This is beyond the scope of this text,
but could be analysed in more specific situations, under specific regularity assumptions, using the
language from the present text.

This text also provides a contribution to stochastic analysis, which is formally independent from
the decision-theoretic motivation underlying the present text. It might be useful at all places where
accumulation creates discontinuities that become invisible in the usual pointwise limit. In that
sense, this relates to the literature on stochastic integration and stochastic differential equations,
which is a theory about limits of simple integrals as the time grids become arbitrarily fine. The
question of finding an adequate notion for this in situations involving jumps arises in applications
(see, e.g., [13] and the references therein) and has motivated abstract theory (see, e.g., [18, 52]
and the references therein). Stochastic analysis in vertically extended continuous time provides
an alternative candidate for this. A next step would necessarily involve attempts to formulate
stochastic integration intrinsically in this setting, based on the notions of optional and predictable
times and processes etc. introduced and studied in the present text.®°
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APPENDIX A. PROOFS

A.1. Section 1.
The complete total order T.

Proof of Lemma 1.2. Let a € oy +1 and S C T, be some subset, a = inf Pp(S), b = sup Pp(S) in
]R+.

If a € Pp(S), then Pr(SN[{a} x (supa+1)]) # 0. Hence, this set has a minimum ~ in sup a+ 1.
Then, (a,7) defines a minimum of S. If a € Ry \ Pp(S), then (a,sup @) is an infimum of S in T,.
Else, a = oo and S = ). Then, oo is an infimum of S in T.

If b € Pp(S), then Pr(SN[{b} x (supa+1)]) # 0. Thus, this set has a supremum ~ in sup o+ 1.
Then, (b,~y) defines a supremum of S. If b ¢ Pp(S), then (b,0) is a supremum of S. O

Proof of Proposition 1.1. T, is a complete lattice by Lemma 1.2. It then suffices to show that, via
set inclusion, T, defines a dense completion of T, (see Corollary B.6).
For this, note that, in case a > 0, for any t € R, we have sup A; = (¢,sup ) = inf By, where

Ay =p ([0, 8]r, ) N Ta, By =p '((t,0)r, ) N Ta,

by Lemma 1.2. Moreover, the same lemma implies inf ) = oo = sup T. In view of Equation 1.6, T,
is a dense completion of T,.

O

Topology and o-algebras on T.

Proof of Lemma 1.4. (Ad “%(T) is a subbase of 0z”): It suffices to show that elements of %=(T)
are unions of subsets of %x(T). Let t € T. Then, there are A;, By C T with sup A; = t = inf B,.
We infer that
[0,t)5 = U 0, u)z, (t, 00lz = U (u, 005
uCAy u€ By

(Ad “%s is a base of 05”): We have just seen that %x(T) is a subbase of 0. It is evident that
U= U {T} is the set of intersections of finite subsets of %(T),°" and, by basic topology, a base of
Oz. Moreover, T = [0, 1)5 U (0, ool5. Hence, %; is a base, too. O

Proof of Proposition 1.5. (Ad compactness of [t,u]s): It is well-known that complete totally
ordered lattices are compact. We nevertheless give a proof for the reader’s convenience.

Let t,u € T and € be an open covering of [t, u]F in T,ie & C Oz and [t,ulz C [J€. We have
to show that ¢ admits a finite subcovering. By Lemma 1.4 and basic topology (Alexander subbase
theorem), it suffices to consider the case where 4 C %. Let, in the complete lattice T,

a=inf{t' e T| (', 005 € €}, b=sup{u €T|[0,u)5 € C}.

If a < t, then there is ¢ € T with ' < ¢ such that (¢, 0]z € ¢, whence the finite subcovering
[t,uls C (t',005. Similarly, if u < b, we get the a finite subcovering [t, u]z C [0, )5 € € for some
u € T.

It remains to consider the case t < a and b < u. We claim that ¢ < b. As b < u and & covers
[t, ulF, there is ¢’ € T such that u € (t', 00}z € €, whence a < u. Thus a € [t,u]s whence we
infer — using the definition of a and the covering property of ¢ — the existence of u’ € T such that
a € [0,u)5 € €. Hence, a < b. As a consequence, there are t',u’ € T with a < ¢ < u' < b such
that [0,u/)=, (', 0]z € €. We then have [t,ulz C T = [0,u)z U (', o0z

61 the empty intersection being equal to T.
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(Ad “J4(T) is an intersection-stable compact class”): As a total order, T is a lattice. Hence,
J4(T) is intersection-stable. It is a compact class, by basic topology, because its elements are
compact with respect to the fixed topology 0.

(Ad S5(T) = 0(%(T)) = o(H#5(T))): The first equality is the definition. For the second one,
let uw,t € T. Then, 7(t) is countable. Thus,

(U, OO]T =T \ [07 u]T? [07 t)T = U [07 (p(t)’ 7)]T’
vET(t)

are elements of o(J#5(T)). Conversely,
[t7 U]T = T \ ([07 t)T U (U, OO]T),
which is an element of o(45(T)). We conclude that o(44(T)) = o (H#%(T)). O

Proof of Corollary 1.6. We denote the four sets in the claim, ordered from left to right, by M,
i=1,...,4. Clearly, all these four sets are intersection-stable and, by the preceding Proposition 1.5
and complement-stability, contained in S(T). It is also clear that %(T) = MaUMy and J#5(T) C
o(M; U Msj). We conclude that
I5(T) = o(M1 UM3z) = 0(Mz U My).

It remains to show that o(M;) = o(M,;;2), for both i« = 1,2. As o(M;) = o(My) and
o(Ms) = o(M3), this is equivalent to proving o(M;) = o(Mas).

Let w € T. Note that

[0, ulz = [0, (p(w), 7(u) + 1))

This is an element of My since 7(u) + 1 < w;. Hence, M1 C My, and thus o(M;) C o(Mas).

Regarding the converse inclusion, if u = 0, then [0,u)s = 0. If w € Ry \ {0}, then there is a
sequence (uy,)nen valued in [0, u)g, converging to u, and we have

[07 U)T = U [0, UN}T‘

neN
Else, u € T\ R4. Then, w(u) > 0 and
[Oau)T: U [07 (p(u),'y)}f,
ye™(u)
a countable union. In all three cases, [0,u)7 € o0(M;1). We conclude that o(M;) = o(My),
completing the proof. O

Proof of Lemma 1.7. (Ad Part 1): This property is the subject of a classical exercise on product
o-algebras; its proof is sketched for the reader’s convenience. Let o € tv; and &/ denote the
o-algebra on T generated by E%ax.

First, for fixed C' € 9a41, consider the set 72— of D € P such that (p*)"H (D xC) € &/*. By
+
construction, 911@ contains the intersection-stable generator %M of %ﬂ‘ Moreover, it is a Dynkin
system on R, . Indeed, there is a countable subset ‘Km C gﬂ with |J %ﬁ =R, whence

)T RExC) = [ (0™ (BxC) €a”

BE‘KM
Stability under complements and countable (disjoint) unions is easily verified. Hence, by Dynkin’s
m-A-theorem, @% = ‘@ﬂ'
+

Second, for fixed B € S~ consider the set P41 of D € Hqy1 such that (p*)~Y(B x D) € &7°.
By the first step, Z,+1 contains the intersection-stable generator ¥%,.1 of &,+1. Moreover, it is a
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Dynkin system on « + 1. Indeed, there is a countable subset €p+1 C Yot1 with |JCns1 = a+ 1,

whence
) '(Bx(a+1)= |J ' (BxC) ea”
CECur1

Stability under complements and countable (disjoint) unions is also easily verified. Hence, by
Dynkin’s m-A-theorem, Z,4+1 = Bao+1-

As the set of products B x C ranging over B € ﬂRf and C € HB,41 generates ,@R x(at1) We
infer that p® is &/ %ﬂhx(aﬂ) -measurable. By deﬁnltlon of 3”‘3‘ we infer that ?}’0‘ - 4&7‘1 On the
other hand, we have %‘lx - 3”“, whence &7/¢ C 32%. As E%ij inherits intersection—stability from

%R and 9,41, Claim 1 obtalns

(Ad Part 2): Let o denote the o-algebra on T generated by gT By construction and Part 1,
we have @% C o for all a € to;. Hence, by Part 1, for any « € wy, p® is & -B—

Ry x(a+1)
By definition of &5, therefore, #5 C /. On the other hand, %T . € 5 Whence the converse
inclusion &/ C Zx.

Regarding the second sentence, suppose that for all «, 8 € to; with o < f and all C € 94,41, we
have either a € C and C U (¢, ﬁ]ml €91, 0or a ¢ Cand C € 9514. Then, we claim that for all

a, B €y with a < 3, %O‘ - 54 Tx which then implies the claim, because %ﬂx is intersection-stable
by Part 1. For proving the claim just made, let «, 5 € 07 be such that o < ﬂ and let B € gR and

Ce€Yyyr. Ifa ¢ C,then C € sy and, thus (p*) (B x C) = (pP)~ (BxC)e%TBX.IfaeC,

then C U (o, Blw, € Fp41, and, thus, (p*)"1(B x C) = (p°) (B x (C' U (a, Blw,)) € 4 . This
proves the claim. 7

(Ad Part 3): Suppose that %  consists of compact sets in Y for all Y € {R } Uto; and the only
element B of g@ with co € B is B = {oo}. To start, we recall that the product of two compact
topological spaces is compact.®> Hence, if B C Ry and C C «a + 1 are compact, for some a € oy,
then B x C, equipped with product topology, is compact as well.

Let B € ?fm, a€wy,and C € 9, 41. If co ¢ B, then

-measurable.

B if
(pa)—l(BXC): XC7 1 agéC,
Bx (CU[a+ 1,01, +1), else,

which is compact with respect to the product topology. If co € B, then B = {oco}, whence

(p*) " U(BxC)= {5 x {0}, ifF) cc,
J else,

which is equally compact. Hence, under the hypotheses made, all elements of 54@ can be seen as

compact subsets of Ry x (to; + 1) equipped with product topology. Therefore, %T , and also its
subsets %O‘X «a € 11, all yield compact classes. O

Proof of Lemma 1.9. Let
My = {M € P=® & |Va,y € T\ ToaVw € Q: [(z,w) € M and p(z) = ply) = (y,w) € M]}.

We have to show that 5”% ®E& C M,. In view of the definition of 9”% and basic measure theory,
it suffices to show that:

L. for all B € B and E € &, (p*)"Y(B) x E € M,,

X (a+1)

625¢e, e.g., [59, Appendix Al].
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2. M, is a o-algebra on T x Q.

(Ad Statement 1): Let B € B (as1y a0d E € & Let 2,y € T\ T, and w €  such that
(r,w) € (p*)"Y(B) x E and p(x) = p(y). As m(z),7(y) > a,

p(x) = (p(x),a) = (p(y), @) = p(y)-
Hence (y,w) € (p*)~*(B) x E.

(Ad Statement 2): Clearly, § € .#,. Next, let M € .#,. Then, M® € P5 @ &. For the
proof, let #,y € T\ T, and w € Q such that (y,w) ¢ M. Thus, (y,w) € M. If p(x) = p(y),
then (z,w) € M, whence (z,w) ¢ ME. By contraposition, MC € .#,. Finally, let (Mp)nen be
an .#,-valued sequence and M = J,cy My. Let z,y € T\ T, and w € Q such that (z,w) € M
and p(z) = p(y). Then, there is n € N such that (z,w) € M,. Hence, (y,w) € M,. Therefore,
(y,w) € M. The proof is complete. O

Proof of Proposition 1.10. The second equality a direct consequence of the definition of @%, a €
101, and the product o-algebra. We therefore focus on the proof of the first equality.

(Ad “2” and monotonicity of the union): Let «, 8 € to; be such that o < 3. Then, by Lemma 1.7
and Example 1.8, we find generators g% of 9%, 7 € 1y, such that 42 C %Tﬁ. Hence, 72 C ,@Tﬁ.
By construction, @g C P5. Then, it follows directly from the definition of the product o-algebra
— i.e. the smallest one making the set-theoretic projections measurable — that

_ B a
PrRE 2D @T®£2 PERE.

(Ad “C”): Let &7 = L_Joéem1 32% ® &. In view of Equation 1.9, and by basic measure theory, <7
contains a generator of 7 ® &, namely

{(p") " (B)x E | a € w1, BE€ Bz, (0yn), B € 6}

It therefore suffices to show that .7 is a o-algebra on T x . As 9‘% ® & is a o-algebra on T x ©,
0 € .o If Ac o/, then there is o € to; such that A € P2 ® &. Hence, AL € P& C d.
Finally, let (A, )nen be an «7-valued sequence. For any n € N, there is minimal «,, € vy such that
A, € P2 ®E. Let v = sup,, ey Q. As the supremum of a countable set of countable ordinals, «

is a countable ordinal as well, i.e. « € 1. Using monotonicity of the union, proven in the first step
above, we infer that, for alln € N, A4, € 9% ® &. Hence, U, cn An € 9”% ® & C /. We conclude
that o/ is a g-algebra, thereby completing the proof. O

Proof of Corollary 1.11. (Ad inclusion): Let « € ;. Let, in addition, B = [O,t)ﬂ and C' = $\{0}
fort € Ry and f € a+ 1. Then
(P) ' (BxC)=BxC=|J((0)(z.8)x €0 C P
reB
Furthermore, for open real intervals B as above, we have
(P) M (Bx(at+1)=Bx(w+1)=[0t+27")z €%
neN
Moreover,
) HB x (a+1)), ifa=0
ot o 07 , ,
(") 2 B x {0}, else.

Hence, for B as above and any 8 € a + 2, we get
(p*)"H(B x B) € BV o(B' x {0} | B € B).
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Moreover, for B = {oo} and C € a + 2, we have
0, if CN{0} =0,

€ Bx.
{o0}, else, T

(p")H(BxC) = {
Let %— be the set consisting of a) all intervals [O,t)ﬁ running over ¢ € R and b) the set
{0}, and 9,11 = a + 2, for any « € to;. With the notations from Lemma 1.7, we have ffix -
BV o(B' x {0} | B' € ‘%M)' Hence, by Lemma 1.7, the claimed inclusion obtains.
(Ad inequality): Let V C R, a non-Lebesgue-measurable set, and U = V x {1} C T. Then,
U=J (t2)s € 05 C B
tev
If we had U € %%, then there would be o € w; with U € &2, by Equation 1.12 following
Proposition 1.10. More precisely, U = (p®)~1(B) for some B € B w(ar1)- Then, o > 2, and
B =U =V x{1}. As a+1 is Polish, measurable projection onto R, would imply that V' € (%’m)“
— which is false. We conclude that U ¢ Px. O

Proof of Lemma 1.12. It suffices to show that %x(T) C P5. Let t € T and o = w(t). Then,
[0.)5 = (0") 71 ([0, p()g x DU (0™) " ({p(1)} x ),

which is an element of ,@% C Z%. Similarly,
(t, 00l = (p°) " ((p(#), oolg x 1)U (0 ) " ({p(t)} x {a+1}),
which is an element of ?%H C I O

Proof of Lemma 1.13. (Ad t,): Let o, 8 € to; and B € ,@@, C C S+ 1. Then,

Bx(Cn(a+1)), ifa<p,
L;I((pﬁ)*l(B x () = (pﬁ 01a) Y (BxC)={BxC, ifa>p,0¢C,
Bx (CU(B,a)w,), ifa>p, peC.

In view of the definition of &5, we infer that ¢ is ‘%ﬁ -P=-measurable.

><(a+1)|Ta+1
(Ad p): Let ¢ € Ry with ¢ > 0. Then, for all « € wy,

pH([0,¢)5) = | J10,e(1 =275 = (0™) ([0, ) x (a+ 1)),
neN
which is thus an element of both .#%(T) and @%. Hence, p is measurable with respect to both
o-algebras. (]

Continuous functions on T.

Proof of Lemma 1.14. 1f t € T is such that 7(t) = 8+ 1 for some 3 € On, then for u = (p(t), 3),
we have (u, o0]=N[0,¢)5 = 0. Thus, ¢ is not a left-limit point. Moreover, TN [0,0)= = 0, hence 0 is
not a left-limit point either.

Let t € T \ {0}. Then, every neighbourhood U of ¢ contains an open interval (to,uo)7, with
to <t < ug, to,up € T, by Lemma 1.4. If w(¢) = 0, then p(ty) < p(t). Hence, there is x € R, with
p(to) < x < p(t), whence x € UN[0,t)5. Thus, ¢ is a left-limit point. If 7(¢) is a limit ordinal, then
u = (p(to), m(to) + 1) € T satisfies ¢y < u < t. Thus, ¢ is a left-limit point.

00 is clearly not a right-limit point, because T N (co, 0]z = 0. Let t € T \ {oo}. If m(t) < 1y,
then u = (p(t),7(t) + 1) € T. Thus, [0, u)s N (t, 00}z = 0, and ¢ is therefore not a right-limit point.
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If m(t) = wy, then, again, every neighbourhood U of ¢ contains an open interval (to,uo)s, with
tg < t < ug, to,up € T, by Lemma 1.4. Hence, p(t) < p(ug). Therefore, there is x € R with
p(t) <z < p(ug). Hence, 2 € U N (t, oc]5. Therefore, ¢ is a right-limit point. O

Proof of Lemma 1.15. Let t € Ry and y = f(t,11). AsY is metrisable, {y} € By and f~1({y}) €
%, by hypothesis. By Proposition 1.10 applied to singleton (2, there is € to; with 'y} €
#2. By Lemma 1.9 applied to singleton 2, f(t,B) € {y} for all B € [@, 1], +1, and, in particular,
f(u) =y for all u € ((t,a), (t,101)]5. Thus, f is left-constant at (¢, ;).

In particular, f is left-continuous at (¢, ;). O

Our proof of Proposition 1.16 is based on several lemmata. As explained in the proof below, it
suffices to perform the main analysis under the assumption that ¥ = R. The first lemma is about
the cardinality of the set of left-jumps of lag functions, which generalises its well-known counterpart
in classical theory. For this, let us note that for any lag function f: T — R, there is a function
A ~f: T — R uniquely defined by A ~f(0) =0 and for ¢t € T \ {0}:

f@) — f(p(),H), if m(t) = 8+ 1 for some S € 1y,

f(t) —lim, ~ f(u), else.

Lemma A.1. Let f: T — R be lag. Then, the set

(A1) N = {teT| A f(t) 0}

is countable. Moreover, for all t,u € T with t < u and (t, uly C T\ N, we have
p(t)=pu) = ()= f(w).

Proof of Lemma A.1. (Ad “N is countable”): Let e > 0 and

Ne ={t e T[|Af(t)] = 2¢}.

AAf(t) = {

If N. were infinite, the axiom of choice would yield a strictly increasing sequence (¢, )nen valued in
N, and such that (t,,t,41)5 # 0 for all n € N. Then, the axiom of choice would yield a sequence
(Un)nens with t, < tp41 < tp4 for all n € N such that |f(t,) — f(u,)| > € for all n € N*, because
(tn)nen would be N.-valued.

As both sequences would be increasing and T is a complete lattice, they would converge in T,
and, by choice of (uy)nen, their limits coincide. Let ¢ = lim, o0 t, = limy, 00 up. 7(t) could not
be a successor ordinal of the form § + 1, € On, since then, for all but finitely many n € N, we
would have t,, € ((p(t), ), o0z, that is, t < t,,, which contradicts the strict monotonicity of (¢, )nen-
Moreover, by strict monotonicity of the considered sequences, ¢t > 0.

Hence, by Lemma 1.14, ¢ would be a left-limit point. By hypothesis, f would then have left-limits
in ¢t. In particular, for all but finitely many n € N, |f(¢,) — f(u,)| < € — in contradiction to the
choice of (uy,)nen. Thus, N must be finite.

We conclude that

N =[] No-u
neN
is countable.

(Ad second claim): Let t,u € T satisfy ¢t < u and p(t) = p(u). We show that if f(t) # f(u),
then (t,ulz NN # 0.

If f(t) # f(u), then the set

S=Aae @), m(u)lw, 41 | f(t) # f(p(t), @)}
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contains m(u). Therefore, it has a minimum, which we denote by a. Clearly, m(t) < «, and, for all

B € [n(t), ®)w,+1, we have f(p(t),5) = f(t). We infer that A ~f(p(t),a) = f(p(t),a) — f(t) # 0.
Therefore, (t,ulz NN # 0. O

For the next lemma, let us note that for any function f: T — R, N as in the preceding
Lemma A.1, and M = Pp(N), there is a map v: M x (to; + 1) — (107 + 1) satisfying, for any
te M:

- ’y(tvo) = 07
— for any ordinal a € wy, y(t,a + 1) = inf N(¢, ) is the infimum of

N(tva) = {ﬁ € (’y(tva)aml]m1+1 | (tvﬁ) € N}
in w0y + 1,
— for any limit ordinal « € toy:

v(t, ) = sup(t, B).
BEw

Fort € M, let Dy = {a € w; + 1| ~(t,) < to1}. The aim of v is to count the jumps of f.

Lemma A.2. Let f: T — R be lag, and left-continuous at (t,v,), for anyt € Ry. Let N, M, ,
and (Dy)ien be defined as just before. Then, for allt € M:
1. for all a, € o1 + 1 with a < B we have y(t, ) < (t, B) with strict inequality iff o € Dy,
2. Dy is countable,
3. there is §; € w1 with Dy = 6; + 1.

Proof. Let t € M.

(Ad Part 1): For the proof of monotonicity, we use transfinite induction. Let S = {8 € o1 +1 |
Va € B: y(t,a) <v(t,8)}. Clearly, 0 € S. If 3 € S, then 5+1 € S, because (¢, 8) < v(¢,5+1) by
definition. If 8 € to; + 1 is a limit ordinal such that 3 C S, and « € 3, then (¢, ) < y(t,a+1) <
v(t, B), because o + 1 < 3 and by definition of . Hence, S = ro; + 1.3

For the claim about strict inequality, let «, 8 € w1 + 1 with « < 5. If v(¢,) < toy, then, by
definition of v, v(¢t,a) < y(t,a + 1) < ~(t,8). If 4(t,a) = to1, then, by monotonicity, v(¢, o) =
v = ’Y(ta 5)

(Ad Part 2): Let 77 = sup P7(N Np~1(¢)), which is countable. Let a € D;. If « is not a limit
ordinal, then clearly (¢, «) € v/ + 1. If v is a limit ordinal, then v(¢, &) = sup{y(¢,8+1) | 8 € a}
— because, by definition of a limit ordinal, 8 € « implies 8+ 1 € « and (¢, .) is monotone. Hence,
v(t, ) < f, ie. y(t, ) € vf + 1. Therefore, and by Part 1, v(¢,.)|p, defines an injection of D; into
the countable set v; + 1. We conclude that D; is countable.

(Ad Part 3): Note that, by monotonicity of v(t,.), D; is a downward closed subset of the ordinal
101, hence an ordinal itself. As D; is countable, therefore, D; € w;. If D; were a limit ordinal, then
v(t, D¢) = supgep, ¥(t, B) would be countable as the supremum of a countable set of countable
ordinals, whence the contradiction D; € D;.%* Therefore, as 0 € D;, D, is a successor ordinal.
Because D; is countable, its predecessor §; is countable as well. O

Given a function f: T — R, N, M, v, (D¢)tenr, and (6;)ienr as defined before Lemma A.2, let
D = U,ep it} x Dy, let g: D — T be given by g(t,a) = (t,7(t,)), and define the set

(A2) N = {[g(tva)ag(t7a + 1))T | teM, ac 5t} U {[g(tvét)7 (t7m1)]T | te M}
63Indeed, the principle of transfinite induction could be reformulated here by saying that: if this were not the

case, then (1 + 1) \ S would have a minimum, a contradiction to the afore-said.
64Recall that Dy € Dy is equivalent to D; < Dy, and that in ZFC, a set cannot contain itself as an element.
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So, g simply represents the jump counter v in terms of the time half-axis T (or more precisely, its
subset T).

Lemma A.3. Let f: T — R be lag, and left-continuous at (t,v1), for anyt € Ry. Let N, M, and
N be defined as just before. Then, the following statements hold true:

1. N € J%(T),

2. N is countable,

3. UN e 75(T),

4. N is a partition of U,cp 01 (), ice. 0 ¢ N, N is disjoint and JN = U,cp, 01 (2),
.

forallt € T\ UN, f(t) = f(p(t)),
6. for any S € N and all t,u € S, f(t) = f(u).

Proof. For the proof, let f: T — R be lag, and left-continuous at (,t;), for any t € R, , and let
N, M, v, (D)tem, D, g, and N be defined as described above Lemmata A.2 and A.3. We use
Lemma A.2 throughout the whole proof.

(Ad Part 1): Tt suffices to note that, by definition, ¢ maps to T and that for any ¢ € T and
u € T with 7(u) = w1, we have

toulz= ([tpu) +27")5 € S5
neN
(Ad Part 2): N and Dy, for all ¢t € M, are countable. Thus, M = Pp(N) is countable as well,
and so is D. In particular, A is countable.

(Ad Part 3): This statement follows from the preceding Parts 1 and 2.

(Ad Part 4): For any t € M, g(t,.) is strictly increasing and maps into T. Hence, § ¢ N. It
is moreover clear that (JN C J;cp,p7*(t). On the other hand, let t € M and u € p~'(t). Let
a={B€D;|0<~(pP) <m(u)}. By monotonicity of v(¢,.), a is a downward closed subset of
the ordinal D; and thus an ordinal itself. We have 0 € « alias o > 0. « cannot be a limit ordinal,
because if it were, then (¢, a) = supge,, (¢, 8) < 7(u), whence the contradiction a € a. Hence, o
is a successor ordinal. In particular, @ has a maximum § and (¢, 8) < 7w(u) < v(t, 3 + 1). Thus,
u € [g(t,B),9(t,+ 1))z if B < &, and u € [g(t, ), (t,w1)]5 if § = 0. N is disjoint because
g(t,.) = (t,7(¢,.)) is strictly monotone on D;, and the fibres of p are disjoint.

(Ad Parts 5 and 6): These parts follow from the previous one by a direct application of
Lemma A.1. Regarding Part 5, let t € T\ |JN. For all u € (p(t), t], we have p(u) = p(t) ¢ M, by
Part 4, and, in particular, u ¢ N. Thus, (p(t),t}zN N = 0, whence f(u) = f(t) for all u € (p(t), t]7,
by the mentioned lemma. Regarding Part 6, let S € N and ¢,u € S with ¢t < u, without loss of
generality. By construction of S (based on the definition of g and «), we have p(t) = p(u) and
there is no 2 € N with ¢ < x < u, that is, (t,ulz N N = (. Hence, by the mentioned lemma,

f(t) = f(w). O

Proof of Proposition 1.16. The main case Y = R: We first assume that Y = R. Let f: T — R be
lag, and left-continuous at (¢,t) for any ¢ € Ry. Furthermore, let N, M, ~, (Dy)ienm, D, g, and
N be defined as described above Lemmata A.2 and A.3.

(First argument): Let h: Ry — R be defined by h(0) = f(0) and, for all t € Ry \ {0}, h(t) =
lim, ~ f(u). Then, by adapting classical methods, it follows that h is left-continuous. Indeed, let
£ > 0. Then, for any t € Ry \ {0}, there is a; € T with a; < ¢ such that, for all z € (a¢, t)7,
|f(z) —h(t)] <e/2. Ast e R, p(a;) < p(t), and hence we can, upon making a; larger, assume
a; € Ry. Let us fix some t € R, \{0} and take arbitrary = € (ay, )— Ifx ¢ N, wehave h(z) = f(z)
and thus |h(z) — h(t)] < e/2 <e. If x € N, then there is y € [(az,z )mﬁ(at,t)@} \ N, because N is

we have
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countable and ay, a; € Ry. Therefore, |h(z) — h(t)| < |f(y) — h(z)|+|f(y) —h(t)| <e/2+¢c/2 =¢.
We conclude that h is left-continuous.

(Second argument): As a left-continuous function R, — R, h is Py~ Pr-measurable. Hence,
by Lemma 1.13, h o p is S5(T)-%Pr-measurable. By Lemma A.3, Parts 3, 4, and 5, h o p(t) =
fop(t)=f(t) forallt e T\UN, and T\ UN € #=(T). Hence,

f IT\UN =h OplT\UN

is #5(T)-ABr-measurable.

(Third argument): f is constant on any S € N, by Lemma A.3, Part 6. Hence, by Part 1 of
the same lemma, flg is S5(T)-Zr-measurable for any S € N. Hence, using that A is a countable
partition (Parts 2 and 4 of the aforementioned lemma), we infer that

Flgn = f1s
SeN
is S5(T)-%r-measurable.
Combining the results of the second and third arguments, we infer that

F=ayn +fyw
is #5(T)-Ar-measurable.

The case of general metrisable Y: Let Y be a metrisable topological space and f: T — Y be lag,
and left-continuous at (¢,w;) for any ¢t € R;. Let dy be a metric generating the topology on Y, let
e>0andy €Y. It suffices to show that f~'(B.(y)) € #(T). For this, define

FiT =Rt dy(f(t),y).
By the triangular inequality, any ¢t € T and z € Y satisfy

d/Y(f(t)ay) S dy(f(t),z) + dY(Zvy)7

whence | f(t) — dy (v, z)| < dy (f(t),z). We infer that f is lag, and left-continuous at (¢, o) for any
t € Ry. Thus, by the main case studied just above, f is #5(T)-%gr-measurable. Therefore,

FH(B()) = F1(B:(0)) € S5(T).
This completes the proof. O

Measurable projection and section.

Proof of Proposition 1.18. Let M € %5 ® &. By Proposition 1.10, there is o € to; and M, €

?@X(ajtl) ® & with M = (pa X ldQ)fl(Ma) As T(,+1 = Ta+1 U {OO} € QMX(OMLI)

Toy1, we can assume without loss of generality that M, C Toyq X Q. As p®(t) =t forallt € Toyq,
we obtain M, = M N (Tay1 X Q).

As M, C M, it is clear that Pprjo(Ms) C Pprjg(M). For the converse inclusion, let w €
Pprjo(M). Then, there is t € T such that (t,w) € M. If w(t) < a, then (t,w) € M,, whence
w € Pprjo(M,). Else n(t) > a. Thent € T\ T, and p(t) < co. By Lemma 1.9, we infer that
u = (p(t), ) satisfies (u,w) € M. As p(u) < oo and 7(u) < «, we get (u,w) € M,. Hence,
w € Pprjg(M,). We conclude that Pprjo (M) = Pprjg(M,). O

and im p® C

Proof of Theorem 1.19. Let M € &7 ® &. By Proposition 1.18, there is a € ; with

(*) Mo =MnN(Tay1 xQ) € gﬁx(a+1) ®¢&, and Pprjg(M) = Pprjg(Ma).
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As Ry x (a+ 1) is a Polish space, the classical theorems on measurable projection and section
apply to M, and the canonical projection (R; X (a + 1)) x © — €, which is the restriction of

prig: T x Q — Q. Thus, Pprjg(M) = Pprjg(M,) € &, and there is 5“|pper(Ma)—f@@X(a+1)—

measurable o, : Pprig(My) — Ry x (a+1) such that [o,] € M,. In particular, o, is Ty 1-valued.
Let 0 = 14 0 0o. Then, by Lemma 1.13, and another application of (x), o is & |ppej, (v)-P 1
measurable and [o] € M. This completes the proof.

A.2. Section 2.
Augmentation and right-limits of exogenous information flow.

Proof of Equation 2.2. This is a classical argument in stochastic analysis, added here for the reader’s
convenience only. By definition, Zo4 = Foo = F oo = F ook It remains to show that, for all
t € T\ {oo}, we have

N LN #)vr]= N N (7o)

PERs  R3u>t Rou>t PERs
To start, note that ((gs,s; Fu) V A2 C Fy V Ap for all real v > ¢ and all P € PBs. Whence the
inclusion “C" For the other inclusion’s proof, let £ € g5, Npeyp, (Fu V A2) and P € Pe. For

n € N, let u,, = p(t) + 27". Then, for any n € N, there is EY € %, such that P(EAEY) = 0. Let
EF =limsup,,_, . E. . Then, E¥ € Ngsyss Fu- As

N EL cE CJEL,
neN neN
o-subadditivity yields
P(EAE®) <Y P(EAE] ) =0.
neN
Hence, E € ((gsyst Fu) V Ap. As this holds true for any P € B, we infer that

pe N [( N #)vr|

]P’E‘,Bg Rou>t

Progressively measurable processes.

Sketch of a proof of Remark 2.3. Most claims can be proven by just copying the standard argu-
ments from the classical theory of stochastic processes (as exposed, for example, in [44]). So we
limit ourselves to explaining those points that require some additional thought.

Regarding Properties 1 and 2, the standard argument can directly by applied. Concerning
Property 3, note that for any ¢t € T with 7(t) < toy, 7(t) is countable. Hence, with Q; = [0,%)7NQ,
we have

{r<tt=Ulr<adu U r<0®).5} € 7.
qeQt Bem(t)
As a consequence, {1 =t} = {7 <t} \ {7 <t} € F#.

Next, consider Claim 4. The fact that %, is a sub-o-algebra of & follows exactly as in the
classical case. The claim on augmentedness has also nothing special in the vertically extended case,
but it seems less standard; hence, we give the proof for the reader’s convenience. It suffices to show
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that .7, C .%,. Indeed, we have — using universal completeness of & and universal augmentedness
of  in & —

Zr= ({Fes|HeT:Fn{r<t} e Z}V M

PePe

- N {Eeé"\/ﬂ{MEIFeg: [P(FAE):(),\#@T:Fm{rgt}ega]}
PePe

= {Ee & |VPeP,AF € &1 [PFAE) =0, vt e T: Fn{r <t} e 7]}

=&
C{Ec&|VPeBNteT: EN{r <t} € FV N}
={Ec&|neT:En{r<tye (| (FVI)}
PePs
—_——
-7,
= ;.
Properties 5 and 6 are shown as in the classical case. Property 7 follows as in the classical
case, using the fact that #4(T) is generated by all sets of the form [0,t]3, ¢ € T, according to
Corollary 1.6. |

Proof of Example 2.4. (Ad Part 1): Let t € Ry. Then,
{r<t}={o<t}U{o=t}NV) e F,

because {o =t} NV C {o =t} and .# and & are P-complete. Moreover, for any « € 1y \ {0}:
{r<(t,)}={o <t} e F = Fpy.a).

Hence, 7 is a .#-stopping time in T.

(Ad Part 2): From the preceding equations, we infer that P(r < t) = P(c < t) for all ¢ € T.
Hence, P, = P,, by Corollary 1.6.

(Ad Part 3): This third claim is evident from the definition of 7.

(Ad Part 4): Suppose that V ¢ &. Then

{moT=0}=V ¢ 6,

and, in particular, {m o7 =0} ¢ #,. As Ry x 1 € Pz, 7 is not .#,-Pr-measurable. This proves
Claim 4(a).
Regarding Claim 4(b), note that

V = prjg([7] N (p") (R x {0})).
As V ¢ & and & is P-complete, by the Measurable Projection Theorem 1.19, we obtain [r] N
(P) (R4 x {0}) ¢ P=® &. Hence, [1] ¢ P=® &, and, in particular, [7] is not .#-progressively
measurable.
Moreover, by classical theory, it follows that [o] is .#-progressively measurable. Indeed, for every
x € Ry and every o € toy,

(%) {(c(w),q,w) |weN: o(w) <z}
= ([0, alz x {e} x O\ (U [(10.0)57 % {a} x {a < o} U (g2l x {a} x {0 < a})])
Q3¢<z

€ PRk (at2) X T
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Taking the preimage of this under p? x idg, for every t € T, with x = p(t) and a = 0, yields:
[e] N [0,1] = (p* x idg) ™! ({(J(w),(),w) |lwe:ow) < x}) € P5x Ty C PR ..

Furthermore,
VE = prjg([0,7) N [o]).
As Ve ¢ & and & is P-complete, by the Measurable Projection Theorem 1.19, we infer [0, 7))N[o] ¢
P= @ &. Hence, [0,7)) ¢ Py ® &, and, in particular, [0, 7)) is not f;progressively measurable.
Regarding ((7,00] a similar argument can be used. Let ¢’': @ — T, w + (0(w),1). Taking the
preimage of expression () under p? x idq for any t € T, 2 = p(t), and a = 1, we get, if m(t) > 0:

['] N [0,4] = (p* x id) " ({(0(w), L,w) | w € i 0(w) < a}) € Prx F, C P50 .

If n(t) = 0, then
TN, = {J [In[0,(¢.1)] € Z5® F.
Q3q<t
Then, note that
V = prjg((r,00] N [o']).
We conclude as above, using the Measurable Projection Theorem 1.19, that ((7,00] is not Z#-
progressively measurable. (Il

Optional times. We prepare the proof of Theorem 2.6 with a basic lemma. It is based on the
classical argument showing progressive measurability of the converse graph of stopping times in
standard real time. Let us introduce the following notation. If 7: Q — T is a map and o € to; + 1,
then let 7, be the map Q — T satisfying po 7 = po 7, and 7(7(w)) = a for all w € {7 < oo}.

Lemma A.4. Let 7: Q — T be a map satisfying {T < t} € F; for any t € R, .%° The sets [0, T, ]
and (T, ,00] are F -progressively measurable with respect to the interval o-algebra S4(T).

Proof. Let t € T, and Q; = [O,p(t))@ N Q. Then, using the fact that @, is countable, and by
Lemma 1.6:
((Tml,OO]] n ([Oat]f X Q) = U (q7ﬂf X {T < Q} € LﬁT(T) ® yt-
qEQ:
Hence, ((Ti,, 0] € Prg(#5(T), #). As a consequence, by Remark 2.2, Item 2,

[0, 7w, ] = (T x Q) \ (7w, 00] € Prg(S4H(T), F)
as well. 0

Proof of Theorem 2.6. For a plan of the proof, see Figure 3. The completeness assumption is only
made in the proof of implications “k = 6” for k € {1,2,4}.

(Ad “2 < 3” and “4 < 5”): This follows directly from the fact that Prg(Z%5, %) is stable under
complements (see Remark 2.2, Ttem 2).

(Ad 1 = 6): Suppose that (Q,&,.%) is universally complete and that [7] is .%-progressively
measurable. Then, as %, C &, applying Relation 2.3 with ¢ = oo, basic measure theory yields
[7] € 5 ® &. Hence, by Proposition 1.10, [7] € &2 ® & for some o € ;1. Then, 707 < a.
Indeed, if there existed w € Q with 7 o 7(w) > «, Lemma 1.9 would imply that (u,w) € [7] for
all u € T\ T, with p(u) = p(r(w)). (T \ Ta) Np~t(p(r(w)) is infinite, but, as 7 is a set-theoretic
function, [7] N (T x {w}) is a singleton — whence a contradiction.

65By Remark 2.3, Item 3, any #-stopping time satisfies this condition.
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S ———= 14

FiGuRrE 3. Plan of the proof of Theorem 2.6

For the remaining part of the claim, let 8 € a+1 and t € T. Let M; = [7] N ([0, ]z x Q). Then,
by progressive measurability, M; € 5 ® .F;. As a consequence,
M = M0 [(p*T) TR x {B}) x Q] € Pz ® Fi.
By Theorem 1.19, and universal completeness of %,
{ror=8,7<t}="Pprjg(M) € F.

(Ad 2 = 6): Suppose that (Q, &, F) is universally complete and that [0, 7)) is % -progressively
measurable. As in the proof of the implication (1 = 6) we get that [0,7)) € &2 ® & for some
a € w;. We infer that m o7 < a. Indeed, if there existed w € Q with 7 o 7(w) > «, then,

with t = (p(7(w)), ), we would have (t,w) € [0,7)). Hence, Lemma 1.9 would imply that, for
u = (p(r(w)),w1), (v,w) € [0, 7)), which is absurd.

Note that as a direct consequence of the hypothesis, [, oo] is also .Z-progressively measurable.
By Theorem 1.19, we infer that, for any ¢ € T:

{r<t}= Pper([[T, oo] N ([0, ] x Q)) e F.

Thus, 7 is an .#-stopping time, and satisfies the hypothesis of Lemma A.4, by Remark 2.3, Item 3.
For the remaining part of the claim, let § € a4+ 1 and t € T. Let M; = [1,7,] N ([0, t]5 x ).
By hypothesis, and Lemma A.4, M; € Z5 ® .%;. In particular,
M =M, N [(pPH Ry x {8}) x Q] € =@ F.
Hence, by Theorem 1.19, and universal completeness of Z,
{mor < B, 75 <t} =Pprjo(M) € 7.

If 8 < m(t), then

{mor <@, 7<t}={mor <8, 75 <t} € F.
Else, 7(t) < 3, so that 7(t) + 1 is countable. Let Q; = [Om(t))MO Q, a countable set as well. As
B < 11, Remark 2.3, Item 3, and the previous case yield:

{ror<p,r<t}= |J {r=0®).Mu J{ror <8, 7<(qm)} € F.

yem(t)+1 qEQ+
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We conclude that
{ror=08,7<t}={mor <, 7 <t}\ U{WOTS'y,TSt} € Fy,
YEB
because [ is countable.

(Ad 4 = 6): Suppose that (Q, &, .F#) is universally complete and that ((7,00], or equivalently
[0, 7], is % -progressively measurable and wo7 < ;. As in the proof of the implication (1 = 6) we
infer that [0, 7] € 2 @ & for some o € ;. We infer that mo7 < a. Indeed, if there existed w €
with 7o 7(w) > a, then, with t = (p(7(w)), ), we would have (¢,w) € [0,7]. Hence, Lemma 1.9
would imply that, for v = (p(7(w)), 1), (u,w) € [0, 7], whence 7o 7(w) = w; — in contradiction to
the second part of the hypothesis.

By Theorem 1.19, we infer from the hypothesis that, for any ¢ € R :

{r <t} = Pprig((r, 0] N ([0, t]7 x Q)) € F.

Thus, 7 satisfies the hypothesis of Lemma A.4. B

For the remaining part of the claim, let 8 € wy, t € T, and M; = (7, 7w,] N ([0, t]5 x ). By
hypothesis, and Lemma A.4, M; € 5 ® .%;. In particular,

M = M0 [(pPP)HRY x {B)) x Q] € P=© F.
Hence, by Theorem 1.19, and universal completeness of .,
{ror < B, 15 <t} ="Pprjg(M;) € F.
If 8 < m(t), then
{mor< B, 7<t}={mor < B, 753 <t} € F.

Else, 7(t) < 3, so that 7(¢t) + 1 is countable. Let Q; = [07p(t))ﬁﬂ Q, a countable set as well. As
B < 11, Remark 2.3, Item 3, and the previous case yield:

{ror < B, 1<t} = U {r=(),y)}U U {mor < B, 7<(¢,101)} € F.
yer(t)+1 qEQ:
We conclude that
{mor=p,7<t}={mor<fB+1,7<t}\ U {mor <7y, 7 <t} € F,
yEL+1
because 8+ 1 € . In particular, this relation holds true if 8 € a + 1.
(Ad 7 = 6): Suppose Condition 7 to hold true. Let o € w; such that 7 o7 < a. Hence, for all
B €a+1andteT, we have, by definition of .7, and P,
{ror=81<t}={p"oreRy x {B}}N{r <t} € F.

(Ad 6 = 7): Suppose Condition 6 to hold true. Let o € w; such that 7 o7 < «. Then, a+ 1 is
countable, hence, for any t € T, we have:

{r<ty= |J {ror=8r7<t} €A
Bea+1
Hence, 7 is an .#-stopping time. Note that, for all v € tvy, all 3 € v+ 1, and all s € R, we have
= < if
{PVOTEOSfX{ﬁ}} {{ﬂOT BipoT < s}, if B <,

{B<mor<a,por <s}, else
(A.3)

{<mor<a,7<(s,101)}, else.

:{{worzﬁ,rs@,ml)}, if 8 <,
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Hence, for all ¢ € T, using that « is countable, we obtain:

{mor=p5,7<(s,101) At} if <7,

€ .
{B<mor <a,7<(s,t01)At}, else !

{PWOTE[O,S]TX{ﬁ}}m{TSt}_{

By Lemma 1.7, and the hypothesis, it follows easily that 7 is .%.- Z5-measurable.

(Ad 6 = [1, 3, and 4]): Suppose that Property 6 is satisfied. By what has already been proven,
Statement 7 then also holds. Let « € to; be such that 7 o7 < . Then, in particular, 7o 7 < toy.

In a first step, we show the following intermediate result.

Lemma A.5. Let Bca+1, 0 ={ror =73}, F° = (ﬁ\f)teﬂ be given by F| = Fw.p)las for

t € Ry and FL = Foolas, and i: poT|as. Then, Q% € &, FP defines a filtration on (25, &|qs)
with classical real time half-azis R, and 7 is an .FP-stopping time in the classical sense, that is,
for allt € Ry, we have:
{we | W) <t} e F,.
Proof of Lemma A.5. First, note that, by Property 6:
O ={ror=4,17< 0} € Fp C&.
As .#8 clearly inherits the monotonicity from %, we infer that .7 8 defines a filtration on (27, &|qs)
with classical real time half-axis R . Concerning the proof of the stopping time property, let t € R, .
Then,
we | Pw) <ty ={ror=8,7<(t,B)} € Fuplas = F,
by Property 6. ]
For the second step of Part “6 = [1, 3, and 4]” in the proof of Theorem 2.6, let 5 € o + 1, and

teT. Let . = p(t), Qs = [O,x)ﬂﬂ Q, and extend .# so that .7, g5) = Fo in case v = co. Let us
define the following sets, describing the graph, epigraph, strict epigraph of 77 below x:

GE = {(u,w) ERL x O |u=7P(w)}N ([0, g x 09,

B} = {(u,w) € Ry x Q7 | 77(w) < u} N ([0, 2]z x 97,

sEP = {(u,w) e Ry x Q° | 7P(w) < u}n ([O,x]ﬂ x Q).
In this step, we wish to analyse measurability properties of 77 and of these sets in particular. By
Lemma A.5, 77 is an .#P-stopping time in the classical sense. In particular,

(A.4) {we @ [Pw)<a}= |J{we | P <q €\ #/cFl
q€EQq q€EQ.

Moreover, classical theory (or Lemma A.4) implies that
Gy, B}, sE] € Bg-® 7.
By basic measure theory, we have:
B ® FB = B ® T p)las (B @ Fap) lErxas-
Hence, there are G'ﬁ Eﬂs’Ei € 93@(8 P (,p) With

GP=Gn® <), E=B'n@® x0), sEf=sE n(®; x0°).
Then, by hypothesis,
Gy =GiNRy x {7 < (2,0} =GENRy x {mor =5, 7 < (,8)}] € B Fap),



STOCHASTIC PROCESS FORMS IN VERTICALLY EXTENDED CONTINUOUS TIME 69

and similarly,

El = E[N[Ry x {7 < (2,8)}] = Bl N[Ry x {mor=p,7<(2,8)}] €PBg-®Fup),

SE:’f :SEE n [EX {T < (xvﬂ)}] = S'AE/’f N [EX {ﬂ-OT:ﬁv T < (xvﬁ)}} € %@®§(I,ﬁ)
In particular, for any v € to; and any S € %41, we get that
Sx Gy, Sx E], SxSE} € By11 © Bg=® F(z)-
For any v € 1y, the map f,: T x Q = (y+ 1) x R}y x Q, (u,w) = (7m0 pY(u),po p?(u),w) is a

composition of suitably measurable transformations, and is therefore 5 ®@ F(, 3)-%11 @ ,93@ ®
Z («,p)-measurable. Hence, for any v € tv; and any S € %, 1,

(A.5) FyHS % G), f7H(S < BY), f71(S xSEY) € Pp® F(a p).

In a third step, we show that, for allt € T, x = p(t), and Q, = [0, x)ﬁﬂ Q, we have the following
two decompositions:

(A.6) Fln@otzx= |J U mhdsrxchu | fLd8 <G,

BEa+1l: qgEQ, Beat1:
B>m(t) B<n(t)
and
I, 001 1 ([0, 8l x ©)
- U [ U [ a0\ 8 % By U 18 x sED)]
BEa+1: qEQ
B>m(t)
(A7)

U {[az,t]T x {wef| ) < x}”

o U [[f;l([(w D\ ] % B2) 1 (10,8 x )] U £ (8 x sEY)
BEa+1:
B<m(t)

For the proof of these two decompositions, let t € T and (u,w) € T x Q. We first prove Decompos-
ition A.6. By definition, (u,w) € [7] N ([0, ]z x Q) iff u = 7(w) < t. This latter statement splits
into two disjunct cases, generated by the alternative “m(7(w)) > 7 (t)” or “n(7(w)) < 7 ()"

1. On the one hand, u = 7(w) < ¢ and 7 (7(w)) > 7 (t) both hold true iff there is ¢ € Q with
u=7(w) < q<p(t) and 7w(u) > w(t). This is equivalent to the relation w(t) < m(u) < «
and the existence of ¢ € Q, with w € Q™™ and p(u) = 77" (w) < ¢, i.e. (p(u),w) € GZ}W
This in turn is equivalent to the existence of g € @, and 8 € a+ 1 with 8 > 7(t) such that
(u,w) € fol ({8} x GY).

2. On the other hand, u = 7(w) <t and 7(7(w)) < 7(t) both hold true iff p(u) = po 7(w) <
p(t) and 7(u) = 7o 7(w) < w(t). This is equivalent to the conjunction of the relation
7(u) < a An(t) and the statement that w € Q™) and p(u) = 77" (w) < 2 hold true, i.e.
(p(u),w) € Gg("). This in turn is equivalent to the existence of 8 € a + 1 with 8 < 7(¢)
such that (u,w) € £ ({8} x G&).

The first decomposition, Equation A.6, is proven.
We continue with proving the second decomposition, Equation A.7. By definition, (u,w) €
[7, 0] N ([0, t]5 x Q) iff 7(w) < u < t. This latter statement splits into four disjunct cases, generated
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by the following two alternatives: “m(7(w)) > m(t)” or “m(r(w)) < w(t)”; “m(r(w)) < mw(uw)” or
“r(r(w)) > m(u)”

1. First, 7(w) < u < t, 7(7(w)) > 7(t), and 7(r(w)) < 7(u) all hold true iff p o 7(w) <
p(u) < p(t) and 7(u) > 7(7(w)) > w(t); a condition which is satisfied iff there is ¢ € Q with
poT(w) <p(u) < ¢<xand m(u) > 7o 7(w) > m(t). This is equivalent to the existence of
q € Qu and B € a+ 1 with 8 > (t) such that (p(u),w) € Ef and 7(u) > f3, i.e. the fact
that (u,w) € fo'([(a+1)\ 8] x E).

2. Second, T(w) < u < t, 7(1(w)) > 7(¢), and 7(7(w)) > w(u) all hold true iff a) po 7(w) <
p(u) < p(t) and 7(u) V 7(t) < w(7(w)), or b) po7(w) < p(u) = p(t) and w(u) < 7(t) <
m(7(w)). Condition a) is equivalent to the existence of ¢ € Q, and 8 € a+1 with 8 > 7 (t)
such that (p(u),w) € sEg and w(u) < S, i.e. fo(u,w) € B % sEg7 while condition b) is
equivalent to z < u < t and the existence of 8 € a+ 1 with 8 > 7(t) such that w € Q7 and
(W) < .

3. Third, 7(w) < u < t, 7(r(w)) < 7(t), and 7(r(w)) < 7(u) all hold true iff a) po 7(w) <
p(u) < p(t) and o7 (w) < 7w(t)Am(u), or b) por(w) < p(u) = p(t) and wor(w) < w(u) < 7(t).
a) is equivalent to the existence of ¢ € Q, and 8 € a+1 with 8 < 7 (t) such that (p(u),w) €
Eg and m(u) > 8, while b) is equivalent to the existence of 8 € a + 1 with 8 < 7 (t) such
that (p(u),w) € EZ, m(u) > B, and u € [z, t]z. Hence, the conjunction of a) and b) is
equivalent to the existence of 8 € a+1 with 8 < 7(¢) such that f,(u,w) € [(a+1)\ 3] x E?
and u < t.

4. Fourth, 7(w) < u < t, n(7(w)) < 7(t), and 7(r(w)) > 7w(u) all hold true iff p o 7(w) <
p(u) < p(t), m(u) < mo7(w) < 7(t). This is equivalent to the existence of 5 € a+ 1 with
B < 7(t) such that (p(u),w) € sE? and 7(u) < B, i.e. folu,w) € B x sEL.

In a fourth step, we combine the second and third steps, namely the Statements A.6, A.7, A.5,
and A.4, recall that, with the notation from the third step,

{we | P <z} ={ror=8T<2a}= U {mror=3,17<4q} € F,
Q3¢<z

and infer that [r] and [r,c0] are .%-progressively measurable. By complement-stability of
Prg(5, #), then also
(7, 00] = [7, 00] \ [7]

is Z-progressively measurable. The proof is complete. O

Proof of Corollary 2.9. Under the completeness hypothesis, the map f: Q — TxQ, w (T(w),w)
is Z,-Prg(.#)-measurable. Indeed, for any t € T and M € Prg(.%), we then have [r]N M N[0,t] €
P5 @ Fy, by Theorem 2.6, and, by Theorem 1.19 — now using completeness —

FHM) T <t} = prig([rln M N [0,1]) € F.
Hence, &, = € o f is F.-% -measurable. ]
Proof of Proposition 2.10. (Ad 1): Let 0 = po7+e. Then, m oo = 0. Moreover, we have
{moc=0,0 <0} =0 € Foo = Foot,
and, for all t € T \ {oo}:
{mooc=0,0<t}={por+e<t}

={por+e<p(t)}

= {poT <p(t)—<}

= {7 < (p(t) —e,w1)} € Fip)—cm)-
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Note that F(,)w,) € Fu for all real u > t. Hence, if e =0, {roo =0, 0 <t} € Fyp. If ¢ >0,
then ﬁ(p(t)—a,ml) - yt.
(Ad 2): Let C be the set of w € Q such that (7, (w))nen converges in Ry x (a+1). As W|@X(a+1)

is continuous as a map Ry x (a + 1) = (a + 1), we have 7 o 7(w) = lim,, 0o ™ 0 7, (w) < « for all
w e C. Forall w e CC, we have 7o 7(w) = 7(c0) = 0 < 0.

In view of Theorem 2.6, it remains to consider arbitrary 3 € o+ 1 and ¢ € T and check the
Fe-measurability of {wror = 8, 7 < t}. In doing so, we use the following facts: a) convergence of a
sequence in Ex (a+ 1) is equivalent to the convergence of the component sequences; b) convergence
of a sequence (,)nen in Ry is equivalent to (2, )nen being Cauchy or the set {n € N | z,, < ¢}
being finite for all £ € N; ¢) for all n € N, po 7, is an .Fg-optional time (by Part 1 just proven
before), and thus, by classical theory, {po 7, <po 7, + K} € (Fa)por,, for all m,n € N, sk € R;.

i) We first focus on the case 8 < m(t) and t < oo. In this case, using Properties a), b), and c),
we infer that all m € N satisfy:

{ror=p,7<ty={mor=4,por <p(t)}
n'yeﬁ ﬂzm UkGN ﬂfjm:k <{7T °0Tn € (’77 5]7 Tn < p(t) + 2_€}
Mpormn <porm+274 por, <p(t)+27%}
m{p OTm < poT, + 2—2’ PO Ty < p(t) + 2—E}>7
if 8 is a limit ordinal,
ﬂ?im UkGN m;.;m:k ({ﬂ— 0Ty = ﬁ7 Tn S p(t) + 2_6}
Mpormn <porm+274 por, <p(t)+27%}
m{p oOTm < poT,+ 27€a PO Ty < p(t) + 27€}>7

else

€ F(p(t)+2-m)+-

As this holds true for all m € N, we obtain {mro7 =8, 7 <t} € Fra.
ii) Second, we consider the case 7(t) < 5 and ¢t < co. Then, by case i) just studied, we get

{ror=p,r<tf={mor =47 <p(t)}
= U {ﬂ-OT:ﬂ7T§(qa6)} € \/ Lg.(q,ﬁ)"-gtg.p(t)gtﬁ.t'ﬁ-
qeQ: qeQ:
q<p(t) q<p(t)
iii) Finally, we consider the case t = co. Then, if 8 > 0, using results i) and ii) yield
{mor=p,7<t}nNC={ror=0,7<o0}NC = U{WOT:ﬂ,Tﬁn} € Foo;
neN
and
{mror=6,7<t}\C={ror=8,71=00}\C=0 € F,
whence {mo7 =8, 7 <t} € Foo = Foo. If B =0, then, again by i),
{mor=p,7<t}nC

= U {mor=0,7<n}U (liminf{ﬂ'orn =0}nN ﬂ lim inf {7, > k‘}) € Foo;
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and
{mor=p,7<t}\C
=t

ﬂ ﬂ (lirginf{5<7ro7'n S'y})cﬂ (lirginf{ﬂ'omz()})c}
velarN {0} ey e

U [(U ﬂ U {poTnSpon—‘rQ_e}EU{pOTmSpOTn+2—£}E>

LeN keENn,m=k

N (eghfl—i%p{% < E})

whence again {Tmo7 =8, 7 <t} € Foon

(Ad 3): Lett €T and Q; = [0,t)7 N Q. Note that

egoo'h

{pory <pom, m <t} = U {ro<qg<m <t} € F,
qEQ+
and that

{poro=por, 10 <t, 1 <t} = [ ﬂ {To<q<7'1}cﬂ{71<q<7'0}c}ﬂ{Togt,Tlgt} e F.
qEQ:

As both 79 and 7, are optional times, there is a € w; such that 7 o 7, < « for both k € {0,1}.
Hence,

{7'0 STl}ﬂ{Tl St}
={pom<porm,m St}U({pOTo:pOTl,TOSt, n<t}N{mrorg<mom, <t St})

={pom<por, nn <t}U ({pOTo=pOT1,To§t, <t}

N U U {WOTOZ’y,T()St}ﬂ{WOleﬁ,TlSt}) € Z.
Bea+1lyep+1
Thus, {79 <71} € .%,,. Similarly, we get

{7’0 <T1}ﬂ{7’1 St}
= {pomo <p°T1,T1St}U({POTOZPOTLTOSta n<t}nN{mrory <mom, o <t, T1§t})

:{p070<10071,71St}U({pOTo:pOThToSIZHSt}
N U U{WOTo=%ToSt}ﬂ{WOleﬁ,ﬁSt}) € F.
BEa+l~eEP

Hence, {10 < 71} € %,,. By complement-stability, {r; < 79} € Z#,,. Upon switching the roles of
7o and 11, we infer {To < 7} € F,,.

(Ad 4): For k € {0,1}, let o) € 1y be such that m o7, < ag. Let & = g V a1. Hence,
mo(rpAT)<aandwmo(roVm)<a.

Furthermore, let 8 € a + 1 and t € T. Then, using Part 3,
{ro(roAm) =8, ToAT <t}

= ({Togﬁ,Togt}ﬁ{ﬂ'om:ﬂ, Togt})u({ngfo, nn<t}n{mrom =3, ngt}) € Zy.
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Similarly, using Part 3 again, we show that
{mo(rovm)=3 1V <t}
={n<n,n<tin{ron =8 n<tHhu({n <m, o <t}N{rom =8,7 <t}) € %.
O

Remark A.6. If (0, &,.%) is universally complete, some of the proofs above can be simplified, by
using Theorem 2.6. For example, Property 3 can be proven as follows.

Proof of Property 3 under universal completeness. Note that, for any ¢ € T:
{0 <miyn{n <t} = prig([r] N [7o,t]),
{r <70} N {mo <t} = prig([ro] N (71, ])-

As 19 and 71 are #-optional times, [71]N[7o, oo] and [ro]N (71, t] are .#-progressively measurable, by
Theorem 2.6. Hence, their respective intersections with [0, t] are elements of #5®.%;. Applying the
Measurable Projection Theorem 1.19 and using the universal completeness assumption, we obtain
that the left-hand side of the two equations above are elements of .%;.

As this holds true for any ¢ € T, we infer {7 < 7} € %, and {rp <7} = {n < 7}¢ € .Z,,. O

In addition, the following claims can be easily shown using universal completeness.

Proposition A.7. Suppose that (Q, &, .F) is a universally complete and let (T,)nen be a sequence
of F -optional times. Then, the following statements holds true:

5. The scenariowise supremum sup, ey Tn 45 an F -optional time.
L . . P : R _ _
6. The scenariowise infimum o = inf,en 7, is an F-optional time iff | J,cn{o = Ta} = Q.

Proof. (Ad 5): We assume that 7 = sup,,cy7n. By Theorem 2.6, [0,7,)) is .#-progressively
measurable for any n € N. As
[0,7) = (J[0,7),
neN
[0, 7)) is so, too. Using the completeness assumption and applying Theorem 2.6 again, we infer that
T is an .%-optional time.

(Ad 6): By Theorem 2.6, (7,,, 0] is .%-progressively measurable for any n € N. As

(0,00] = U (7, 0],
neN
(o, 0] is so, too. If Too < tvy, then, using the completeness assumption and applying Theorem 2.6
again, we infer that o is an .#-optional time. Conversely, if o is an optional time, then 7o o < w1,
by the same theorem.
It remains to prove that

U{O‘ZTn} ={roo <}

neN
As mo T, < to; for any n € N, the inclusion “C” obtains. For the proof of the inclusion “27,
let w € Q satisfy m oo < tvy. Then, {po 7,(w) | » € N} has a minimum z in R,. Hence,
{mom(w) | n € N: po7,(w) = x} has a minimum because vy is well-ordered. If n denotes an
element of N that this minimum is attained at, then o(w) = 7, (w). O

Proof of Proposition 2.11. Let P € P and T be an .F-optional time. Then, there is o € ; such
that m o7 < a. For n € N, define

7 = (inf{k e N| 7 <k27"}.27" 107).
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Then, 7 o7, < a. Moreover, for any 3 € a + 1 and t € T, we have

{roTn=8T<t}= |J {ro7=87<k2"} 7.

keN:
(k27™,B)<t

Hence, (T, )nen is a sequence of Z-optional times.
For k,n e Nand g € a+ 1, let

—n - Y
Ekaﬁ = {Tn = (k2 7ﬁ)}
EZ,/-? € ?(kg—n’ﬁ), because 7, is an .Z-optional time. Hence, there is a family (E;?,B)k,neN,ﬁeaH of
events such that, for all k,n € Nand g € a + 1:
E’IZB S y(kQ_",B)ﬂ P(E’IZBAE;;B) == 0

For each n € N, define

Mr=J | {(k27".8)} x E}ts. 7w =D

keEN Bea+1

We clearly have 7o 7, < a. Moreover, for any k € N and 5 € o + 1, we have

=2y =8\ U B

LeN,vea+1:
(27" y)<(k27",8)

which is an element of F(;2-» ). As a consequence,

frn=oct= () {rm=(k2"0)¢ € 7.
keEN, BEa+1
Hence, for any 3 € a + 1 and all t € T, we have — with the understanding that N = NU {oo} and
00-27" =00 —
{77 oTp =, T < t} = U {Tn = (]4:2_”,5)} € F.
keN:
(k27™,B)<t
Hence, by Theorem 2.6 (the claims without completeness assumption), 7, is an %-optional time.
Moreover,
]P(Tn # Ty Tn < 00) < Z Z P({Tn = (kz_n7ﬁ)}\EZ,ﬂ)

keNgBea+1
-—n
ST Y R
keNpBea+1
Noting that
{1 < 0} = U Ey 5, {Tn < o0} = U EZ”B,
keN, pea+1 keN, gea+1

we obtain
P(1,, # T, Tn = 00) = P(T, < 00, T, = 00)

< Y PEN (= o))

keN pea+1
——
<D D P(Es\ Eip).
kEN Bea+1
Hence,

P(rn #7n) <Y > P(E, 3AEf ;) =0.

keN pea+1
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Thus, P(r,, = 7,) = 1. Let 7 be the map satisfying 7(w) = lim,,_,o, 7 (w) for all w € Q that this
limit exists for, and 7(w) = co otherwise. By Proposition 2.10, 7 is an Fg-optional time. Since
Tn — T as n — 0o pointwise in R, x (o + 1), we have:
{r#7yc Ulm #7a)
neN
This leads to
P(r#7) < ZP(Tn #Tn) =0,
neN
whence P(7 =7) = 1. O

Proof of Theorem 2.12. (Ad first statement): Let ¢ € T. Then, by progressive measurability,

MnN[0,t] € P5®F;. Hence, if t is not a right-limit point, or equivalently, 7(t) < tv; (Lemma 1.14),
measurable projection (Theorem 1.19) yields

(A.8) (D < 1} = Pprig (M N [[O,tﬂ) E(F)C T =Ty,

because the 7-fibres of T are well-ordered and .%; is universally complete. As a consequence, if ¢ is
a right-limit point, or equivalently, 7(t) = vy, i.e. t = (p(t), 101), then

{Dy <t} = ﬂ n{DM <pt)+27} € ﬂ Fptyr2-+ = F it
keEN f=k keN

because p(t) +27¢ € R, for all £ € N, which is therefore not a right-limit point (Lemma 1.14), so
that Equation A.8 applies.

(Ad second statement): As M is F-progressively measurable, there is o € 1wy such that M €
P2 ® &. Therefore, for all t € T with 7(t) > a we have:

(%) (tw)e M = (p(t),a,w) € M,
by Lemma 1.9.

Regarding the implication “1 = 2” we simply note that, if D, is an optional time, then mo D), <
w1 (see Theorem 2.6).

For the implication “2 = 3”, suppose that 7o Dj; < vy and let w € Q such that Dy (w) < oo.
Let z =po Dy(w) and S = {y €y + 1] (x,v,w) € M}. If S were empty, then Dy (w) = (z, t01)
which is excluded by hypothesis. Hence, S has a minimum +, and, in particular, Dys(w) = (2, v«)-
Therefore, (D (w),w) € M.

For the proof of the remaining implication “3 = 1”, suppose that [Dy/] N [0,0)) € M. First,
we get that m o Dy < a. Indeed, if we had 7o Dy(w) > «, then ¢t = Dy(w) and u = (p(t), o)
would satisfy (t,w) € M and u < t. By (), we would obtain (u,w) € M. Hence, Dy;(w) =t < u
— a contradiction. So we infer that mo Djy; < a.

For the remainder of the proof, define, for any 8 € a + 1,

MP = M (p*! xidg) "R, x {8} x Q).
This set is .#-progressively measurable. Hence, by the first statement proven above, Dyss is an

F ,-stopping time for any 3 € a + 1. Thus, for any ¢ € R, we have, with Q; = [0, tFNQ,

{Dps <t} = U {Dus < dq} € \/ Fqr C Ty
qEQ+ qeQ
By Lemma A.4, then, for any 5 € o + 1, the set

N7 = [0, (Dae ), ]
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is .7 -progressively measurable.%¢ B
First intermediate claim: Then, we claim that for any f € o+ 1 and t € T, we have

prjg(N? N MIN[0,¢]) = {w € Q| (D (w),w) € M7 N[0, 1]}
:{ﬂ'ODMﬁ :ﬂ, DMﬁ St}

For the proof, let 3 € oo+ 1 and t € T. Regarding the first equality, the inclusion “27” is evident.
Concerning the proof of inclusion “C”, let (u,w) € N® N M? N [0,t]. First, we infer directly that,
by the definition of the début, we have Djs(w) < u < t. Second, as N® N M# is .Z-progressively
measurable, there is v € w; such that N® N M? ¢ @% ® &". If m(u) > ~, then, by Lemma 1.9, all

v € T with p(v) = p(u) and 7(v) > 7 satisfy (v,w) € NP N MPF as well. Hence, D5 (w) < (p(u),7).
Moreover, as (u,w) € N?, we have p(u) < poD,;s(w). These both relations imply 7o D6 (w) < 7.
As 1o; is well-ordered, we infer that (Djyss(w),w) € MP. Indeed, otherwise the definition of the
début would imply the impossible statement Dy (w) > (po Dy (w), w0 Dags(w) +1) > Dyra(w).

Regarding the second equality, the inclusion “C” is clear that time. Inclusion “2” follows again
from the well-ordering on to;. Indeed, let w € {m o Dy;s = B}. If we had (Dys(w),w) ¢ MP,
then, by definition of the début, we would again obtain the impossible statement Dj;s(w) > (p o
Dys(w), 8+ 1) > Dyss(w). This completes the proof of the first intermediate claim.

Second intermediate claim: For any 3 € a + 1 and t € T, we have
(A].O) {WODA/[B :ﬁ, DMB §t} G?t
For the proof, note that the set under scrutiny equals prj,(N?NM?PN[0,t]), by the first intermediate

claim, see Equation A.9. The e-relation follows from the fact that N® N M? is F-progressively
measurable, the fact that

(A.9)

(F)"CFi=TFi =T,
(when augmenting in &), and the Measurable Projection Theorem 1.19.
Third intermediate claim: For any 8 € a+ 1, the map
(A.11) 053: Q0> T, w— Dyge (W), if w0 Dygs (w) = B,
b ’ 00, else,

is an .Z-optional time.
For the proof, let 8 € ao +1. We clearly have m o 03 < 8. Next, we study the measurability of
{mroog, 05 <t}forallyef+1andteT. If y =3 >0, we obtain
{moog=p,05 <t} ={moDys =05, Dys <t} € Fy,
by the second intermediate claim, see Equation A.10. If 5 > 0 = 7, then we obtain

0, if t < o0,

e Z,,
{m o Dys }c7 else, ’

{71'00'5:07(75§t}:{

again, by the second intermediate claim applied to t = 0o, see Equation A.10. If v € (8+1)\ {0, 5},
then _
{roop=0,03<t}=0 € F,.
Finally, if 5 =~ = 0, then, by looking separately at the cases t < co and t = oo we infer that
{T(OO'B =0,03 < t} = {DMO Sp(t)} S §p(t)+ :?p(t) - ?t,

since Do is an .Z | -stopping time. This completes the proof of the third intermediate claim.

66We recall that (Dyr8)w, is the map Q@ — T with po (Dys)w, = po Dyys and, for all w € {Dys < oo},
™o (DMﬁ)fUl =1071.
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Fourth intermediate claim: We have

(A.12) Dy = inf o5, Q= U {(Dum =05}
Bea+1

For the proof, note that, for any 8 € o + 1, the definitions of M” and o directly imply that

(1) Dy < Dys < o,

whence Djys < infgeqy1 03. For the remainder of the proof of this intermediate claim, let w € Q.
Then, Dy(w) = 0o or Dy(w) < oo. In the first case, by (1), Dy (w) = 05(Q2) for all 8 € a + 1.
In the second case, we have (Djys(w),w) € M by assumption (Property 3). As mo Dy (w) < «,
there is 3 € a+ 1 such that (Dps(w),w) € MP. Hence, 7o Dys(w) = B and Dys(w) < Dar(w).
In view of the definition of o, we infer that equality holds true in (}). In total, we conclude that
Dy (w) = infgeat10p(w) and Q@ = U,y {Dm = 05}

Conclusion: By the third intermediate claim (cf. Equation A.11), o4 is an .#-optional time for
any 8 € a+ 1. Hence, by the fourth intermediate claim (cf. Equation A.12) and Proposition A.7,
Part 6, Dj; is an .Z-optional time — because o + 1 is countable and Q,& “,?) is universally
complete. This completes the proof of the theorem. ([

Optional processes.

Proof of Lemma 2.14. The second inclusion follows directly from Definition 2.1, Remark 2.2, and
Theorem 2.6. Regarding the first inclusion, let E € %Zy. Then, M = ({0} x E) U ({(0,1)} x E®)
is clearly .7-progressively measurable since .%o C % 1). Moreover, one easily sees (or otherwise
applies Theorem 2.12 to see) that Dy is an F-optional time. Hence,

{0} x E'=[0, Das)) € Opt(.F).

Furthermore, let 7 be an %#-optional time. Then, the E = {7 = oo} satisfies F € %, by
Remark 2.3, Part Remark 3. Moreover, the map o: Q — T such that, first, poo = po 7 and,
second, for all w € EC, o o(w) = o7(w) + 1, is an .Z-optional time.

Indeed, there is & € oy with mo7 < . Thus, rooc <7mo7+1<a+1. On EE, 7 oo is valued
in the set of successor ordinals in vy, and equal to zero on E. Moreover, for all 3 € w; and t € T,
we have

{roo=B+1L0<ty= |J {ror=8,7<gqu | {ror=8,7<0®),7)} €A,
Q3qg<t yem(t)N(a+1)

and
0, ift < oo,

€ oo
E, else, >

{mao,ast}{
This shows that o is an .%-optional time.
Hence,
[0,7] =[0,0)) U ({o0} x E) € Opt(F).
O

Proof of Lemma 2.15. Let . be a o-algebra as in the lemma. Then, .# must contain [0, 7)) for
any .%-optional time 7, since we can take o = 2, §g = 1, & = & = 0, 1, = 7 in Equation 2.5.
Moreover, let E € Z,,. Then, taking a = 1, §g = 0 and & = 1g in Equation 2.5, we infer that
{0} x E € 4. Hence, Opt(F) C A .
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On the other hand, all processes as in Equation 2.5 are Opt(.% )-measurable. Indeed, let « € 1oy,
(78)pea+1 and (€7)geat1 be given as in the statement of the lemma. Then, [7,] = {0} x Q €
Opt(%) and, for 5 € «,

[78,78+1) = [0, 7841)) \ [0, 78)) € Opt(F).

In a first step, suppose that, for all 8 € a + 1,
(x) €& =1(Bp)

for some Eg € #,,. We have

(T x Ey) N [7a] = {00} x B, € Opt(F).
In addition, for any § € a, we see, using Theorem 2.6, Property 6, that (with the usual measure-
theoretic convention co - 0 = 0)

o8 =T7p1E, + 00 lgs

is an .#-optional time. Hence,

(T x Eg) N [75,754+1)) = [05, 7541)) = [0,75+1)) \ [0,05)) € Opt(F).
As « is countable, this implies that under Assumption (), the process in Equation 2.5 is Opt(.%)-
measurable. In a second step, we directly infer that the same result obtains under the weaker

hypothesis that for all 3 € a4+ 1,

Ng

&= wiplp,,,

=1
for some integer Ng, some reals x15,...,Zn,, 5 € R, and some Eig,...,En, 5 € F7,, ie. P is
a simple function with respect to #,,. In the third and final step, we consider the general case.
Then, for any 8 € a + 1, there is a sequence (£%™),,cn of simple functions with respect to T
converging pointwise to £”. As measurability is stable under pointwise convergence of real-valued
functions, we infer that

£ o prig 1[ra] + 3 € o priq Urs.7941) = lim_ (€% 0 prig 1[ra] + 37 €™ o prig 1lrs. 75.1))
BEa BEa
is Opt(F)-measurable. O

Proof of Lemma 2.16. Let S be a set of maps T x £ — R satisfying conditions a), b), and c¢). In a
first step, let 2 be the set of M € Opt(.%#) such that 15 € S.

We first show that & is a Dynkin system, and then infer that 2 = Opt(%). Taking 7 = co and
E = Qin a), we get that 1o € S, whence Q € 2. Moreover, forall M € Z, 1,0 =1lg— 1y €S
by b), whence M C ¢ 2. Moreover, if (Dyp)nen is a pairwise disjoint Z-valued sequence, then

D = U, en Dn satisfies
=3 1h = i 3o,
k=0 k=0

whence 1p € § by b) and ¢), thus D € 2.
Next, we note that 2 contains an intersection-stable generator of Opt(#). Namely, a) implies
that, for any #-optional time, [0,7)) € Z, and, for any E € F,, {00} X E € 9. Hence,

(A.13) @ = {{oo} <E|Ee¢ ﬁoo} U {[[0,7')) | + F-optional time}

satisfies ¢ C 2. By definition, ¢ generates the g-algebra Opt(.%#). Proposition 2.10, Part 4, implies
that the pointwise minimum o A 7 of two .#-optional times o, 7 is again an .#-optional time. As
[0,0)) N[0,7)) = [0,0 A 7)), we readily infer that ¢ intersection-stable.
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Hence, by Dynkin’s m-A-theorem, 2 = Opt(.%). In a second step, we show that all .Z-optional
processes are elements of S. Let & be an .Z-optional process. Then, there is a sequence (&, )nen
of simple functions with respect to Opt(%#) that converges pointwise to {. By the first step and
Property b), &, € S for any n € N. Therefore, by Property c), £ = lim, o &, € S as well.

It remains to show that the set of .Z-optional processes satisfies properties a), b), and ¢). Prop-
erty a) is satisfied by construction. Properties b) and ¢) follow from the fact that the real-valued
Z-optional processes are exactly the Opt(F)-%Br-measurable functions, combined with basic meas-
ure theory. O

Proof of Proposition 2.18. Denote the set of real-valued .%-optional processes by L°(Opt(.Z);R).
We have to show that

L2(Opt(F);R) = Ve,

(Step 1): We first show that for all « € 15 + 1, we have V, C L°(Opt(Z);R). For a = tvy, this
yields the inclusion “2”.

If the claim did not hold true, then it would fail for at least one a € w7 + 1. Hence, by the well-
order property of ordinals, there would be a smallest one that fails. Let us call it a*. By definition
of Vy and since R-linear combinations of real-valued measurable functions are measurable, we have
o* > 0. If a* were a limit ordinal, we would get

Voo = |J Vs € U LO(Opt(#):R) = L(Opt(Z )i R).
BEa* BEa*

which contradicts the definition of o*. If a* were a successor ordinal, there would be v € tv; with
a® = v+ 1. Hence, if £ € V,~, then there is a V,-valued sequence (&n)nen with € = lim, 00 &y
pointwise as n — oo. By definition of a* and v, &, € L°(Opt(Z);R) for all n € N. As pointwise
limits of real-valued measurable functions are measurable, £ would be measurable again. This would
prove that V,- C L°(Opt(.#); R), contradicting the definition of a*. As non-zero ordinals are either
successors or limits, we conclude that the claim must be correct.

(Step 2): Let
P ={M € Opt(F) | 1a1 € Voo, }-
Using Dynkin’s 7m-A-theorem, we show that 2 = Opt(.%).
First, we show that & is a Dynkin system. Note that
(T x ) = 1]0,00)) + 1({cc} x Q) € Vo C Vi,

whence T x Q € 2. Moreover, if My, M1 € @ with M, C M;, then there are ag, a1 € toy such that
1(My) € V,, for k=0,1. Without loss of generality, ag < ay. Hence, My, M1 € V,,. As V,, is an
R-vector space, we infer

L(My \ Mp) = 1(M1) — 1(Mo) € Va, € Vi,

whence M\ My € 2. Next, let (M, )nen be an increasing sequence valued in 2 and M = J,, .y My
Then, there is a sequence (o )nen valued in tog such that 1(M,) € V,,, for all n € N. Let

Q = SUp,,cy O, an element of tv; again. Then, 1(M,,) € V, for all n € N. Hence,
1(M) = ILm 1(Mn) € Va+1 - le,
whence M € 2. We have proven that Z is a Dynkin system.

Second, we show that 2 contains an intersection-stable generator of Opt(%#). By definition,
Vo contains 1y, for any M € &, where ¢ is the intersection-stable generator of Opt(%#) from
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Equation A.13.7 We infer that 4 C 2. Thus, 2 contains an intersection-stable generator of
Opt(F).

Third, combining these two intermediate results implies that 2 = Opt(.%), by Dynkin’s m-A-
theorem.

(Step 3):  We now show the inclusion “C” Let ¢ € L°Opt(Z);R). Then, by basic
measure theory, there is a Opt(F)-valued family (M, x)nen, kefo,....ny and a real-valued family
(xn,k)nEN,kE{O,.“,n} such that with

En = an,k 1(Mn,k)a n e N,
k=0

we have &, — £ pointwise as n — oco. For each pair (n, k) € N? with k < n, there is a, x € t01 such
that 1(My, k) € Va, ., by Step 2. Let o = sup,, y)en2: k<n Onk, Which is an element of w;. Hence,
for all n € N, &, € V,,. Therefore, £ € Voi1 C Vyy,. O

Proof of Corollary 2.19. Without loss of generality, we may assume that ¥ = R. We say that a
map &: T x  — R has Property P iff there is o € to; such that for all t € T with 7(t) > « and all
w e N, &(t,w) = &((p(t),@),w) holds true. Now, for any v € to; + 1, we make the following claim
C(7v): any £ € V., has Property P. Using Proposition 2.18, the corollary is just the special case of
C(ml)

If C(y) were not correct for all v € ty + 1, then there would be a minimal v € w; + 1 such that
C(7) is incorrect. Denote this hypothetical minimum by ~*.

(Step 1): We claim that if £€1,£2: T x Q — R are maps having Property P, respectively, then
for any x1,z2 € R, the linear combination & = &' + 2262 does so, too. Indeed, let ay,as € 07
be such that for both k = 0,1, all t € T with 7(¢) > oy and all w € Q, &¥(t,w) = EF((p(t), ar),w).
Then, let o = a; V o, which is an element of ;. Then, for all ¢t € T with 7(¢t) > « and all w € Q,
we have

E(t,w) = 1€ (t,w) + 2262 (t,w) = 21€ ((p(1), @), w) + 2267 ((p(2), @), w) = E((p(F), k), w).
Hence, ¢ has Property P.

(Step 2):  We claim that if (€"),cy is a family of maps T x @ — R having Property P and
converging pointwise to a map &, then £ has Property P as well. Indeed, let (a,)nen be a wi-valued
sequence such that for all n € N, all t € T with 7(¢) > a,, and all w € Q, "(t,w) = £"((p(t), an),w)
holds true. Let o = sup,,cyy @, which is an element of tv; again. Then, for all ¢t € T with 7(t) > «
and all w € Q, we get:

E(tw) = Tm €"(tw) = lim &°((p(t),a),) = £((p(t). @), )
Thus, ¢ has Property P.
(Step 3): C(0) is correct, so that v* > 0. Indeed, if £ = 1[0, 7)) for an .#-optional time 7, then
o7 < afor some a € wy. Now, for (t,w) € T x Q we have

t < T(w) = p(t) < por(w) or (p(t) =porT(w)and w(t) <mo T(w))}

If 7(t) > «, then the right-hand side is equivalent to p(t) < p o 7(w). Hence, if 7(t) > a, t < 7(w)
iff (p(t), ) < 7(w); in other words:

f(t, UJ) = f((p(t), a)a W)'
67Recall that the only non-trivial assertion to verify in order to prove intersection-stability of ¥ is that the

pointwise minimum of two .Z-optional times o, T is an .#-optional time again, because [0,0)) N [0, 7)) = [0, A T)).
But this follows from Proposition 2.10, Part 4.
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If § = 1({oo} x E) for E € F, then {(t,w) = {(p(t),w) for all t € T; here, @ = 0 does the job
already. Moreover, by Step 1, the set S of maps T x 2 — R having Property P is an R-vector
space. As S contains all maps of the form given in Equation 2.6, S contains the R-vector space

generated by them, namely Vy. Hence, C(0) is correct and v* > 0.

(Step 4): If v* were a limit ordinal, then for any £ € V.-, there would be § € v* with §{ € Vj.
As C(p) is assumed to hold true, £ would have Property P. Thus, any element of V.- would have
Property P, i.e. C(v*) would be correct — a contradiction to the definition of v*. If v* were a
successor ordinal, there would be 8 € v* with v* = f 4 1. Then, for any £ € V,+, there would be a
Vs-valued sequence ()nen converging pointwise to £, by construction of the hierarchy. As 8 < %,
all members of that sequence would have Property P. Hence, by Step 2, £ would also have Property
P. Thus, all elements of V- would have Property P, i.e. C(y*) would be correct — contradicting
again the definition of v*. As a non-zero ordinal is either a limit or a successor, we conclude that
Claim C(y) is correct for all v € oy + 1. O

Tilting convergence.

Proof of Lemma 2.26. (Ad grid property, last sentence): Represent £ as in Equation 2.5, for suit-
able o € w1, 75 and &7, B € a + 1. Define G: (a +1) x @ — T by G(0,.) = 0, Equation 2.7 for all
B € aandw e Q, and G(v,w) = supge, G(B,w) for all limit ordinals v € a + 1 and w € Q.

Then, by transfinite induction, we infer using completeness, the Début Theorem 2.12, and Pro-
position 2.10 (Part 5), that G(f,.) is an .F-optional time, for any 8 € a + 1. By construction,
G(B,w) < G(v,w) holds true for all 8,7 € a+1 and w € Q with G(8,w) < 0o because £ has locally
right-constant paths. Moreover, using transfinite induction, again, we see that, for all 5 € a + 1,
we have 75 < G(f,.). In particular, co = 7, < G(a,.). Thus, 7¢ = G(a,.) = co. Hence, G is
an %-adapted grid. It follows directly from the definition, using transfinite induction, that G is
classical if € is so.

(Ad representation): Let

¢ =&eopriglrd]+ ) &-¢ o prig 17§, 7§¢1);
Bea
and let M = {¢ # ¢'}, an F-optional set, by Corollary 2.9 and completeness. As both & and &’
have locally right-constant paths, the Début Theorem 2.12 implies, together with completeness,
that Dy is an % -optional time. We show that Dy, = co. We do so by showing the claim (C1)
Dy > TBG for all 8 € o+ 1, using transfinite induction. Inserting § = « into (C1) then yields
Dy > oo, whence Dy = oo. (C1) holds true for 8 = 0 because 7§ = 0.

Suppose that (C1) holds true for 5 € , and let w € Q. If we had Dy(w) < 7§, (w), then,
using local right-constancy of paths, the induction hypothesis, and the definition of &', &p,, (w) #
§p,, (W) = fTé; (w). Thus, Tg(w) < Dy(w) < Tg+1(w). As ¢'(w) is constant on [Tg(w),TE_H(w))T,
this would imply that {p,, (w) # 'p,, (W) = f’TBG (w) = ETg; (w), whence the contradiction ’7'5G+1 (w) =
G(B+1,w) < Dy(w) < 7311(w). Therefore, Dys(w) > 78, ().

For all limit ordinals v € o+ 1 such that (C1) holds true for all § € v, we have Djys > TﬂG for all
B €, and thus Dy > supge, 75 = 77, because G is an .F-adapted grid. The proof of claim (C1)
for all § € a+ 1 is complete, and we infer Djy; = oo.

By definition of &', we have ¢’ = ;6 = £o. Thus, Dy = oo implies that M = () which is
equivalent to & = &'. O

Proof of Lemma 2.27. (Ad Part 1): As a subset of a well-order, {8 € a, | Gp(5,w) > t} is itself
well-ordered, and therefore, by basic well-order theory (see, e.g., [71, Lemma 10.1]), there is a
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unique ordinal §"(¢,w) admitting an order isomorphism
Pt w): 6 (t,w) — {B € an | Gn(B,w) >t}
and " (t,w) is uniquely determined by the requirement that, for all 8’ € 6™(t, w):

G (1w)(8) = min{B € an | Ga(B,w) = 1)\ [PU"(£,w)](8));

that is, " (t,w)(0) = min{B € a, | Gn(B,w) > t}, V" (t,w)(F + 1) = Y™ (t,w)(8') + 1 for all
B € 6 (t,w) with g’ € §"(t,w), and " (t,w)(y) = SUD gy " (t,w)(B’) for all limit ordinals
v € §™(t,w). P"(t,w) can be extended to §"(t,w) + 1 by letting ¥"(t,w)(6™(t,w)) = an. As
Gp(an,w) = oo > t, this yields an order isomorphism ™ (¢,w) as claimed. From the recursion
above, we infer that ¢ (¢,w)(8") = Y™ (¢, w)(0) + 8 for all B’ € §"(t,w) + 1.

Uniqueness of the isomorphism follows directly from what has been shown before, by basic well-
order theory. We give an argument here for the reader’s convenience only. For this, consider an
arbitrary order isomorphism f: 6"(t,w) +1 — {8 € a, +1 | G,(B,w) > t}, and let S = {f' €
0" (t,w)+ 1] f(B') # " (t,w)(0) + B'}. If S were non-empty, it would have a minimum Sy. There
would be 1,02 € 6"(t,w) + 1 with f(B8o) = ¥"(t,w)(0) + B1 and Y™ (t,w)(0) + o = f(B2). In
particular, £, 82 > By, and

f(Bo) = " (t,w)(0) 4 B1 > " (t,w)(0) + Bo = f(B2),
implying the contradiction By > .

(Ad Part 2): Let n € N. There is an order-embedding j: a,, + 1 < a,41 + 1 such that G,, =
G110 (j xidg). Hence, if (8,w) € (o +1) x Q is such that G, (8,w) > ¢, then G, 11(j(8),w) > t.
Therefore, for any w € Q, {8 € ay, +1 | G, (B,w) > t} can be order-embedded into {8 € apt1 +1 |
Gri1(B,w) > t}. Via the order isomorphism from Part 1, 6"(¢,w) + 1 can be embedded in to
"t (t,w) + 1, whence 6™(t,w) + 1 < 6" 1 (t,w) + 1 which implies " (¢,w) < §" (¢, w).

Regarding the second claim, as a supremum of countably many countable, non-zero ordinals,
0(t,w) is countable and non-zero. O

Proof of Lemma 2.32. Let n € N, (t,3,w) € T x Q with 8 € 6"(t,w) + 1. For all By € a,, + 1 we
infer, using that G,, is an %#-adapted grid:

P"(t,w)(0) = fo
= (T,Bcon (w) >t, VB' € Bo: Tg" (w) < t)

t=0, if Bo =0,
- TﬁCin(w) >t> Tg,)”(w), if By = B + 1 for some J} € toy,
TS (w) =t, if Bp € L(On).

Hence, in view of Lemma 2.27, we get:
& (Gl (t.w)(8),0),0)
= & (Gulv" (t,w)(0) + B w),w)
= Y e @{E"(1w)(0) = o)
Bocan+1 O*7

= €. () 1[0](+,0.)

+ Y e @IS TS 0,0)

7Cn
1
BoCam+1 Bo+1+8
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+ Z e, (W) 1[[7’365,"]](75’ 0,w).
Bo€(ant1)nL(On) O0FF

]

Proof of Proposition 2.33. Let T be an %-optional time. By definition, there is a € t; with
moT < a. We choose « to be a limit ordinal. This is possible because, if necessary, we could replace
« with the ordinal o/ = sup{a+ | 8 € tv}. Clearly, the updated bound then satisfies o’ € tv; and
moT <.
(Construction of (Gy,)nen): For any a,b € Ry with a < b, fix a continuous order embedding
hap: o = [a, b)ﬁ such that:
— hap(0) = a;
~ SUPgeq hap(B) = b;
— SUPgeq (ha,b<ﬁ + 1) - ha,b(ﬂ)) < IFTG Al
For any n € N, define a,, € tv; and an order embedding g,,: (a,, +1) — R, recursively as follows.
Let ag = v, and go be given by go(8) = ho,00(8) for § € a and go(a) = co. Further, let n € N and

suppose that «,, € to; and g,: (o, + 1) = Ry is an order embedding. Define g,,11 as follows. Let
Jn+1: an X @ — R4 be given by
§n+1(503 6) = hgn(ﬁo)ﬂn(ﬂo-‘rl)(ﬂ)'

Equip «,, X a with lexicographic order. Then, g, 1 defines a continuous order embedding and «, X @
defines a well-order. Therefore, the latter is order-isomorphic to a unique ordinal «,,y1, and it is
countable, thus a,, 11 € t07. As a consequence, §,+1 induces a continuous order embedding o, 11 —
R, which we extend to an order embedding g, +1: (n,t1 + 1) — Ry by letting g,41(ani1) = oo
It is clear from this construction that the sequence (Gy,)nen given by

Gni(an+1) x Q= T, (Bw) = ga(f), ne€EN,

defines a refining sequence of classical, deterministic grids. Moreover, it is convergent, since — by
choice of the family (hqp)a,s — we have A(G,,.) < 27" for all n € N*.

(Construction of (§")pen): Let n € N and, for any w € €,
on(w)=nf{f €a,+1]|por(w) <gn(f)}+mor7(w).

Upon extending g,, to 1 by g,(8) = oo for S € (ap, 01)w,, let 7, = gn 0 0y, and " = 1[0, 73,)).
We show that 7, is an %-optional time. As r o7, = 0, im7, C img,, and g, has countable
image, it suffices to show that {7, =t} € % for all ¢t € im g, \ {co}. This follows once we show
that {0, = B*} € F,, (g+) for all f* € a,.
Let (1, B2 € to1. Then, we have the following equivalences:

f{8 € o +1|po7(w) < galB)} = fr, mo7(w) = b
& B e B ((9a(8):82) < T(@) < (gn(B1). B2)), w0 () = Bo.
Hence, for 5* € a,,,
{on =8}

= U NH@uB).82) <7(w) < (9n(B1), B2)} N {moT =B} € Fy (50,

B1,82€w1: BEPR
B1+B2=8"

because (g,,(51),82) < gn(B1 + B2) in T for all By, 32 € w1, and 7 is an .Z-optional time. Thus, 7,
is an .#-optional time.
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As 7, is an .Z-optional time, £" is .Z-optional. As 7, is R} -valued, £" is classical and very simple,

and, by construction, the grid G,, is compatible with ™. It remains to show that (" | Gy,) N 1[0, 7))
as n — oo.

(Ad Convergence): Let (t,3,w) € T x Q with 3 € v(¢,w), and let n € N be large enough such
that f € 6"(t,w) + 1. Then, " (Gn(w”(t,w)(ﬂ),w),w> = 1iff G,(Y"(t,w)(B),w) < 7™ (w). By

definition of G,, and 7", the latter is equivalent to g, (¢¥"™(t,w)(8)) < gn(on(w)). By definition of g,
and because 9" (t,w) maps into a,, + 1, this is equivalent to ¥ (t,w)(8) < op(w). By Lemma 2.27,
and by definition of ¢,,, this is equivalent to

(A.14) inf{B € a, +1|g(f') >t} + B <inf{B € a,+1|gu(f)>por(w)}+mor(w).

If (t,8) > 7(w), then, by construction of (Gj)ren and the fact that m o 7 < a, there is N € N such
that for all integers n > N Inequality A.14 is not satisfied. Thus, in that case,

& (Gn" (tw)(B)w),w) = 0=1[0,7)(t,B,w),  asn - oo.

If, conversely, (¢, 8) < 7(w), then, again by construction of (Gj)ren and the inequality mo 7 < «,
there is N € N such that for all integers n > N Inequality A.14 is satisfied. Thus, in that case,

& (Gn" (tw)(B)w)w) =+ 1=1[0,7)(tB,w),  asn—oo.
Furthermore, note that v(t,w) > « for all (t,w) € Ry x Q, by construction of (Gg)ren, and
!

(
y(0o,w) > 0 for all w € Q by the general construction of v. Hence, for (¢,3,w) € T x Q with
B & v(t,w), we have § > a. As a consequence, 1[0, 7))(t, 3, w) = limg st ..y 1[0, 7))(t, B',w), since
~(t,w) is a limit ordinal and y(¢,w) > o > 7o 7(w).
We conclude that (" | G,,) 5 1]0,7)) as n — oo. O

Proof of Theorem 2.34. As any Polish space Y can be measure-theoretically embedded into R,
we can suppose without loss of generality that ¥ = R. For any two .#-optional processes &,&’
valued in R, the process £: T x Q — R?, (t,w) — (& (w), £/(w)) is again Z-optional because for all
B, B’ € %g, we have
§NBxB)=¢1(B)NE (B € Opi(F).

Thus, for any continuous — and a fortiori Borel-measurable — f: R?2 — R, £ = fof is .F-optional.

Furthermore, pointwise addition and scalar multiplication with A € R can be described by the
continuous map R? — R, (x,y) — Az +y. With this, the theorem is a direct consequence of
Lemma 2.16 and Proposition 2.33, together with the fact that, for any .#.,-measurable, real-valued
random variable £°°; the process £ o prj(, 1[oc] is a classical, very simple .%-optional process. [

A.3. Section 3.
Information sets, counterfactuals, and equilibrium.

Proof of Proposition 3.4. (Ad Part 1): Let V be the set of (Z50&®{0, IB%T})\/Prd(%“)—measurable
f:TxW — R such that for t € T, w € Q, and h,h' € BT with h|[0’t)ﬁ = h’|[0’t)ﬁ, we have
f(t,w,h) = f(t,w,h'). Let V;, C V be the subset of bounded f € V.

V; is clearly stable under pointwise addition, multiplication, and real scalar multiplication and
contains all constant functions. It remains to show the Claim (CL1) that V; contains the functions

1y for all M € Gi, k = 1,2, for an intersection-stable generator G, of P ® & ® {QL]B%T} and
an intersection-stable generator Go of Prd(2#%). Indeed, if such Gy, k = 1,2, exist, then we may
assume that they contain T x Q x BT. Under this assumption, G = {M NN | M € G;, N € Gy}

68That is, there is a measurable injection ¢: Y — R with measurable image, and a measurable inverse imp — Y.
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defines an intersection-stable generator of (Zz®& @ {0, B'}) VPrd(#"). Then, as V, is stable under
multiplication, 15 € V} for all G € G, and products of such indicators are again in V},. Moreover, it is
clear that V is closed under pointwise convergence and the limit of a Vj-valued pointwise converging
sequence (f)nen such that 0 < f,, < C for some real constant C' > 0 is again bounded. Hence,
using the functional monotone class theorem and Claim (CL1), we infer that V' equals the set of all
(706 {0,B"}) VPrd(#")-measurable f: TxW — R. As Opt(£®{0,B"}) C Z=@&{0,B"},
and as we make Assumption (C), the claim of the proposition’s first part follows.

We prove Claim (CL1). For this, let t € T, w € Q, and h,h’ € BT. First, let T' € Y5, E € &, and
f=1(T x E xBT). Then, for all t,w, h,h’ as above, we have f(t,w,h) = f(t,w,h’). Thus, f € V.
Next, let H € 7 and f = 1({0} x H). By Assumption (A), there is E € & such that H = E x B".
Then, again, for all t,w, h, h' as above, we have f(t,w,h) = f(¢t,w,h’). Hence, f € V,. Next, take
an J#*-optional time o and let f = 1[0, 0]. If t = 0, then f(t,w,h) = 1 = f(t,w,h’). Suppose that
t > 0. We have {f; =0} = {o < t}. As w oo is bounded above by some fixed countable ordinal,
there is a countable subset @ C [0, )7 such that

{fi=0t={o<t}=|J{o<u}
ueEQR
Let w € Q. Then, we have {0 < u} € J;. Hence, by sPF Axiom 1, using the notation from
Definition 3.1, there is H,, € J, with

1o < u}(w, h) = 1(H,) (@, projig (1)) = 1(H) (@, projjo.uy. () = 1o < u}(w,A),
because u < t. Thus, fi(w,h) = 1—sup,cq H{o < up(w,h) = 1-sup,cq Ho < up(w,h') = fi(w,h').
Thus, f € V. Furthermore, if 7 is another 7*-optional time, the minimum 7 A o is as well by
Proposition 2.10, and as V4 is stable under differences, we also get that f = 1((o,7] € V;. This
proves Claim (CL1).

(Ad Part 2): Let 7 be an optional time for i and let x, X’ be state processes such that there is
N € ¥ satistying, for allw € Q\ N,

X‘ [0,7%(w,x(w)7 — X/|[(],'r'i (w,x(w))z+

Hence, by Part 1, any w € Q\ N, any .#-measurable f: T x W — R and any ¢ € [0, 7% (w, x(w))]=
satisfy

(1) F(tbw (@) = ftw ¥ @),
Whence, x ~; i X'

(Ad Part 3): Let 7% be an optional time for i and let x, X’ be state processes that are left-
continuous at all u € T with m(u) = oy such that x ; ;+ xX’. We make Assumption (B). There is
N € . such that for allw € Q\ N, all t € [0,7"(w, x(w))]7, and all .Z*-measurable f: Tx W — R,
Equation (x) is satisfied.

As Prd(#%) C .47, it suffices to select some embedding of measurable spaces ¢: B < [0, 1],5
and to show the intermediate claim that for all u € T with 7(u) < vy, the map

poh(u), ifu<t,

O TxW =R, (t,w,h)»—>{ )

, else,

is #"-predictable. Indeed, then we infer that, for all w € @\ N and u € [0,7"(w, x(w)))F with
m(u) < wy, it holds true that x(u,w) = x'(u,w). By the left-continuity assumption, this extends to
all u € [0, 7 (w, x(w)))7-

69That is, ¢ is Borel measurable, injective, has Borel-measurable image, and Borel measurable inverse im ¢ — B.
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For the proof of the intermediate claim above, fix u € T with 7(u) < ;. Then, {f* = —-1} =
[0,u] € Prd(s#*). Moreover, for any Borel set B € $g with —1 ¢ B,
u, if poh(u)€ B,

" W =T, (w,h) — {
oo, else,

is clearly an #*-optional time, in view of Assumption (B). As
{f* € B} = ((o“,0c] € Prd(#"),
f* is ##"-predictable, and the proof of this part of the proposition is complete.
The final statement of the proposition follows directly from the last two parts. O

Timing games.

Proof of Lemma 8.9. (Ad 7p): Let b € B. As z has locally right-constant paths, we have, for all
(t,w,h) € [0,7)), h(Tp(w,h)) = 27,(w, h) < b and h(t) = 2(w,h) > b. Hence, by definition of W
and the upper vertical level, m o 7 (w, h) < a. Moreover, for all t,u € T with u <t, and § € vy, we
have

{Tb Sua TOTh :ﬁ}
= (Q x {h e BT | v € [0,ul5: (h(v) < b,V € [0,v)5: h(v') > b,7(v) = ﬁ)}) nw
= (ide x projjg 4 ) (H) N W,

for some subset H C Q x B!z, Hence, by definition of 7, 1, is an # " -optional time.

(Ad 7,): We clearly have 7y = 77 . In the following, we suppose that b # 1. Let w € W.

Then, z;, (w) < b < z_-(w), because z has locally right-constant paths. Hence, if 7(w) = (¢, 3)
. b
for some t € Ry and 8 € 1oy, then 7, (w) = (¢, +1). As 7o 1p(w) < «, we infer that 7, (w) =

(pomp(w),momp(w) +1). Hence, [0,7, ) = [0,7], and mo7, =7mom+1<a. Lette T and
B € wy. We have {r,” <t, mor, =} =10, if 3 is not a successor ordinal or if ¢ = 0. Else, there
isy €y with 8 =~v+1and ¢t > 0. If 7(¢) is a successor ordinal as well, there is 6 € w; with
m(t) = § + 1, whence

{ry <t,mory =By = {7 < (p(t),6), mo T = 7} € Ay ) C A7

. . . . . . —N
If 7(t) is not a successor ordinal and ¢ > 0, then there is a strictly increasing sequence (uy )peny € T
with u, t. Hence,

{ry <t,mor, =p}= U{Tb < Up, TOTp =7} € \/ A C A
neN neN
Thus, 7, is an & i_optional time with the claimed properties.
(Intermediate result): Let b € B and
T<p = inf{t € T | 2, < b}.
As z is decreasing, we have, with | b= {b' € B | b’ < b},

Tep= Inf 7.
b7 welb\by ©

As an infimum of a finite number of J#-optional times, this is again an J#*-optional time by an
application of Proposition 2.10, Part 2.10.
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(Ad 2): Then, as z has locally right-constant and componentwise decreasing paths, for any
b € B, we obtain the representations

(%) {Zb}{[[Tb,OO]]7 if b=0, {Z_b}{[[o,m,]L ifb=1,

[76, T<b)), else, (to, 7<b], else.

Hence, z is J#*-optional and has upper vertical level smaller than or equal to o, and z_ is J#"-
predictable and has (upper) vertical level smaller than or equal to « (if « is a limit ordinal, re-
spectively). Let 8 € o and h: T — B be given by h(t) = 1 for ¢ € [0, (0, 8))7, and h(t) = 0 for
t € [(0,0),00]5. Then, for any w € Q, we have (w,h) € W. Plugging in (w,h) into z and z_ for
all 8 € a shows that z has upper vertical level o and that z_ has (upper) vertical level « (if « is a
limit ordinal). O

Proof of Lemma 3.10. The map f# is well-defined because for any (w,h) € W, (w, f(w,h)) € W.
Using Theorem 2.6, Corollary 2.9, Theorem 2.12, and the completeness assumption on the data
AV, we infer that f is a simple #V-optional process of the form

ft(w) — {g‘rk(w)7 i it,:wo)oe [[Tk,’rk_,_l)) for k = 0, ey |I|,

for #V-optional times 7o, ..., 7 with 0 =79 < --- < 7741 = 00.
(First step): Let idg xf denote the map W — W, (w, h) — (w, f(w, h)). We show that, for any
t € T, idgxf is "-,"-measurable. By basic measure theory, using universal completeness of
(W, Y, V), it suffices to show that it is Y- -measurable for all i € I, with the notation
from the definition of the data F. B B
Leti € I, E € %, Then, (idg*f) ' (ExBT) = ExBT € J#Y. Next,let t € T\{0},i€ 1, E ¢
Fl,neN for t=1,....n, (us,by) €[0,t]z xB,and B={h € BT |Vl =1,...,n: h(us) = by}.
Then, for H; = F X B,
_ n 1]
(idg *f) " (Hy) = (ExBT)n ) ( U{w e W | 7(w) < ug < miesr(w), fr, (w) = be}
=1 k=0

U{w€W|’LLg=OO,bg=0}>
is an element of %4". Finally, let again t € T \ {0}, 8 € tvy, and b € B. Let

1, if t =0,
fr(w), else,

and op = inf{u € T | fu < b}. Then, Theorem 2.12, local right-constancy and optionality of
f as well as the completeness assumption on SV imply that op is an #Y-optional time. For
H; ={m <t, mom, =}, we infer that
(idg *f) 1 (H;) = {op < t, To0op = B} € K.

We conclude that idg xf is JV-5#,"-measurable.

(Opt(sY)-Opt (" )-measurability): Now let 7 be an #V-optional time and let 7/ = 7o
(idg xf). There is a € 1 with 7 o7 < a, whence 7 o7/ < a.. Moreover, for any ¢t € T and 3 € tvy,
we have, using the first step’s result,

{rf <t,mor! =B} = (idoxf)'({r <t,mor=p}) € 4.

f:TxW =B, (t,w)n—>{

Hence,

(fF)~H([0,7)) = [0,77)) € Opt(2").
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Moreover, for any E € .., we have (idg *) "} (E) € S by the first step, whence
(f7) " ({oo} x E) = {00} x (idoxf) " (E) € Opt(H#").

This completes the proof of Opt(V)-Opt (Y )-measurability.

(Prg(V)-Prg(AV )-measurability): Let M € Prg(s#V) and t € T. Then, M N [0,t] €
P ® A, whence

(fF)~H (M) N [0,4] = [idg x (ide xf)] (M) N[0, ¢]
= [idz x (ido*f)]""(M N [0,t]) € Pz 4",

because idz x (idg *f) is Pz® 4]’ - P54, -measurable by the first step and basic measure theory.
This proves Prg(#"")-Prg(s#" )-measurability. O
Proof of Lemma 3.11. (First step): As x is % V-optional, it is .% ¥-adapted (this follows from Corol-

lary 2.19). Using this and the fact that .#" is universally augmented in &, applying methods similar

to those employed in the proof of Lemma 3.10, one proves that idg xx is ﬁtv—%i’o—measurable for

any i € [ and t € T. Hence, it is .%,-#,Y-measurable for any ¢ € T, by basic measure theory and
the universal completeness of (Q, &, .FV).

(Second step): Let T be an ##V-optional time, and 7X = 7o (idg *x). Then, it follows from the
first step, in a way completely analogous to the proof of Lemma 3.10, second step, that 7X is an
ZV-optional time. Hence,

[idg x (ide *x)] ([0, 7)) = [0,7X)) € Opt(F").
Moreover, for any E € ), we have (idg xx) " (E) € .Z, by the first step, whence
lid= x (idg *x)] " ({oo} x E) = {o0} x (ido*x) ' (E) € Opt(F").
Thus, [ids x (ido *x)] is Opt(#")-Opt(7")-measurable. As a consequence, the composition 7 o
[idz x (idg %x)] is Opt(F")-Zp-measurable, i.e. F"-optional. O
Proof of Theorem 3.12. (Ad “F is sPF”: basic properties of the data): Any (§,x) € W satisfies

(w, x(w)) € W for all w € Q. Moreover, for all i € I and t,u € T with ¢ < u, it follows readily from
the definition that 7 is a o-algebra on W and that we have M0 C A, which proves that 7 is
a filtration. Moreover, .Z} ® {0, BT} C 2, for all t € T; hence, Prd(#%) C .#* C Opt(#"). Tt
remains to show the Axioms in Definition 3.1.

(Ad Axiom 1): This axiom is satisfied by construction.

(Ad Axiom 2): Let x be such that there is £ with (§,x) € W and i € I. x is . V-optional, hence
-adapted. Thus, for any ¢ € I, all

H, € F! ® @]éo’t]f ® {0, B&=lF} |y,

satisfy (idgxx) 1(H;) € ZY C &.

Letie I, t €T, B €w;. For any state process ¥, let
_ 1 ift=20
VTxQ B, (fw) {0 ! :
xt(w), else,
and MY = {(u,w) € T x Q| X(u) < b} and Dys be the début of the set MP. By construction, X is

left-constant at all u € T with 7(u) = tv;. Moreover, X is also right-constant at all those u. Thus,
as Z "V is universally augmented in the universally complete o-algebra &, D M is an % Y-optional
time, by Theorem 2.12. Hence,

(idoxx)"'({m < t, momy = B}) = {Dapp < t, mo Dy = B} € F C 6.
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We conclude that for i € I, idg *y is &-7#5"-measurable, with 525° as in the definition of the
data F. As & is universally complete, basic measure theory implies that idg xy is also &-2%1-
measurable, because 251 = [#750]Y] as in the definition of the data F. As #. C 51 we infer
that, in particular, idg xy is &-2% -measurable.

(Ad Axiom 3): This is evident because £ = x for all (£, x) € W. We conclude that F is an SPF.

(Ad Axiom 4): This axiom is satisfied by construction.

(Ad well-posedness): Let s €S, i € I, 7' be an optional time for 4, and ¥ be a state process.

We now define two sequences (0, )nen of #V-optional times o,,: W — T with 7o 0, < a for
all n € N and (n")nen of right-continuous, decreasing .##V-optional processes n": T x W — B
with upper vertical level smaller than or equal to o and 0, = 0, satisfying the following “extra
properties”, for all n € N:

1. If n > 0, then 0,1 < 0, and, for all w € {o,,—1 < o0}, we have 0,1 (w) < o, (w).

2. If n > 0, then s, (4, (W, n" (W, h)) < N (w,h) (w, h) for all (w,h) € W with o, (w,h) < c0.

3. If n > 0, then for all t,u € T and w € W with (t,w), (u,w) € [on-1,0n)), we have
i (w) =y (w) and |nf(w)y < [I] —n+ 1.7

4. If n > 0, then we have 0" o, 1) =1"l[0,0n_1)-

1" [[0.00) = 1°[0,00)-
6. For all (t,w,h) € oo, 0y,)) we have

n?(wa h) = St(wa 77”(007 h))
Let 0p = 7* and n° = 2. By construction, oy is an J#V-optional time, and 7° is right-continuous,
decreasing and 5#"V-optional. Moreover, n, = 0 by assumption. The extra properties above are
clearly satisfied for n = 0.

Now let k € N and 0, and n™ with the claimed properties be given for all n = 0,..., k. Let, for
any t € T and (w,h) € W:

o

nk(w, h), if (t,w,h) € [0,0%)),
anrl(w’ h) = Sﬂk(w,h)(wvnk(wah))v if (t,w,h) € [[O'k,OO)),
0, else,

0k+1(w7 h) = inf{t 2 Uk(w’ h) | St(wank+1<w> h)) # anrl(wv h)}

With the notation from Lemma 3.10, Tx W — B, (t,w, h) + s;(w,n*(w, h)) equals the composition
s o (n*)”, and, by that lemma and the induction hypothesis, it is .##V-progressively measurable.
Therefore, using again the induction hypothesis, completeness, and Corollary 2.9, we obtain that
[so(n*)#]s, is H, -measurable and " is a (simple) #V-optional process. Moreover, n*! clearly
has right-continuous and decreasing paths, because s;(w,h) < h(t—) for all (t,w,h) € T x W.
Moreover, nf+1 = 0 by definition. As 7o 0}, < o and as s has upper vertical level smaller than or
equal to a, n**1 has upper vertical level smaller than or equal to .

Now we show that oy is an #V-optional time with 7o o1 < a. As n**! is J#V-optional,
so (n*+1)# is J#V-progressively measurable, by Lemma 3.10. In particular, both s o (n*+1)# and
nk+1 are s#V-progressively measurable. 1! is left- and right-constant and s is left-constant at all
u € T with m(u) = ;. If we had mooy 1 (w, h) = vy for some (w, h) € W, then op41(w, h) < oo and
(so(n** 1) #) g, (w, k) = kL (w, h). Using local right-constanty of n*** and the fact that the paths

= n”k+1
of s are lower semicontinuous from the right, we see that there would be ¢ € I such that, forany ¢t € T
with o441(w, h) < ¢ and infinitely many u € (oj41(w, k), t)=, we have (s* o (f*t1)#),, . (w,h) =0
"OHere, |.]1 denotes the L'-norm. That is, for b = (b%);c; € B, we have |b]; = Zz‘el |b?| = Zie[ b® which is the

number of components with value one, or game-theoretically speaking, the number of active agents.
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and (s* o (n*T1)#),(w,h) = 1. Then, choosing t sufficiently small so that n**1 is constant on
[0k41(w, h),t)5, there would be such u with

L= ("0 (") F)u(w, h) Syt (w, h) = ng L (w,h) = (s" 0 (") F)op, (. h) = 0

= no'k+1

— a contradiction. Hence, 7 o 041 < to;. Thus, by augmentedness of 57V and Theorem 2.12,
Ok41 is an #V-optional time. Moreover, as s and 7*T! have upper vertical level inferior or equal
to «a, the preceding inequality even implies 7o 041 < .

It remains to show the extra properties for n = k + 1. Property 1 follows directly from the
definitions of nk‘H and opy1; the fact that 7 o o < to; (of is an optional time by induction
hypothesis); and the equality

(T) sok(w,h) (OJ, 77k (wa h)) = sok(w,h) (OJ, 77k+1(w» h))a (Wu h) ew.

We briefly prove (1). For this, fix (w,h) € W and let t = oy (w, h), a deterministic optional time.
By Axiom 4 applied to t and 3 = 7(t), for all i € I, there is .#*-measurable 5 with 5 = si. By
definition, we have r]’“(w,iz)|[w)T = nk“(w,h)\[w)f. Hence, by Proposition 3.4, Part 1, all i € I
satisfy

Sz'k(w,h) (w, nk (w,h)) = 51 (w, nk (w,h)) = 51 (w, nk+1(w7 h)) = Sf)'k(w,h) (w, nk+1(w7 h)),

which proves ().

Regarding Property 2, let (w,h) € W such that oy 1(w, h) < co. By construction, n*+1(w, h) is
constant on [oy(w, h),00)7. By Property 1, just shown above, [0 (w, h), 0 y1(w, h))7 is non-empty.
Hence,

50k+1(w7h) (wa nk+1(w7 h)) S 775::1 (w,h)— (w7 h) = 775::1 (w,h) (w7 h)
Note that
(*) Sopi1(w,h) (wa nk+1(w7 h)) # 7],’::_:1 (w,h) (w7 h)a
because 7 0 041 < 01 as shown above. Thus, we get Sq, ,, (w,n)(w, 7" (w, h)) < nfj;:ll(w h)(w, h) as
claimed.

Regarding Property 3, by construction 7**! is scenariowise constant on [o,0%11)). Let (t,w) €
[ok,0rs1)). If k =0, then ™ (w)| < |I] = |I| = (k+ 1) + 1. If k > 0, then, by the induction
hypothesis on Property 2 (by the choice of (t,w), ox(w) < o), and by monotonicity of ¥, we have

1 ()1 =[Sy (@5 1 (@, AD|1 < 105, oy @ D)1 S 105, oy (@ D) < ] = k41

Hence, [nf ™ (w))y < || —k4+1—-1=I] - (k+1)+1.

Property 4 holds true for n = k 4+ 1 by definition. By Property 4 and the induction hypothesis
for Properties 1 and 5, we infer Property 5 for n = k + 1.

Regarding Property 6, first let (¢t,w,h) € [o0,0%)). Then, if 7(t) < to1, using the induction
hypothesis, Proposition 3.4 (Part 1) combined with Axiom 4 applied to the optional time ¢ and
B = m(t), and Property 4 for n = k + 1 which we have proven above, we get

nz{chl(w’ h) = 775(‘% h) = St(w7 nk(wv h)) = St(w777k+1(w7 h))

If 7(t) = roy, both n*+1(w, h) and s(w, n**+1(w, h)) are left-constant at ¢ by progressive measurability
of n**1 and s (Remark 2.2, Part 5). Whence, using the fact that 7 o oy < tv; and what has been
shown just before, we infer 7! (w, h) = s,(w, n**1(w, h)). Second, let (t,w,h) € [0k, ors1)). Then,
by definition of o1, we obtain

ﬂfH(Wa h) = St(wﬂ 77k+1(w7 h))

The construction is complete.
Next, let n. = |I| + 1 and n = n"+. We claim that:
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7. op, = 00.

8. Nljo,ri) = 2l[o,riy), and s¢(w,n(w, h)) = ni(w, h) for all (t,w, h) with 7%(w,h) <t
Suppose that there is (w,h) € W with o, (w,h) < co. Then, by Properties 1 and 3, n;’;*_ =0.
Property 2 then yields the contradiction s,, (. n)(w,on, (w,h)) < 0. Hence, 0, = oo. The second
claim now follows from the initial values of oy and 1°, Properties 5 and 6, as well as the convention
that seo = 0 = 7o

Let x = no (idgxx). By Lemma 3.11, y is .%"-optional. It is decreasing and right-continuous,

and satisfies xoo = 0. 7 = n™* has upper vertical level inferior or equal to a, and hence the same is
true of x. Hence, (x,x) € W. By construction of 7, for all w € Q, we have:

Xl @ x@)z = X7 (@ 3(@)5
SEXr k(@) ool = Xl (@)ool
where we used Property 8. We infer using Proposition 3.4 that x =, - X.
Let X’ be another state process such that x’' ~; ;i X satisfying s.x'(t,w) = x'(t,w) for all
(t,w) € [7° o (idg *x(w), 00]. As both x’ and y are .#V-optional with locally right-constant paths,

o =inf{t €T |x}; # x:}
defines an .#"Y-optional time with x/ # x, on {0 < co}. Hence, for all w € {o < 0o}, we have

X:; = (SLX/)G = (SLX)U = Xo>

again by a scenario- and componentwise application of SPF Axiom 4 combined with Proposition 3.4,
Part 1.7! Thus, {c < co} = 0. As X', = 0 = Xwo, We infer that x’ = x. The proof of well-posedness
is complete. ([l

Proof of Theorem 3.14. Note that, being an action process in F, every component of ¢ is an .Z V-
optional decreasing process valued in {0, 1} taking the value zero in time co. Hence, any component
is of the form 1[0, 0)) for some .ZY-decision time o, by Theorem 2.12 and universal completeness
of (,&,#Y). Then, the theorem follows directly from Proposition 2.33 in combination with
Remark 2.29. O

Proof of Theorem 3.15. (s is a strategy profile): Let ¢ € I. We start with proving all properties not
concerning measurability. Regarding lower semicontinuity from the right, let t € T be a right-limit
point, i.e. 7(t) = w1, and let (w,h) € W such that si(w,h) = 1. Then, t < 7(w). Hence, there
is u € Ry such that ¢ < u < 7(w), so that s*(w,h) is constant with value 1 on [t,u)z. Thus,
s® is lower semicontinuous from the right. Moreover, si(w,h) = 0 for all (t,w,h) € T x W with
7(t) > . Hence, s’ has upper vertical level inferior or equal to o = tvo + 1. By construction, we
have si(w,h) < hi(t—) for all (t,w,h) € T x W and s’ = 0.

It remains to verify J#*-progressive measurability and “local” .#*-measurability. We first show

that the map
o i,m(t) if w(t
FrTxW SR, (hw k) 0 @) i) <o,
-1, else,

is J'-progressively measurable. As f* is valued in {—1} U [0, 1]g, , it suffices to show that, for all
beR withb> —1 and u € T, we have {f* > b} € .#*. Let such b and u be given. Then, we have

{f' >0}

"INamely, for fixed w € €, o(w) is a deterministic optional time. For any 4 € I, there is .#*measurable 3° with

sf’(w) = §f7(w). Now, plug in both (w, x(w)) and (w,x’'(w)) and apply Proposition 3.4, Part 1.
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= J ™) T®y x {8)) x {v*¥ > 0} x BT € #-0 7 @ {0,B7}.
BEN

Now, we have
Pz Fi @ {0,B"} C Prg(F' ® {0,B"}) C Prg(#")
by Remark 2.2, Part 4. B
The map 7: W — T, (w, h) 7(w), defines an .F* ® {0, BT }-optional time because 7 is an

H
Z'-optional time. In particular, [0, 7)) € .Z".
Moreover, with B; o = {b = (b%);c; € B | b* = 0}, we have

mo=inf{tcT|z_=0}= bi%f Ty -
€bi o

For any b € B, o, 7, is an #*-optional time with [0, 7, )) € Prd(2#") C .#", in view of Lemma 3.9.
By Proposition 2.10, Part 4, infima of finitely many optional times are optional times. Thus, 7; ¢ is
an J#"-optional time. Moreover,

[0,7i0)) = ﬂ [0,7) €.#".

beB; o
Let us extend 7’ to a process

o I (w , ift < oo,
P Tx W (0,000, (o, h) v | 7O
, else.
As 17, seen as a classical process with time axis R, is ¥’-progressively measurable in the classical

sense, 77 is F' ® {@,BT}—optional and thus .#*-measurable in the sense of the present text. With
this, we get the representation

, . - , 7l
i = 1[0, 7; ~(10, 17, -1{Z> })
S = 100.70) - (100.7) + 107 00) - 1{ 1 > 1
from which we infer that s is A i—progressi\{ely measurable.
It remains to show that s* is “locally” .#Z*-measurable, for any i € I. For this let i € I, 8 € toy,
and 7¢ be an optional time for 4. Let

5 = 1[0,7:0) - (1[0, 7) + 17, 00) - 1{v"* > T Bem}).

L+

As v"P seen as a process constant in time, is .Z' ® {(Z),IB%T}-optional and thus .Z‘-measurable,
combining with the measurability properties of the other relevant processes in the definition of §*,
we infer that 5' is .#"-measurable. Moreover, we have s!; = 5';, on {7 o 7" = (3}, as wanted.

(Construction of Pr): Let IT = (257", /{i’Ti,piyp, P p)p=(iv)epi, ier be given as follows:

— for any i € I and any optional time 7¢ for 4, 227" is the coarsest (i.e. two-element) o-algebra
on P (7');

— for any i € I, any optional time 7° for 4, any p € P(7?) and E € &, let &7 (E,p) = P(E);

— for any i € I, any optional time 7° for i, any p = (7%,1) € P'(77), let P, be the coarsest
(i.e. two-element) o-algebra on r;

— for any i € I, any optional time 7¢ for i, any p = (7¢,r) € Ri(?), and any w € Q, let
pip(w) =O0ut*(s | 7%, %) for x € 1.
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IT clearly defines a belief system and U = (ujp)icr, pespi With w;p = u; obviously defines a taste
system in the sense of Definition 3.6. # is a o-algebra on W.

We show that Pr is an EU preference structure. For this, let i € I, 7° be an optional time for
iand p = (7%,1) € P(7%) be a corresponding information set. Regarding Property 3(a), the map
u; is bounded and #-%gr-measurable, because, first, the maps W 3 (w, h) — o;(h) are measurable
functions of the family (7p)bep. And, second, for any (w,h) € W,

ai(h) = Hprjy 1 0 p" 0 0i(h) < w},

where prj, ;1 Ry x (o4 1) — (v + 1) is the canonical projection. Hence, W 3 (w, h) — a;(h) is
measurable as well. Furthermore, for the proof of Property 3(b), let s’ € S and denote the state
processes induced by s’ and s given the information set p — or more precisely, given arbitrary y € ¢
and time 7* — by x’ and Y, respectively. This makes sense because information sets are small here
and characterised by “equality on [0, 7%))”, see Proposition 3.4. Then, p;, is constant with value
X, by construction. Moreover, as x € r, we get, for all w € £,

Out; ,(w) = (W, X' (w)) = (idg*x) (w).

By Axiom 2, (idgxY') is &-7J -measurable for all j € I. By universal completeness and basic
measure theory, then, it is also &-7/-measurable. Property 3(c) is trivially satisfied because p;
is constant. The constancy of p;, also implies that Property 3(d) holds true. Hence, Pr is an
expected utility preference structure.

(Dynamic consistency of (Pr,s)): Property 4(a) in the definition of dynamic consistency is
satisfied by construction. For the proof of Property 4(b), let i € I, 7, 0* be optional times for i with
7t <ol p = (7%,1) € PY(r) an information set for i with time 7¢ and w € Q. Using Proposition 3.4,
let x denote the state process induced by s given p.”> Then, by construction, pip(w) = x and
Out*(s | 7", pip(w)) = x. Moreover, 7 :(x) equals the information set p’ = (0*,r) at time o’
with x € t’. Hence, by definition of p; ,, Pigr Gi(pw(w))(w) equals the state process induced by s
given p’ alias x at time o?. It follows, then, directly from the definition of “state process induced
by s” that pi,w:)p)ai(I’w(“’))(“J) = x. Hence, Property 4(b) is satisfied as well. For the proof of
Property 4(c), let i € I, 7°, 0* be optional times for i with 7t < 0%, p = (7%,1) € PBi(7?) and E € &.
Note that p; , is constant, whence £ (E, ©;poi OPip) =P(E) =P(E | ¢}, i opip). We conclude
that (Pr, s) is dynamically consistent.

(Ad dynamic rationality): Let i,j € I with i # j, p = (7%,zr) € B such that there is .Z'-
progressively measurable x € r, and 5 € S such that 5 = s/. Without loss of generality, we
can assume that x has no jumps on [r? o (idgxx)], that is, for any w € €, x is constant on
[T (w, x(w)), ooz and, if 7%(w, x(w)) > 0, there is u € [0, 7%(w, x(w)))7 such that x is even constant
on [u, o0l

Let ¥ denote the state process induced by § given (77, Xi,p)- Recall that x; ,, by construction, is
the state process induced by s given (7%, x;,p), that is x;p, = Out;,. By Proposition 3.4, X, Xip,
and ¥ cannot be distinguished from another until 7¢. In particular, we have, for all w € Q,

(W, x(W)) = 7" (W, Xip(w)) = 7" (w, X (w))-
Let 7 = 7%(w, x(w)), an .Fi-optional time. Indeed, this can be shown as in Lemma 3.11, using the
additional assumption that x is .#‘-progressively measurable and thus even .%# ‘-optional, because it
is componentwise decreasing, locally right-constant, and (9, &, %) is universally complete so that
Theorem 2.12 can be applied. Furthermore, let 6 = o} o X and &1 = o 0 X;,p for both k = 1,2,
which are % V-optional times.

2More precisely, by the proposition, the induced state process does not depend on the choice of ¥ € r.
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First note that, as x;,» and ¥ coincide on [0, 7%)),
Elu; o Outip 1{&; < 7'} | Flyl = Elu; o Out; , 1{6; < 7 Fil-
Similarly, we get
Elu; o Outip 1{5; < 7 Fipl = Elu; 0 Outj, 1{6; < 7 Fil
Furthermore, we have
Elu; o Outip Wit <&inGg; <71} Fin] <0,

with equality if § = s, because s avoids stopping before 7.

It remains to consider the most central event £ = {#' V 7 < §; A 5;}. Note that FE can be
decomposed into the three cases: a) 7'V 7 < 6; < G5, b) VT <G = G5, C) v < G; < &;. By
definition of s7, we have po?! = pod; and mo&; < to P-almost surely on EN{ro%* < ro}. Now, for
any optional time o and « € tv, let o @ a denote the optional time given by po (0 @ @) = poo and,
on {0 < oo}, o (0@ a)=moo+a.™ Also, let use recall that we extend 1* to a map T x Q — R,
via the requirement n* = n* o (p x idg), an S&(T) ® .F{-measurable map.

Then, we get — with conditional probability denoting conditional expectation of the correspond-
ing indicator —:

E[u; 0 Out; , 1p | .7/,]
= E[T]}L 1{7/;7'\/7' <oy <&ja 7TO7A'i < m}fl{i’z\/’rgﬁl :&ja 71'07A'i <m} | j:p}

= Y nuP@E=FeBs="eyr<ieB roi <w|F)
Byew: By
—> P(Gi=#"@B=06;>7, 1m0 <w|F).

We have used that 7’ is .#*-measurable, whence the .7/ -measurability of 72, .
Now, we have, for 5,7 € o with g < ~:

{g:i=F"®B,6;=F"@y, 1<, 107 <w}
= {V(S € [O,B)ml 5771_1@60(1d9*x) = 17 52_1@,80(1(10*)() :07

T<H®B mof <,

i . i
7 i < i }
T, 7 S T
We have crucially used that &; = 7/ @ 8 and 6; = 7' @~ imply that y and ¥ coincide on [0, 7@ 3)).
Now, as x is -#‘-optional, 3’ is J#*-progressively measurable, 7 is an .%*-optional time, the first two
lines of the set on the right-hand side of the equation are .#! -measurable conditions. The third
line on the right-hand side, however, can be written as

V(S € [077)&!: f‘,zi+5 Z

2

y 77%1 ,’U‘j):O},

1+ 77;7;
for some Zr® Br @ (%R\[O’l]m)—measurable map h. As Z, C F.,, and as the family (V3 e is P-
independent and P-independent from .%#*, an application of the power rule and the basic behaviour
of conditional expectation on functions with independent arguments, we get that

P(G; =% ®B,6;, =t @y, 7<H @B, moft <w|F)

{wealn#

73We have already used this construction several times in case a = 1, for instance, in the proof of Lemma 2.14.
The general construction obtains by iterating this process finitely many times.
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~1
* nri

=\, (Erp
where
Ay =P(V6 €10, 8)n: 8higy o (idaxx) =1, Shiggo (idoxx) =0,7 <7 @B, mo 7' <t |.7,).
Using a completely analogous argument, we also obtain
P(6; =% @®B=6;>7, 1m0 <1 | )
i

* 777-'i

—\F
p =
“P (1 )Pt
Hence, we conclude that:™

E[u; o Out;, 1p | .Z;,]

R i, i

= A (7717‘, z — Z )

E : ip \'lr E : =i \y+1 =i \B+1

BeEw y=B+1 (1 +1777) (L +17:)

e
= E Af, (1= 1)+
z,p i \B+1

Bew (1 + 77"'1)

= 0.

Putting all pieces together, we infer that

ﬂ-ivp(g) S Tip (5)7

with equality if § = s. This completes the proof of dynamic rationality on P. We conclude that
(s,Pr) is in equilibrium on . O

Stochastic differential games and control.

Proof of Proposition 3.16. Axioms 1 and 4 are satisfied by assumption. Axiom 2 is satisfied auto-
matically, because y is a stochastic process by assumption and 2. C [& ® (%g)®T|w]" for all
i € I. Axiom 3 is also satisfied, as proved next.

Let (&, x) and (¢/,X’) be elements of W, i € I, 7 be an . *-optional time such that [0, 7%)) € .#*
and 7' = 7% o (id xx) be the induced optional time on 2. Suppose that &|o +i] =p &'|[0,71]. X (resp.
X’) is the up to P-indistinguishability, unique solution to System 3.7 associated to ¢ (resp. ') and
the initial data (0, X°), by the third axiom defining W. Then, by the fourth axiom, there is an, up to
P-indistinguishability unique, solution ¥ to System 3.7 for ¢ with initial data (7%, XE[O,%"']]) satisfying
(£,X) € W. As x = X° by definition, and &|jg 7] =p &'|[o,+7] by hypothesis, Assumption SDG,
applied to (&, ¥) and (&', x’), implies that ¥ then also solves System 3.7 for ¢ with initial data (0, {°).
Thus, by the third axiom, x and y are P-indistinguishable. Whence, x|j0,i] = X|[0,717 =P X'l[0,7]-

The claim on well-posedness follows directly from the construction of S. |

APPENDIX B. THE SMALLEST COMPLETION OF POSETS

In this note, we characterise the Dedekind-MacNeille completion as the smallest completion of a
poset using elementary methods. Although the results shown in the following are slightly stronger
than those the author could find in the literature (e.g. in [20]), it is to be assumed that the results,
tools, and proofs that follow in this subsection are indeed classical and well-known, and not new.

"4 These computations generalise and are related to the well-known verifications for the classical discrete-time
grab-the-dollar game as well as the stochastic variant in [58].
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In any case, the aim of the present development is to provide a focused and self-contained overview
on the mentioned characterisation as simply and clearly as possible.

B.1. Basic definitions and notation. A partially ordered set, in short poset, is a pair (P, <)
consisting of a set P and a partial order < on P, that is, a binary relation that is reflexive,
antisymmetric, and transitive. For pragmatic reasons, we write P instead of (P, <) and do not
indicate the dependence of < on P, unless strictly necessary. For any poset P with partial order
<, there is a dual poset on P whose partial order is given by z > y iff x < y, for all x,y € P.
Moreover, a binary relation < is induced by letting * < y iff x < y and = # y, for all z,y € P.
The corresponding dual relation is denoted by >. A totally ordered set, or chain, is a poset T' such
that for all z,y € T, z < y or y < x. Given two posets P and @, a set-theoretic map f: P — Q
is said monotone iff for all z,y € P with <y, we have f(z) < f(y). An embedding between two
posets P and @, or of P into @, is a set-theoretic map f: P — @ such that for all z,y € P, z <y
iff f(2) < f(y)-

Posets define the objects and monotone set-theoretic maps between posets the morphisms of a
category, denoted by Pos. It is easily checked that Pos-isomorphisms are exactly the surjective
embeddings. For a fixed poset P, there is a further category, denoted by P-Pos: its objects are
given by the Pos-morphisms with domain P and the morphisms between two objects ¢: P — @
and ©¥: P — R are given by all Pos-morphisms f: @ — R such that ¢» = f o ¢. By definition,
a P-Pos-embedding is a P-Pos-morphism that is an embedding. It is easily checked that P-Pos-
isomorphisms are exactly the P-Pos-morphisms that are Pos-isomorphisms, or equivalently, the
surjective P-Pos-embeddings.

For any poset P and any subset A C P, the sets of lower and upper bounds are defined by

Al ={zeP|Vaec A: z <a}, A*={x € P|Vae€ A: z > a}.

In case A = {a} is a singleton, then we write | a = A’, the principal down-set of a, and 1 a = A",
the principal up-set of a. A is downward closed iff for all x € A, | * C A. A is upward closed
iff forallz € A, T © C A. For n € N and symbols 41,...,i, = £,u, we write Alnin-1-i2i1 —
((-. . ((Afn)in=t) . )i2)it o An infimum of A is an element of AN A%, If it exists, it is unique and
denoted by inf A. Conversely, a supremum of A is an element of A% N A%, If it exists, it is unique
and denoted by sup A. For Pos-isomorphisms f, f or P f, respectively, commutes with both .* and
£, and in particular with the existence and, if applicable, the values of suprema and infima. Note
also that when passing from the partial order to its dual >, lower bounds, principal down-sets,
downward closed sets, and infima become upper bounds, principal up-sets, upward closed sets, and
suprema, and vice versa.

We collect some basic observations whose proofs are direct and therefore omitted (see [20, Section
7.37 and Lemma 7.39] for a discussion of the first four points from that the others follow). If P is
a poset and A, B C P are subsets, then:

1. AC A% and B C B*;
if A C B, then A* D B* and A’ D BY;
AY = AuZu and Bé — Béué;
for all z € P, (| #)* =t z and (1 z)* =] =;
A admits a supremum iff A* admits an infimum, and in that case sup A = inf AY;
B admits an infimum iff B® admits a supremum, and in that case inf B = sup BY;
if A, B admit suprema and A C B, then sup A < sup B;

8. if A, B admit infima and A C B, then inf A > inf B.

A lattice is a poset L such that for all 2,y € L, {z,y} admits both an infimum and a supremum.
This terminology is reasonable because such L defines an algebraic lattice, whose meet and join
operations A and V are given by inf and sup, and conversely, any algebraic lattice (L, A, V) naturally

N otk
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defines a poset by letting © < y iff xt Ay = z, for all x,y € L, and both operations are essentially
inverse to each other. A lattice L is complete iff any subset of L admits both an infimum and
a supremum. A subset D of L is said meet-dense iff any x € L admits a subset S C D with
x =supS. A subset D of L is said join-dense iff any x € L admits a subset S C D with x = inf .S,
or equivalently, iff D is meet-dense with respect to the dual order.

B.2. Dense completions. A completion of a poset P is a pair (¢, L), given by a complete lattice
L and an embedding ¢: P — L of P into L. However, by slight abuse, we may refer to ¢ or L as
the completion if the other datum is clear from the context. Note that any completion of a poset P
is an object of P-Pos. Many possible completions exist and are of interest in the literature. Here,
we are interested in the following notions, for which we introduce names.

Definition B.1. Let P be a poset and ¢: P — L be a completion. We call ¢ dense iff im ¢ is
both join- and meet-dense in L. We call ¢ small iff for any completion ¢: P — M, there is a
P-Pos-embedding (p, L) — (¢, M).

These notions are invariant under isomorphisms in P-Pos.

Lemma B.2. Let P be a poset and p: P — L, ¢: P — M be two P-Pos-isomorphic completions.
Then, (¢, L) is dense (small) iff (v, M) is dense (small, respectively).

Proof. Let f: (p,L) — (¢, M) be a P-Pos-isomorphism and g its inverse. For symmetry reasons,
it suffices to show that if (¢, M) has the relevant property, then (¢, L) does so, too.
(Ad “dense”): Let (¢, M) be dense and x € L. Then, there are A, B C P such that
sup Pp(A) = f(z) = inf Py(B).
As g is a Pos-isomorphism with ¢ = g o ¢ and P a functor, we infer that
sup Pp(A) = supP(g o ¢)(A) = g(sup P (4))
=z = g(inf PY(B)) = inf P(g o ¥)(B) = inf Py(B).
Hence, (¢, L) is dense.

(Ad “small”): Let (¢, M) be small and p: P < N be a completion of P. Then, there is a P-Pos-
embedding h: (¢, M) < (p, N). Then, ho f is a P-Pos-embedding (¢, L) < (p, N). Hence, (¢, L)
is small. O

In [20, Theorem 7.4.1], it is shown that for any poset P there is an up to P-Pos-isomorphism
unique dense completion, and a representative of it is constructed explicitly, namely the Dedekind-
MacNeille completion. In this note, we show the following stronger result: a completion is dense iff
it is small, for any poset P there is an up to unique P-Pos-isomorphism unique small completion,
and it can be represented by the Dedekind-MacNeille completion. Moreover, our method of proof
is more elementary.

The building block of the proof will be the following lemma. Given a (dense) completion ¢: P <
L of a poset P, we try to find a representative system for the expression of elements x € L as suprema
and infima over sets in im ¢.

Lemma B.3. Let P be a poset, p: P — L be a completion of P, x € L, and A, B C P such that
supPp(A) = z = inf Pp(B).

Then,

(B.1) A“={yePlo(y) <z}, B™={yePloly) =z},

and

(B.2) sup Pp(A%Y) = 2z = inf Po(B™).
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Proof. In view of duality, it suffices to show the left-hand equalities in Equations B.1 and B.2. We
start with a preliminary observation, namely that

() Pe(B) C[Pe(B),  Pp(A*) C [Pp(A)]"
Indeed, if ¢ € P satisfies with ¢ < b for all b € B, then p(c) < ¢(b) for all b € B, which shows the
left-hand statement. The right-hand one follows from the left-hand one by duality.
(Ad Equation B.2): Let a € A and b € B. Then, ¢(a) < = < ¢(b), whence a < b. Thus,
B C A%, and, by Observation 2,
() A*CB.
Hence, using (*) and Observation 1, we get
Pp(A) C Pp(A™) C Pp(B°) C [Po(B)]".
By Observations 6 and 7, this implies
x = sup Pp(A) < sup Po(A") < sup[Py(B)]* = inf Pp(B) = z,
whence z = sup P(A%).
(Ad Equation B.1): Regarding “2”, let y € P be such that p(y) < x. Let z € A“. Then, by
Observations (), 5, and 8
x = sup Pp(A) = inf[Pp(A)]* < inf Pp(A*) < ¢(z).
Hence, ¢(y) < ¢(2). As ¢ is an embedding, y < z. We have shown that y € A%
Regarding “C”, let y € A*. By (1), y € B In view of (x), thus, p(y) € [Pp(B)]’, and, by
Observation 6,
¢(y) < sup[Py(B)]" = inf Pp(B) = .
O

As a consequence, if ¢ is a dense completion, then for any z € L there are A, B C P with
A= A" and B = B — namely the sets on the right-hand sides of the equations in Equation B.1
— such that Equation B.2 holds true. Together with Observation 4, this motivates the following,
classical construction. For any poset P, let

DM(P) = {AC P|A* = A}, ¢pm: P —DM(P), z —| z,
and equip DM (P) with the partial order “C”. This is well-defined by Observation 4.
Theorem B.4. Let P be a poset. Then, ppm: P — DM(P) is a dense completion of P.

This classical theorem can be found, for instance, in [20, Theorems 7.40, 7.41]. ¢pwm is called
the Dedekind-MacNeille completion of P. It generalises the construction of the extended real line
out of the rationals by Dedekind cuts.

Proof. Tt is clear that DM(P) is a poset and that ¢pm is an embedding. To show that DM(P)
is a complete lattice, let S C DM(P). In P, define the sets A = [|JS]* and B = (S. By
Observation 3, A € DM(P). Moreover, for any C € S, B C C. Applying Observation 2 twice, we
get BY C C. Hence, B¥ C (S = B. Using Observation 1, we infer B € DM(P). We claim that

sup S = A, inf S =B.

Regarding the first equality, we have to show that A € S* N S“¢. For this, note first that, for all
C € DM(P), we have C € S" iff | JS C C. By Observation 1, [JS C [JS]* = A, whence A € S*.
Further, let C € S*. Then |JS C C. Applying Observation 2 twice yields A = [|J S]*¢ C C. Thus,
A€ S,

Regarding the second equality, we have to show that B € S¢ N §**. For this, note first that, for
all C € DM(P), we have C € S iff C C [ S. For C = B the latter condition is evidently satisfied,
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whence B € S¢. Further, let C € S*. Then, C C (S = B. Hence, B € S*. We have shown that
DM(P) is a complete lattice.

It remains to show that ¢pn is dense. For this, let A € DM(P). Let B = A*. Then, we claim
that

sup Popm(4) = A = inf Popm(B).
Regarding the first equality, let € A. Then, clearly pm(z) =} z C A, because A = A"’ is
downward closed. Thus, A € [Pepm(A4)]“. Let C € [Popm(A)]*. Then,
C2JPepm(A) ={z € P|Jac A:x<a} DA

Hence, A € [Pepm(A)]*. We conclude that sup Pypm(A) = A.

Regarding the second equality, let © € A and y € B = A". Then, z < y, whence x €] y =
opm(y). Thus, A C ppm(y). We infer that A € [Popm(B)]f. Next, let C € [Pepm(B)]¢. That
is,

CC()Peom(B)={zeP|WeB:a<bl=B =A"=A
Thus, A € [Pepm(B)]™. We conclude that inf Popn(B) = A. O
B.3. Small completions. We begin with analysing the extension of morphisms into complete

lattices onto a dense completion of the domain, thereby establishing that any dense completion is
small.

Proposition B.5. Let P be a poset, p: P — L be a dense completion and f: P — M be an object
in P-Pos for some complete lattice M. Then, the set-theoretic map fr,: L — M given by

fo(@) =sup{f(y) |y € P:p(y) <z}, z€L,
is a P-Pos-morphism (¢, L) — (f,M). If f is an embedding, then f1, is so as well.
Combining the two statements from this proposition, we directly obtain:
Corollary B.6. Any dense completion ¢: P — L of a poset P is small. O
Corollary B.6 and Theorem B.4 directly imply the following.
Corollary B.7. For any poset P, there is a small completion, namely DM(P). O

Proof of the proposition. Regarding the first claim, let z,2’ € L be such that < z’. Then, all
y € P with ¢(y) < x satisfy ¢(y) < 2’. Hence, by Observation 7, fr(z) < fr(a').

Further, let z € P. Then, for all y € P with ¢(y) < ¢(z), we have y < z, because ¢ is an
embedding, whence f(y) < f(z). Furthermore, if w € M is such that f(y) < w for all y € P with
©(y) < ¢(z), then, in particular, f(z) < w. Thus

f(z) =sup{f(y) |y € P: p(y) < ¢(2)} = fr(p(2)).

Regarding the second claim, suppose that f is an embedding. Let =, 2’ € L with fr(z) < fp(z).
We show the auxiliary Claim 1 that for all y € P with ¢(y) < 2 we also have ¢(y) < z’. For this,
let y € P with ¢(y) < z. By assumption on z and z’, we have f(y) < fr(z) < fr(z’), whence by
transitivity

(x)  f) ePf{y € Ple(y) <P
We infer that

1) fWePF{Y ePloW) <a'}")=Pf{y € P|oy) <a'}).



100 CHRISTOPH KNOCHENHAUER AND E. EMANUEL RAPSCH

For the proof, note that the equality follows from Lemma B.3. Indeed, there is A C P with
sup Pyp(A) = ' because ¢ is dense. Then, by the lemma, sup Pp(A*) = 2/ and A% = {y € P |
©(y') < 2'}. Hence, by Observation 3,
{y/ cP | (p(y/) < x/}ué _ Auéué _ Au( — {y/ cP | (p(y/) < I/},

which implies the equality. For the proof of the €-relation, let z € {y/ € P | o(y') < z'}*. As f is
monotone, we infer that f(z) € [Pf({y’ € P | ¢(y') < 2'})]*. Hence, by (%), f(y) < f(2). As fisan
embedding, y < z. Hence, y € {y' € P | p(y') < 2'}*, whence f(y) € Pf({y' € P| o(y') < 2'}"),
as claimed.

As an embedding, f is injective. By (), then, ¢(y) < 2/. This shows our auxiliary Claim 1.
Hence, by Observation 7 and Lemma B.3, using density of ¢, we infer

z=supPp({y € P|o(y) <a}) <supPp({y' € P|p(y) <a'}) =2
This shows that f;, is an embedding. O

Next, we analyse the uniqueness of dense completions. From this, all remaining open claims
follow easily, as shown afterwards.

Proposition B.8. Let P be a poset and ¢: P — L, {: P — M be dense completions. Then, there
is a unique P-Pos-morphism f: (p,L) — (Y, M), and f is a P-Pos-isomorphism.

Proof. By Proposition B.5, there are P-Pos-embeddings ¢, : (¢, L) < (¢, M) and ppr: (¥, M) —
(¢, L). For symmetry reasons, it remains to show that any P-Pos-morphism f: (¢, L) — (¢, M)
is equal to ¥y, and that ¢, is surjective.

To show this, let f: (¢, L) < (1, M) be a P-Pos-morphism and = € L. By deunsity, there are
A, B C P such that

sup Pp(A) = z = inf Pp(B).
As f is a P-Pos-morphism and P is a functor, we infer
sup Py (A) =sup P(f o )(A) < f(z) < inf P(f o ¢)(B) = inf Py(B).
As a consequence, the fact that ¢y is a P-Pos-morphism and P a functor, implies
x =sup Pp(A) =supP(py o )(A) < ppro f(z) <inf P(py o) (B) = inf Po(B) = x.
Hence, par o f(z) = x. Thus, ¢ is surjective. As ¢y, is a P-Pos-morphism (¢, L) — (¢, M),
)

this result can be applied to ¥y, (that is, we can plug in ¢y, for f). Then, we get o (f(x) =
om (YL (x)), whence f(x) = (x) because ¢y is an embedding. O

Corollary B.9. For any poset P, a completion of P is dense iff it is small.

Proof. Let (p, L) be a completion of a poset P. If it is dense, then it is small, by Corollary B.6.
For the converse implication, suppose it to be small. Then, DM(P) is a small completion of P
as well, by Corollary B.7. Hence, there are P-Pos-embeddings f: (¢, L) < (¢pm, DM(P)) and
g: (¢pm, DM(P)) < (@, L). Thus, f o g defines a P-Pos-embedding of DM(P) into itself. As
DM(P) is dense, by Theorem B.4, Proposition B.8 implies that f o g = idpnp). Hence, f is
surjective and, thus, a P-Pos-isomorphism with inverse g. By Lemma B.2, (p, L) is dense. a

Theorem B.10. For any poset P, there is an up to unique P-Pos-isomorphism unique small
completion (p, L), given by the Dedekind-MacNeille completion DM(P).

Proof. Let P be a poset. By Corollary B.7, DM(P) is a small completion of P. By Proposition B.8
and Corollary B.9, between any to small completions there is a unique P-Pos-isomorphism. (]

In that sense, the Dedekind-MacNeille completion DM (P) is the smallest completion of a poset
P, the use of the definite article being completely specified.
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B.4. Further results. We have discussed small and dense completions through general embed-
dings, and the Dedekind-MacNeille completion is given by a specific embedding. If some complete
lattice L is fixed as a reference, and all posets under consideration are embedded into L, then we
may wish to construct the small completion as a subset of L. This is discussed next.

Proposition B.11. Let L be a complete lattice and (P;);er be a family of subsets of L. Then,
there is a family (L;);er of subsets of L such that for each i € I, set-theoretic inclusion P; — L;
is a small completion of P;. This statement also holds true if the property “small” is replaced with
“dense” or with “P;-Pos-isomorphic to DM(P;)”. The completions satisfy

(B.3) {reL|3A,BCP;: supA=a=inf B} C L;, 1€ 1.

Proof. For any i € I, set-theoretic inclusion ¢;: P; — L defines a completion. Denote the Dedekind-
MacNeille completion of P; by gpiDM: P, — DM(F;). Then, by Theorem B.10, there is a P;-Pos-
embedding fi: (phn, DM(P;)) < (1, L). Let L; = im f;. Then, (1, L;) is P;-Pos-isomorphic to
the Dedekind-MacNeille completion (¢, DM(F;)) of P; — in particular, it is a small and dense
completion of P;, by Lemma B.2, Theorem B.4, and Corollary B.6.

For the proof of “C” in Equation B.3, let © € L be such that there are A, B C P; with sup A =
r = inf B. Then, A, B C L;, and, as L; is a complete lattice, A has a supremum and B an infimum
in L;, denoted by sup“ A and inf® B, respectively. As L; C L, inf B < 2 < sup’ A. But for all
a€ Aand b e B, we have a < x < b. Whence a < inf% B for all a € A and thus sup’ A < inf% B.
Hence, inf% B = 2 = sup™ A and z € L;. ]

Remark B.12. The embedded completions L;, ¢ € I, need not be unique and the inclusion in
Equation B.3 can be strict. To see this, consider the real interval L = [0, 3]g, a complete lattice,
and P, = [0,1)g U (2,3]r. Then, there exists an uncountable set of small completions embedded
into L, namely L? = P, U {z}, for any x € [1,2]g. Obviously, in any of the cases, the inclusion in
Equation B.3 is strict.

The small completion restricts to the subcategory of chains, as the following result implies.

Proposition B.13. For any chain T, its Dedekind-MacNeille completion DM(T) is a chain as
well.

Proof. We have to show that for all A, B € DM(T') with B ¢ A, we have A C B.

Let A, B € DM(T) such that there is b € B\ A, and let a € A. As A = A" und B = B%,
A and B are downward closed. Hence, b j<_ a, and thus, by the assumption on 7', a < b. Thus,
a € B. ([l
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