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Introduction
It seems to be the rule in astronomy that the more we learn about the world
around us, the smaller and less significant our place in it becomes. The geocen-
tric model seemed like a natural explanation of the path of the Sun on Earth’s
sky. Aristarchus of Samos and later Copernicus replaced this simple image with
the heliocentric representation. This heliocentric model, however, failed on the
galactic scale. We found that our Solar system is at the outer rim of our galaxy,
which itself is not in the centre of the Universe. Because we viewed the sky from
our Earth-bound perspective, it took much evidence to convince ourselves that
we are not in the spatial centre of the universe. Yet, we seemed to hold at least
a central location in time, in the present.

Einstein’s Theory of Relativity evicted us from our central temporal location
by showing that there is no prominent universe-wide present, no universal “Now”.
Our present can be someone else’s past and a another person’s future. As in the
case of Earth’s location, the origin for our assumption that there is no time like
the present can be found in our fixed perspective.

This thesis joins others in defence of a shift in perspective similar to the
one from the most human-centered models of celestial movement to the almost
human-oblivious models, albeit in time. A shift that starts from models in which
our observing position is central to those in which it is marginal or that even
abolish time altogether.

Time is a very complex, discipline-spanning concept. Therefore I focus on
the relationship between observers, time, and truthfulness. In particular, my
aim is to use formal systems to analyse the following two questions: “What does
time in a Block universe look like for an observer? Can she tell that she is in a
Block universe?” The combination of the Block universe (i.e. a universe where
all events have the same ontological status, there is no special present time) and
observers that perceive change as we do, seems contradictory at first. However,
it also seemed contradictory that the Earth moves around the Sun while we see
the Sun move in the sky.1

This thesis has quite strict boundaries because it deals only with formal models
of time. Addressing the two central questions in their fullness would necessitate
an in-depth analysis of our temporal perception and related physical phenomena.
I take into account our observations, and aim to create a model that explains
these observations, similarly as it happened in the case of the Earth’s movement.
Likewise, I try to explain how a Block universe can be consistent with change. I
want to stress that although I do refer to observations and experiences, my goal
is to investigate the ontology of time and not its epistemology or phenomenology.
The presented models are constructed in temporal logics because they describe
the properties and necessary conditions of different temporal models rigorously
and explicitly with little room for implicit assumptions. This allows to highlight
differences between the models and list their properties. A logical description of
the temporal model could, in addition, be helpful to translate the findings from

1This thesis is an extension of my master thesis (Švarný, 2011) and contains also parts that
were published earlier as articles (Švarný, 2010), (Švarný, 2013), (Švarný, 2014), (Švarný, 2015),
(Švarný, 2017).
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the language of the Block universe into our usual temporal language and to allow
us to reconcile the ontology with our epistemology and phenomenology.

In order to answer the two aforementioned central questions of this thesis, I
also need to introduce the necessary context. The fact that the thesis describes a
philosophical or physical concept and aims to solve it with logical tools suggests
an interdisciplinary readership and that only strengthens this context’s necessity.
However, I cannot address the whole of temporal philosophy or temporal logics,
so the attempt was to give a general picture with notions that are necessary for
the thesis. After the context, I introduce the formal system. Finally, I show
under which circumstances a Block universe could seem to an observer to obtain
a privileged “Now”, without the observer being able to notice that she is in a
Block universe. The structure of the thesis follows this described plan.

The first chapter presents an introduction to the notion of time itself in phi-
losophy. There are many views of time, but they can all be placed somewhere
on the landscape of temporal nomenclature, with various extremes confining this
landscape.

Two examples of the extremes arise from the answers to the following ques-
tions: Does time flow? Is the future yet to become real? If the answer to both is
affirmative, then the view would be considered indeterministic presentist. How-
ever, it also could be that time is fixed and the future is already given, in other
words, deterministic eternalist. These are only two examples and I explore more
of them in the first chapter.

One challenge of presenting these notions connected to time lies in their topol-
ogy which does not allow for a simple linear presentation, as a majority of the
notions are interconnected in various ways. For this reason, the respective sec-
tions present the different spaces on the nomenclature landscape, specifically
focusing on the three central terms to this thesis: determinism, Block universe,
and observers. Related topics are presented in subsections.

The second chapter describes formal temporal systems. It follows up on the
different motivations that were already mentioned in the first chapter and briefly
introduces the logical systems themselves. These formal systems allow us to
capture the philosophical arguments more clearly even in the case of very complex
structures. The chapter concludes with the reasons why I chose to use Belnap-
style branching logics to deal with the central thesis.

The third chapter’s topic is the presentation of a particular type of temporal
logics, the Branching logics with observers. Multiple versions are introduced,
and their benefits and flaws are briefly presented. I also introduce the formal
definition of the generalised flow of time and it is used for the evaluation of
temporal statements.

It is the fourth chapter where the central questions of the thesis are finally
addressed. There, Branching logics with observers describe how observers can
interpret time in a Block universe. I show that the evaluation of temporal state-
ments follows even in an atemporal structure the same rules as in our daily prac-
tice. Therefore, I argue, even static atemporal structures allow the observer that
is part of the model to have temporal judgements and thus assume he inhabits a
temporal universe.

The last chapter deals with a brief summary and discussion of the presented
answer and its possible implications.
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1. General context
“Quid est ergo tempus? Si nemo ex me quaerat, scio; si quaerenti
explicare velim, nescio.”1 (Augustine, 2010)

Finding an answer to the question “What is time?” is a very challenging task.
Let us use two guiding examples to illustrate the importance of perspective and
perception in the investigation of time.

The problem of Earth’s location in the Solar system illustrates the problem of
perspective and its effect on our language and understanding. We say “the Sun
rises” or “the planets travel the sky”, we do so with an Earth-bound perspective.
Our language connected to the behaviour of celestial bodies shows our geocentric
view; similarly, our temporal language reflects our intuitions about time. Let us
keep in mind while investigating time, how our perceptions of the movements
on the sky led us to the incorrect conclusion about the way our solar system is
shaped.

As for perception itself, let us look at colours. The question “What is the
colour red?” presents very similar challenges as the question “What is time?”2

The answers to these questions can be philosophical, speaking about colours as
substances or concepts or asking how we refer to colours in language. Alterna-
tively, it can focus on physics and investigate frequencies of light or the process
of absorption of electromagnetic waves on surfaces. Another way is to focus on
human biology, and discuss how eyes and brains interpret and perceive colours.
Similarly, we can ask how we refer to time in our daily lives, take into account
physical experiments and their results, or look at our biological or psychological
perception of time.

Time combines features of both of these examples, colours and celestial obser-
vations. Its investigation is about our perspective and our place in the universe,
but also our perception of it. However, the core source of ideas about time must
be physics, as said by Hans Reichenbach:

“There is no other way to solve the problem of time than the way
through physics. More than any other science, physics has been con-
cerned with the nature of time. If time is objective, the physicist must
have discovered that fact, if there is Becoming the physicist must know
it; but if time is merely subjective and Being is timeless, the physicist
must have been able to ignore time in his construction of reality and
describe the world without the help of time.” (Øhrstrøm and Hasle,
1995)

Philosophy of time has a long tradition that filled it with a plethora of par-
tially overlapping and interrelated terms and ideas. The purpose of this chapter
is neither to present a historical account of the evolution of the ideas about time,
nor the complete description of time in different scientific disciplines or philoso-
phy. It aims to introduce the necessary context for the remainder of the thesis.

1“What then is time? If no one asks me, I know: if I wish to explain it to one that asketh,
I know not.”(Augustine, 2002)

2For a deeper discussion see Dieks (2016).
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The principal terms connected to the thesis are – determinism, eternalism and the
Block universe, relationism, relativity and observers. These notions are briefly
defined and then discussed in their respective sections in the following text ac-
companied with a comment about their relation to the later presented formal
systems.3

1.1 Determinism
Determinism could be simply defined as the theory that all events are completely
given (or determined) by the preceding events, i.e. their causes. In general, clas-
sical Newtonian mechanics are deterministic, while for example quantum physics
is not. Let us have a closer look what this can entail.

1.1.1 Past, present, future
To begin with, we need to declare some perspective on time. When someone
looks at time, the first distinction that is visible immediately is between the past,
the present, and the future. McTaggart (1908) called this trinity, together with
a shifting present, the A-series of time or the A-theory of time. The A-series
fits well with our experiences as temporal observers. Therefore we will use it as
a venture point for further investigation. First, let us focus on one difference
between the past and the future – their settledness.

“I remember the past, but I have absolutely no slightest approach to
such knowledge of the future. On the other hand, I have considerable
power over the future, but nobody except the Parisian mob imagines
that he can change the past by much or by little.” (Peirce, 1992b)

When we speak about the past, we consider things as being static and un-
changeable. A statement about the past can be either true or false; it cannot be
objectively undecided. At most the past can be subjectively undecided for us in
the cases where we lack sufficient information. When we evaluate the truth or
falsity of a statement about the past, we check whether the claim of the statement
is in accordance with the described state of the world.4 In other words, the past
is already determined.

However, when we speak about future events, we take them as being unde-
cided. Truth or falsity of a claim about the future is then evaluated only post
hoc. In our daily lives, we tend to think about the future as being undetermined.

Nevertheless, we are still able to make statements about the future which are
true. Aristotle presented this conundrum in the following form with his famous
sea-battle example:

3This chapter uses heavily two great sources for the history of philosophy of time and I
would refer any reader interested in philosophy of time to these: (Øhrstrøm and Hasle, 1995)
and (Dainton, 2010).

4I acknowledge that this in itself is part of many discussions in philosophy or logics, for this
work the verification process is not crucial and I refer anyone interested in the topic to books
like (Brandom, 1998).
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“It is necessary for there to be or not to be a sea-battle tomorrow, but
it is not necessary for a sea-battle to take place tomorrow, nor for one
not to take place” (Ackrill et al., 1975)

Aristotle illustrated with this sentence the problem of utterances about the
future and their interpretation. He introduced the so-called future contingents,
i.e. statements about the future that are neither impossible nor inevitable, see
(Øhrstrøm and Hasle, 2015). In order to know, whether the statement“there is
a sea-battle tomorrow” is true, we have to wait until tomorrow to witness the
situation. The future is objectively undecided, and it becomes decided only when
entering the realm of the present.

Classical physics has usually presented a deterministic view; which means that
all future states of the world are given by the present or past states of the world.
If the world is indeterministic, there are future contingents, statements with a
truthfulness that is not yet settled. Indeterministic future means that there are
different possible successions of events in the future. These successions are often
referred to as branches, see Subsection 1.1.3.

Although it might seem intuitively plausible that determinism implies pre-
dictability, we cannot establish a simple equivalence between the two. Rummens
and Cuypers (2010) demonstrate the difference between embedded and external
predictability on the so-called paradox of predictability. They show that for an
embedded subsystem of the deterministic universe, even without its possible epis-
temic limitations, the universe will still contain unpredictable states. Observers,
i.e. embedded subsystems, are at the centre of our endeavour and thus this dis-
tinction between predictability and determinism is a sound one. In other words,
being unpredictable does not mean the same thing as being indeterministic.

Another possible point of tension is between determinism and the idea of free
will. It is not the main focus of this thesis to deal with this subject, but let us men-
tion one approach that explicitly invokes truth and temporal statements. Hume
and later logical positivists defended compatibilism as a solution to this tension.
Modern proponents of this view (Taylor and Dennett, 2011) argue against the
idea that free will and determinism are incompatible. They employ tools like
Quine’s possible worlds, Lewis’ counterfactuals, or Pearl’s view on causality and
state:

“The truth or falsity of determinism should not affect our belief that
certain unrealized events were nevertheless possible, in an important
everyday sense of the word.” (Taylor and Dennett, 2011)

They give an example of two computer programs playing chess. Their match
seems at first as a series of actions and reactions, but when regarded on the level of
the processor, it is a deterministic succession of instructions. Even the addition of
a pseudo-random number generator does not significantly change the situation.
Admitting that this is a simple model, they still take it as an image of how
determinism should be treated. They do not consider determinism as a doctrine
of necessity. If a condition A leads to some event B, A is only sufficient but
not necessary. Different conditions than A could also cause event B. This chess
example shows a system can be deterministic on a fundamental level although an
external observer can easily assume it is not.
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Nevertheless, indeterminism can be part of classical, i.e. Newtonian, physics
as well. Here an example is the so-called Norton’s dome (Norton, 2008) thought
experiment that allows for a single past to have multiple futures. Norton con-
structs a specific dome with a point mass sitting on the apex of the dome. There
are two possible outcomes of this setup. The simplest one is that the point mass
will sit at the top of the dome for eternity. However, there is a large number of
solutions where the point mass will slide alongside an arbitrary direction. This
choice of radial direction has no cause and not even a probability distribution.
Thus, it is an indeterministic system in the bounds of Newtonian physics that
would also justify modal treatment when formalised.

Indeterminism was one of the main motivations in the introduction of the for-
mal branching structures called Branching spacetimes that are at the foundation
of this thesis.

1.1.2 Master argument

The argument attributed to Diodorus of Cronus, the so called ‘Master Argument’,
stands alongside Aristotle’s sea-battle example as one of the original temporal
philosophy conundrums. I mention it here only briefly, but for a deeper analysis
of the argument with Prior’s reconstruction and discussion see (Øhrstrøm and
Hasle, 1995) or (Øhrstrøm and Hasle, 2015).

The original argument did not survive until today, but one of its reconstruc-
tions is the following:

(D1) Every proposition true about the past is necessary,
(D2) An impossible proposition cannot follow from (or after) a

possible one,
(D3) There is a proposition which is possible, but which neither is

nor will be true.

Assume D1 and D2, then:
(DPoss) The possible is that which either is or will be true,
(DNecc) The necessary is that which, being true, will not be false;

The first three statements are not consistent, and Diodorus claims that (D3)
is false as (D1) and (D2) are plausible. This argument could be a case in favour
of determinism (as opposed to Aristotle’s future contingents), and it addresses
the relation between modality and time. The Master argument (or attempts of
its reconstruction) is interesting, as it played an important role in Arthur Prior’s
creation of his temporal logic, branching time, and its Peircean system and the
Ockhamist system for the treatement of future contingents. Different variations
on the statements contained in the argument can be then found throughout the
following chapter about tense logics. The master argument and the sea-battle
scenario were two primary examples of the philosophy of time that motivated
research in tense logic and showed the usefulness of formal tense languages for
the analysis of philosophical questions.
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1.1.3 Branching
Henri Bergson was first to formulate clearly the concept of branching time in
1889. Nonetheless, he did not regard it as an appropriate formalisation of time.
On the other hand, Charles Sanders Peirce led the way in reintroducing time
into modern logics. In his works, he discussed the need for changeable qualities
as time is the universal form of change. As experience played a big role in his
philosophy, he mentioned that there is no such short span of time that would not
contain the experience of continuity and that the human mind does perceive time
flowing in a given direction. However, the direction is not arbitrary, as there is
a clear distinction between the past made of ‘now-unpreventable’ facts and the
future that is but a subjective human creation (intentions, expectations, etc.).

Peirce adds modality to temporal philosophy. He already pointed out that
time can be viewed as “a particular variety of objective modality” (Peirce, 1992a).
Peirce distinguished three modes of being—actuality, possibility, and necessity.
From a temporal point of view, actuality meant the present or the past, while for
the future he distinguished possibility and necessity. He denied truth value to
the future in general because giving it any value was deemed to be meaningless
as it did not happen yet. Only if we admit that physical laws are real, then the
necessary consequents are true, as true is the present on which we base these
consequents. In other words, only necessary statements could be assigned a truth
value.

A different view on future statements was based on the work of William of
Ockham for whom a statement about the future is true if it will be true. Although
we have options and possibilities, only one future path amongst them is the
‘correct’ one.

Thus we can view the future as a branching of non-actual possibilities where ei-
ther only one option can become true, or where multiple options can become true,
in other words, a deterministic or indeterministic view. These two approaches
to the branching future, although also discussed earlier by other authors, were
called by Prior (1968) as two different answers to the conundrum of future state-
ments, the Ockhamist, deterministic, and Peircean, indeterministic. We address
the formalisms in the next chapter in Section 2.1.

Please note, that branching, similar to other notions discussed in this chapter,
does not adhere to only one of the other directions and it can give birth to various
types of temporal structures together with a different approach as shown for
example in (Farr, 2012).

Branching has proven to be an essential approach to treat indeterminism in
formal models and is used in all three structures presented in this thesis.
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1.2 Eternalism and Block universe

“...if it is accepted that every concept, including the concept of time,
has to be related to the human mind. Under this perspective, it be-
comes more natural to describe time by means of tenses: past, present
and future, than by means of instants (for example dates, clock-time).
With tenses, we can express that the past is forever lost and the future
is not yet here. Without these ideas, we cannot hope to grasp the idea
of the passing of time.” Øhrstrøm and Hasle (1995)

The previous section focused on the difference between the past and the future
in order to speak about their settledness. However, this is not the only way
how to view time. Time can be taken as a sum of instants. McTaggart (1908)
presented this as the difference between two approaches of describing time. I
already mentioned the first one, the A-series in Section 1.1.1, where we distinguish
between the past, the present, and the future. The second approach, called the
B-series, describes time as binary relations between events of sooner or later.
The comparison between the A and B series is similar to a different comparison,
between presentism and eternalism. I will discuss McTaggart’s argument later in
Section 1.4 and now turn to presentism and eternalism in more detail.

Presentists say that only the events occurring at a given time, namely the
present, exist. The eternalists, on the contrary, claim that every event, past or
future, exists in the same way as a present event does. (Savitt, 2006) (Petkov,
2006).

This problem was discussed already by Aristotle. He criticised his predecessors
by saying that time cannot be a specific particular change (clocks or the movement
of heavenly bodies). He even claimed that it could not be any change. Time and
change can be only correlated notions as we observe them always together. This
argumentation ends in claiming the existence of an abstract but change-dependent
universal time that does not undergo any changes by itself (as it is for example
impossible to state about it that it passes). Although time is not just a form of
change, it remains ontologically dependent on change as ‘a number of changes
with respect to the before and after’. Also because time, contrary to change, is
not regarded as having a direct connection with substances in the world (Coope,
2005).

This leads to one of Aristotle’s puzzles which is about the existence of time
itself: the future will be, and past was; hence there is nothing to exist. One could
want to add the ‘now’, but Aristotle dismisses this idea almost right away. In his
opinion, ‘now’ is not a part of time5.

In another puzzle, the claim is made that one cannot consistently state neither
that ‘now’ is always the same nor that it is every time a different one. Coope
(2005) argues that a ‘now’ taken as “a potential division in all the changes that are
going on at it” can be a solution to the puzzles, even in Aristotle’s understanding.

5“When divisible things exist,” he says, “either one or more of their parts must exist. How-
ever, no part of time exists. The now is not a part.” (Coope, 2005) There it is also argued that
these puzzles do not present an illusion of language.
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1.2.1 Perdurantism
A different perspective on the eternalist or presentist distinction are the notions
of endurantism and perdurantism. The classical origins of this dispute are in the
works of Heraclitus and Parmenides. Heraclitus took time as perpetual change.
All objects change in time. Parmenides, on the other hand, said there is no
change, but objects exist in their different temporal forms. In modern terms, the
Heraclitean view, endurantism, states that “the world is made up of 3D objects,
which endure and change in time while retaining their identity from one moment
to the next. Parmenideans, on the other hand, believe that the world is a change-
less 4D spacetime continuum, containing material objects that are 4D worm-like
volumes extended along the time dimension.” (McCall, 2006)

1.2.2 Block universe
The Block universe idea states that all events have the same ontological status
and thus in four dimensions form a Parmenidean block (Dieks, 2008)(Ashtekar
and Petkov, 2014). This is well grounded in relativity, see Section 1.3. It can
be sometimes equated to eternalism, but this is not entirely correct. The Block
universe is also sometimes considered static (Dieks, 2014), which does not have
to be true for an eternalist world. However, eternalism and Block universe are
often treated as interchangeable.

In addition, it is important to distinguish between a classical Block universe
and a so-called Growing Block universe (Dainton, 2010), in which past and present
events are fixed and have the same ontological status. The future events are not
yet real, but they are added to the Growing Block.

I present in this thesis an eternalist perspective, i.e. one of a Block universe,
yet I attempt to incorporate into it also a specific form of ‘now’ that is relevant
for a given observer.

1.2.3 Relationism
A Block universe does not have to mean that time and space ontologically exist
necessarily. They exist in classical Newtonian physics, where time together with
space form an all-encompassing background for events, a static stage where ev-
erything happens. This absolute canvas of time and space is usually taken as the
most straightforward representation of time in physics.

However, already Newton’s contemporary, Gottfried Wilhelm von Leibniz,
denounced the concept of absolute space and absolute time (Novikov, 1998).

I return to relationism later with Barbour and his take on time, or rather the
lack of thereof.

1.2.4 Directedness
“When you stir your rice pudding, Septimus, the spoonful of jam
spreads itself round making red trails like the picture of a meteor in my
astronomical atlas. But if you stir backward, the jam will not come
together again. Indeed, the pudding does not notice and continues to
turn pink just as before. Do you think this is odd?” Stoppard (1994)
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In our daily experience, as shown in the quote from the play Arcadia, it is
significant that there is an arrow of time and so the world around us evolves in
one given direction. We do not observe for example a smashed cup collecting
all its pieces and jumping back on the table. One of the first ways to explain
that there is an arrow of time came from thermodynamics. In its second law, all
processes are described as irreversible because there always is and will be a loss of
energy that turns into heat. Thus any isolated system left unattended increases
its entropy until it reaches a state of equilibrium but not the other way around.

The whole universe is under the rule of entropy, which means everything tends
to the thermodynamical equilibrium and thus to higher unorder. As Hermann
von Helmholtz observed, this leads to the idea that the evolution of the universe
will end in the so-called heat death of it. However, if there is an end of the
universe, is there also a beginning? It were the theories of relativity that led to
the view that there is one.

An important result of general relativity is that it adds a new possible arrow
of time, called the cosmological arrow of time (Hawking, 1998), but which does
not have to be in the same direction as the thermodynamic arrow. General
relativity also led to the “Big Bang” singularity theory and depending on the
amount of mass present in the universe it leads to two different scenarios for
the distant future of the universe - endless expansion (with Lobachevsky spaces,
or Euclidean space for the limit case) or the “Big Crunch”. However, Hawking
argues that the so-called anthropic principle can be applied. Assuming that the
universe is expanding just so to avoid the “Big Crunch”, the universe will expand
for a long time and thus after a (long) while:

“Disorder couldn’t increase much because the universe would be in a
state of almost complete disorder already. However, a strong thermo-
dynamic arrow is necessary for intelligent life to operate. In order
to survive, human beings have to consume food, which is an ordered
form of energy, and convert it into heat, which is a disordered form of
energy. Thus intelligent life could not exist in the contracting phase
of the universe. This is the explanation of why we observe that the
thermodynamic and cosmological arrows of time point in the same
direction.” Hawking (1998)

1.3 Relativity and observers
Einstein (1993) claimed that two independent statements connected to the intro-
duction of objective time could be identified:

1. By using a closed system with a periodical activity (like a clock), we can
introduce objective local time.

2. We create time in physics as the enlargement of our local time.

The second statement presents a grave problem in relativistic physics. As the
goal of relativity is to eliminate any privileged observers, the original view on
time seems to be an illusion.
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Figure 1.1: Representation of a light cone of the event e. I+ marks temporal
future and I− stands for temporal past.

“The illusion which prevailed prior to the enunciation of the theory
of relativity - that, from the point of view of experience the meaning
of simultaneity in relation to happenings distant in space and con-
sequently that the meaning of time in physics is a priori clear-this
illusion had its origin in the fact that in our everyday experience, we
can neglect the time of propagation of light. We are accustomed on
this account to fail to differentiate between “simultaneously seen” and
“simultaneously happening”; and, as a result, the difference between
time and local time fades away.” Einstein (1993)

However, Einstein does remark that it was lucky that the early scientists did
not see these problems and they could develop their theories without knowing
anything about relativity. Although relativity can seem unimportant in everyday
life6, it is a crucial to fully understand time.

It is not the idea of spacetime that makes relativity what it is. Minkowski
spacetime is very closely tied to special relativity, but a four-dimensional graph
can also represent classical mechanics. The difference is that in classical mechan-
ics the present can be defined as simultaneity slices that are the same for all
observers, i.e. slicing up the four-dimensional space according to the temporal
axis. The new feature of relativity is that this view of global time is abandoned
and instead every observer and her speed becomes relevant to the construction
of simultaneity slices. This approach leads to the introduction of light cones.
Every spatiotemporal event can project a cone into the future limited by the
speed of light. That is because light-speed represents the highest possible speed
of propagation of information in spacetime. The usual representation takes light
cones as ordered according to the temporal (usually y) axis with the past oriented
downwards and the future oriented upwards.

The two parts of the light cone represent events that have influenced the given
event or events that will be influenced by the observed event. Light cones can
form a world line for an object’s history or generally represent a course of events,

6Nevertheless, today there are exceptions. For example, the GPS, which is already part of
many people’s daily activities, has to use calculations based on general relativity.
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i.e. a path in the four-dimensional spacetime. In order to establish simultaneity in
this approach, so-called Lorentz transformations are used. These transformations
are a relativistic generalisation of the classical Galilean transformations which
allowed us to relate uniformly moving observers in classical physics. Lorentz
transformations also relate the coordinates of different observers if these observers
are moving uniformly, but with velocities close to the speed of light. Although it
might not seem on first glance, special relativity is a much simpler theory than the
original Newtonian theory, but it still contains a limiting simplification. However,
it already presents new results concerning time (Novikov, 1998).

There are two main results connected to time that come from special relativity,
time dilation and relativity of simultaneity. Both concern two observers with their
respective reference frames. The time lapse between two events is not invariant
with regards to the observers as opposed to classical physics. On the contrary, it
is dependent on their relative speeds. Hence the effect of time dilation when the
time for a moving observer’s time runs slower than that of a stationary observer.
It is predictable that the observers lack absolute simultaneity in special relativity.
Events seemingly simultaneous in one frame can cease to be in the other(Einstein,
2006).

Special relativity also presented a strong case for the Block universe view,
albeit there are possible interpretations that still allow a Growing block universe,
for details see (Dainton, 2010).

The spacetime of special relativity is a simplification of the general relativistic
spacetime. It is flat, and thus all the light cones are oriented in the same direction.
General relativity takes into account also gravity. General relativity spacetime
has a curvature, and thus the orientation of light cones can be different. Light and
its behaviour play a crucial temporal role also in general relativity. As general
relativity permits the bending of spacetime, it thus changes also the way how
light signals propagate. They still follow a ‘straight line’, i.e. geodesic, but they
can now take various shapes and not only straight lines as we know them from
flat surfaces as in special relativity. Also, time itself seems slower near massive
objects. Thus events closer to a strong gravitational source seem to last longer.
This change is due to the loss of energy of light in the gravitational field. Hence
time becomes in general relativity an actor on the stage of physics and not a mere
background as it was in classical physics:

“Space and time not only affect but also are affected by everything
that happens in the universe.” (Hawking, 1998).

We do not want to define Flow of Time (hereafter FoT) based on introspections
about time, and so we look at formal accounts where this term is used and after
that a physics account of FoT.

Introductory articles to temporal logics (Venema (2001) and Gabbay, Hod-
kinson, Reynolds, and Finger (1994)) describe the term ‘flow of time’ as a pair
(T,≺), where T is a non-empty set of time points and ≺ is an irreflexive and
transitive binary relation on T , i.e. a strict partial order. As the reader can see,
FoT means here any temporal structure in usual temporal logics. These logical
models can be branching, but they do not have to be. Because logical models
allow for various and very different types of FoT, they are not a good place to
start the investigation. It is better to use physics as a foundation for our idea
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of FoT. The founding article of Branching Spacetimes (Belnap, 1992) serves as
a good transition between the two fields and the FoT of temporal logics and FoT
of physics, because Belnap argues that there is a ‘classical view’ on time and
simultaneity—time being a succession of infinite Euclidean spaces. However, the
question of simultaneity is more complex when relativity theories are taken into
account.

A modern view on FoT, as described by physics, can be found in (Dieks, 1988).
The view of time as a succession of infinite Euclidean spaces is deemed as an old
view on the topic that fails to incorporate properties arising from special relativity.
Dieks describes how we can formulate FoT so that it can also be used with
special relativity. The way how to get a structure similar to the classical global
now is to assign a possibly different now-point to every world-line and generate
a partial order based on the linear order of the now-points on the worldlines.
This process has one crucial restriction: no now-point should lie in the interior
of the conjunction of past lightcones of other now-points. As soon as we place
the first now-point p, we significantly limit the set of now-points for the given
distribution, because we instantly exclude all the points in the past of p.

Dieks (1988) makes the distinction between ontological definiteness of the past
and present against the ontological indefiniteness of the future, i.e. past events are
definite and given, while future events are not. Dieks, seems to me, has a similar
view about the future as Belnap. Future events from the conjunction of all the
future light cones are “physically, ontologically real alternative possibilities”. As
opposed to the definite past that does not present any real alternative possibilities.
The idea is to avoid any reference to a global instant in this generalised FoT.

The main points according to Dieks about his generalised FoT are that the
worldlines have a linear order of now-points, the past and the present now-points
are ontologically definite, and that it has a relation for now-points on worldlines
respecting ontological definiteness that lead to the generalisation of ‘now’ as a
‘here now’. I will later use these points as an inspiration to construct a flow of
time similar to the A-series.
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1.4 Atemporal universes
Because of the focus of this thesis, I must stop at a particular group of approaches
to time, namely those that claim that there is no objective time. I showed that
some approaches to time, namely the Block universe, already steer away from
our habitual conception of time. Nevertheless, a Block universe still contains a
temporal dimension. As I will illustrate, there are models of the universe that
entirely omit time. However, first, let us return to McTaggart’s argument.

McTaggart (1908) had a similar argument as Aristotle about the existence of
time, or to be precise, about its nonexistence.

He spoke about three temporal orderings, the so-called A-series, i.e. ordering
of events based on past, present, and future, B-series, i.e. the ordering of events
by the relation ‘earlier than’, and the C-series, an atemporal, undirected, version
of the B-series.

McTaggart presented two main arguments in his article against the reality of
time. First, he equates time with change. However, there is no change in the B-
series, and therefore the B-series itself cannot be temporal. Also, the B-series can
be constructed from the A and C series; thus they seem to be more fundamental
than the B-series.

Novikov (1998) also demonstrates the argument that the A-series is more fun-
damental than the B-series because on a closed time curve we cannot distinguish
future and past, but locally we are still able to tell that an event is earlier or
sooner than the other.

The existence of the A-series is according to McTaggart contradictory. Given
an arbitrary event, we can easily consider it as the present. Two possibilities can
occur now. First, there is no change (and therefore time), and the events stay
the same – the present event remains the present event. The second option is
that the events change and an event that was the present becomes the past, and
another event that was the future becomes the present. However, as we have
chosen an arbitrary event, this would mean that the A-series forces every event
to be past, present, and future and therefore the distinction of past, present, and
future does not make sense.

The only consistent and meaningful definition of time would arise from our
perception of the present. Which is subjective and also significantly limited by
our perception capabilities. The problem is not solved if the present is an in-
terval, because a present-interval would raise the question of its exact duration.
A single present-point is also insufficient because it would be too different from
our perception of present. McTaggart dismisses also the possible case of multi-
ple presents in that they form a linear structure because “they must be present
successively”.

Thus according to this argumentation time is unreal and there is only subjec-
tive time with its merits and flaws. Only the C-series relations stay unaffected
by this result and thus supposedly present a strong enough, albeit atemporal,
foundation. Although McTaggart’s views are pre-relativistic and make an appeal
to a global present, his terminology of temporal series is widely used terminology.
In this language, I will be defending a B-series view on time.

Another example is Gödel’s model of a rotating universe. It is constructed in
accordance with general relativity, but it does not contain a ‘cosmic’, i.e. objective

16



and linear, time. Gödel argues that general relativity does not guarantee causal
time nor cosmic time, but they follow from other observed facts (like the second
law of thermodynamics). As these seem more like generalisations than laws of
nature, the conclusion is that:

“No ultimate, metaphysical reality can be claimed for time” (Burgess,
1979).

Barbour (2000) can be regarded as one of McTaggart’s followers. According
to his argumentation time does not exist, at least not in the ordinary sense. He
denounces time as an illusion created by our minds. Barbour’s original motivation
lies in quantum physics and a firm reliance on the Wheeler-DeWitt equation. This
equation states that “the universe in its entirety is like some huge molecule in a
stationary state” (Barbour, 2000).

The resulting universe might be timeless, but it has a rich structure given by
the relations between the different momentary three-dimensional configurations
of matter. Barbour takes a Machian approach to physics, and therefore only the
relative distances of objects are significant, not their position in some absolute
space. In another reference to his ideas, Barbour calls his universe Platonia as it
is made of these unchanging configurations. This view is similar to a many worlds
interpretation in the respect that we have a multitude of equally real worlds that
coexist and are interconnected in some structure.

The idea of Platonia can be demonstrated with a simplified example of three
point-masses and their configurations. In this example, we have three point-
masses (A, B, C) with their respective distances a, b, c, where each can stand for a
distance between a pair of point-masses (for example, BC, AC, AB respectively).
In the configuration space, Platonia for three point-masses, there are different
possible distances between the three point-masses and one such configuration is
marked by a point in Fig. 1.2.

Figure 1.2: Barbour’s Platonia demonstrated with three point-massess.

A line in Platonia could then represent the evolution of the configurations of
these three point-masses as visible on Fig. 1.3. In this example, we can see that
the distance c is diminishing. A succession of configurations in Platonia should
follow a path through this configuration space and should not be composed of
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arbitrary configurations. Each triangle in the upper corner of the figure then
represents a different configuration in Platonia.

Figure 1.3: Barbour’s Platonia and a history of configurations.

However, even with this demand for succession, we would lack one important
aspect, namely directedness. The ordering of configurations could be reversed
to the one presented in Fig. 1.3, i.e. the distance c could be growing instead of
diminishing. Directedness is part of our existence, and Barbour did not forget
about it. He introduces so-called time-capsules, i.e. any part of the configuration
that captures evidence about different configurations. Thus in our tree-point-
mass example, we would need a more complex structure that would also capture
this information. However, for the sake of demonstration, we can show it also
on our example as information contained in the given configuration, see Fig. 1.4.
Each configuration can contain time-capsules and if we would attempt to order
them “chronologically”, we would use this time-capsule information to do so. If we
find ourselves in a well-structured configuration, we will encounter a great number
of time-capsules like fossils, videotapes, or sand imprints. Every configuration
could be, with some simplification, be equated to an instant in time.

Figure 1.4: Barbour’s Platonia with time capsules.

The last atemporal view that needs to be mentioned is loop quantum gravity,
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LQG, represented here by Rovelli (2018a). His argument starts out similarly
as Barbour’s by founding his work on fundamental laws of physics and less on
our perception of time. However, instead of presenting the immense structure of
Platonia, he presents a world composed of small elements, quanta of space, that
interact with each other and create the so-called spin network. There is no time as
we usually see it and Rovelli (2018b) even opposes the ideas of presentism or Block
universe all together. The whole world is merely a network of interconnected
interacting elements. Although LQG does not contain time in any of the previous
definitions, it is not static. The network dynamically evolves due to interactions
between the quanta and thus, on our level, gives rise to the illusion of time as we
know it.

At this point, it can almost seem that the unreality of time or the Block uni-
verse is a consensus in the community. However, let me mention at least one
strong proponent of the reality of time – Smolin (2013,1); Unger and Smolin
(2015) or a proponent of actualism, i.e. that only actual events exist, in the
context of branching spacetimes – Wawer (2016). However, I focus on the inves-
tigation of the static Block universe in this thesis with also Barbour’s view of
time and these latter approaches are left for now not addressed.
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2. The logic of time
“. . . it is obvious that time plays such a fundamental role in our think-
ing that there is a clear need for precise reasoning about it.” Venema
(2001)

In the previous chapter we introduced questions concerned with the truth-
fulness of statements about time. Logic emerged, at latest in the fifties, as an
adequate tool to present precise reasoning about truthfulness in time.1 It allows
us to explicitly state all of our assumptions about time in a formal language and
thus limits the possibility of any hidden ambiguity or presuppositions. However,
there is one logic I consider better suited to capture the problem of observers in
block universes, namely Belnapian branching logic. What follows is an introduc-
tion to temporal logics and their different approaches to time to show the context
of the presented work and why other logics are less suited for the aim of this
thesis.

Temporal logics2 are generally understood as a group of modal logics that
deal with time. In the foreword to Temporal Logic: Mathematical Foundations
and Computational Aspects, Gabbay et al. (1994) list the main research topics
for temporal logics as philosophy3, computer science4, natural language, and pure
logic. Nevertheless, the boundaries between these logics can sometimes be very
minute. As an example, philosophical temporal logics, often have a computer
science mirror version.5

The focus is philosophical temporal logics due to the nature of the questions
I try to answer. As shown by Øhrstrøm and Hasle (1995), even the founder of
modern temporal logics, Arthur Prior, was engaged in a philosophical discussion
whether there is objective time. Thus temporal logics were related to the philo-
sophical questions of time since the beginning. If we look at temporal logics in
McTaggartian terms, then the A series view was held dear by logicians.

In the next sections I will give a short general overview of the evolution of
how time was treated in formal logics. For the general context, a concise history
of temporal logics is also part of this chapter. After that different temporal logics
are introduced, and we see why the given logic is unsuitable for answering the
question of this thesis.

2.1 Short history of temporal logics
Already early steps in temporal logics added essential features that make up the
foundation of this thesis’ approach. We will also see how logic was intertwined
with philosophy.

1I also pointed out that logic and physics can benefit from mutual inspiration in Švarný
(2014).

2Literature also knows the term tense logic, I consider them here as interchangeable.
3See an extensive account of philosophical temporal logic in Øhrstrøm and Hasle (1995).
4See for example the conference Gabbay and Ohlbach (1994).
5For example, the Computational Tree Logic is a branching time model. It can, however,

take a little while to get accustomed to the versions due to the different notation and usage.
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While the general idea of temporal indexing can be attributed to Charles
Peirce, it was George Boole who introduced time into formal logic. His idea was
to interpret symbols as:

“. . . representing the times in which the elementary propositions to
which they refer are true.” Sketch of a Theory and Method of Prob-
abilities Founded upon the Calculus of Logic (Øhrstrøm and Hasle,
1995)

This temporal indexing of statements, however, did not entail any inference about
the veracity of these statements with regards to time.

It was Jan Lukasiewicz (Øhrstrøm and Hasle, 1995) who allowed first temporal
logical inferences when he formalised the argument connected to Aristotle’s sea-
battle scenario (see page 7). His example demonstrates well the approach of
matching our temporal model with our temporal experience, in Lukasiewicz’s
case this is a move from a too strong logic of time to one that suits better the
sea-battle example.

Crucial for Lukasiewicz’s idea was the principle of logical determinism, which
means that if something is true at time t then it is true at any previous time that
it will be true at t. So if T means “true at a given time”, then for times t and t1
and the proposition p, we get the following:

(T (t, p) ∧ (t1 < t)) → T (t1, T (t, p)) (D)

However, logical determinism follows from two other principles. The first one
is bivalence, namely that at a given time t it is either true that p or not true that
p but not both.

∀t, p[(T (t, p) ∨ T (t,¬p)) ∧ ¬(T (t, p) ∧ T (t,¬p))] (B)

The second principle is what I would call past fixation with the meaning that
if something is true at time t then it will be true for every time after t that it was
true at time t.

(T (t, p) ∧ (t < t1)) → T (t1, T (t, p)) (F)
If all three principles were correct, truth becomes omnitemporal, i.e. anything

that is true was true and will be true for all time. However, as mentioned, it can
be proven by contradiction that the formula (D) follows from the other two. Past
fixation and bivalence seem to be reasonable assumptions, but omnitemporal
truth does not match with our expectation that the future is yet undecided.
Hence Lukasiewicz argued that one of the two principles, namely bivalence, has
to be weakened. This argument motivated the introduction of a third truth value.
This new value meant ‘undetermined’ and “is applied to contingent propositions
regarding the future” (Øhrstrøm and Hasle, 1995). The introduction of a new
truth value together with temporal indexing are promising steps in the right
direction. However, this logic does not solve even the problem of Aristotle’s
battle, as the founder of modern temporal logics, Arthur Prior, argued.

The works of Boole or Peirce inspired Prior to his analysis of the previous
approaches to time, and he completely changed the relationship of time and log-
ics (Prior, 1957)(Prior, 1968). He found Lukasiewicz’s solution of introducing a
new truth value as unsatisfactory because the core of Aristotle’s sea-battle was
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a disjunction of two future events (the sea-battle takes place, or the sea-battle
does not take place). These future events are undetermined, and therefore their
disjunction would also be evaluated as undetermined according to Lukasiewicz’s
approach. Prior in collaboration with Charles Hamblin6 developed formal branch-
ing temporal models as a solution to this problem.

His approach to the sea-battle scenario led to two possible interpretations of
branching time models, already mentioned in the previous chapter on page 9,
the Ockhamist and Peircean futures. The first assumes that there is one settled
future and thus it can define the truth of a proposition as:

‘it will be in n days that p’ is true now if and only if p will be true
in n days.
formally: ∀t : t < tn → T (t, T (tn, p)) ⇔ T (tn, p)

The Ockamist reading of the sea-battle scenario would be “if there will be a
battle tomorrow, it would be false to assert that there won’t be, even though we
are unable to know today”.

The Peircean approach follows Peirce’s assumption that the future is not
settled yet and thus cannot have any truth value. The result being that it cannot
be inferred from the present happening that “this was going to happen”, but it
still holds that “it will have happened”. The only proposition able to hold for the
future is a necessary one, thus true for all futures. A little formally put using the
already once applied formalism and emphasis added for clarity:

T (t, p) ̸⇒ (∀t1 : t1 < t → T (t1, T (t, p))
T (t, p) ⇒ (∀t1 : t < t1 → T (t1, T (t, p))

Prior also introduced other topics still vivid in modern temporal logics, for
example, he noticed the difference between local and non-local assignments in
branching tree structures (Prior, 1968), which means that one can assign truth
values for variables depending on the branches or assign them in a general manner.
Priorean branching time structures are the foundation of the Belnapian branching
logics which this work is based on.

Burgess (1979) presented an interesting view on the three-valued tense logic —
an intersection of the Ockhamist and Peircean view. Suppose “it will be that p” is
meaningful in the actual course of events, but also demand that every meaningful
statement has currently a truth-value that is independent of the future that will
be actualised. Then Fp is true when every possible future contains p as true at
some point or false when none does. For the case when only some possible futures
contain true p a third truth value needs to be introduced or as we will see later,
a new operator that allows us to distinguish between these cases.

Belnap (1992) continued Prior’s work by combining the Minkowski spacetime
and Prior/Thomason branching time into Branching spacetime models (BST).
These represented a blend of relativity and indeterminism which gave a rigorous
theory to work with relativistic time. Although inspired by physics, these models
were still only formal models with no ties to actual physics yet, and it can be
argued that they have no physical relevance (Farr, 2012). While BST models

6Also Saul Kripke contributed to this effort. He suggested a formal system of branching
time in a letter to Prior in 1958 (Øhrstrøm and Hasle, 1995).
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look similar to many-worlds models from modal logics, Belnap emphasises that
the whole structure represents one universe, which is called Our world. Here we
might see a similarity with the philosophy of Platonia as presented in Section 1.4.
Yet there are crucial differences between the two. The fundamental entity of BST
is a history spanning from the beginning of time until its end. A history still has
its own structure given by events, yet they play a secondary role with regards to
the evaluation of statements. If we interpret the sea-battle scenario in BST, we
see two different histories H1 and H2. The battle happens in the first history,
while in the second one it does not. The same events constitute both histories
right up until the battle, and the histories then separate at an event right before
the battle, possibly in such a way that the earliest difference between the two
histories is the event of the battle.

The next step was done by Müller (2002), who created BST models which
were isomorphic to Minkowski spacetimes and thereby brought them even closer
to a physical interpretation. These models are called Minkowskian Branching
Structures.

Branching Continuations (Placek, 2011) is another branching structure. A
key feature of this system is the introduction of large events (or l-events) instead
of histories, i.e. consistent sets of events. An example of a large event is a simple
statement of consistent events like “I am writing a thesis.” and “I am sitting at
my desk”. Large events can be also regarded as a form of evidence or context
for the evaluation of statements about the future. Consequently, Branching Con-
tinuations permit to work on a more epistemology friendly level as opposed to
the infinite histories from earlier models. These models were expanded in Švarný
(2013) by observers for the first time. The last branching structure is the Bar-
bourian temporal logic, which was presented in (Švarný, 2017) with an attempt to
use the branching structure to describe the Barbourian atemporal interpretation
of physics. All these mentioned branching structures have in common that they
try to model indeterminism. This makes them models of interest to our attempt.

An essential feature of branching semantics is the idea of temporal indexing
in the form of the distinction between the evaluated point and the point of eval-
uation. This distinction allows judgement about the truth values according to
the point of evaluation. As an example from Placek (2011) goes: “Was Einstein
born as a Nobel prize winner?” If we judge today, then it is already part of
our settled past and thus true. However, if we take as the point of evaluation
the moment he was born, then the sentence cannot be settled as true. A formal
presentation of this type of argument comes later on page 59. The idea to make
such a distinction was already presented by Reichenbach (Burgess, 1979) with a
linguistic motivation in the form of a distinction between the time of utterance
and time of reference

2.1.1 The many names of time
Before we delve deeper into the formalities of temporal logics, I would like to
extend the naming convention from BST, MBST, and BCont to all the logics.
This convention should make it a little easier to keep an overview of all the
types of logics mentioned in the thesis. Every logic’s name will be composed
of two main components. Its underlying structure and the structure’s ‘flavour’.
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The structure can be a more complex term that follows the convention of the
how-what description, how is a given structure behaving or organised. Thus, for
example, a branching logic could be any logic that contains branching. However,
Branching spacetimes represent a logic that deals with spacetimes that branch.
Minkowskian branching spacetimes then represent a specific flavour, or subtype
in other words, of branching spacetimes. This naming convention also leads to a
straightforward abbreviati of the name, while logical models are referred in the
text in the form of calligraphic abbreviations or letters M.

2.2 Basics of temporal logics
Temporal logic calls linearly ordered time the flow of time. Therefore, the term
flow of time in logics is different from the same term in physics and philosophy.
It can designate in general any temporal logic model and I will use the term tense
logic or structure where appropriate in order to make it clearer. The tense logic
T can be interpreted as a well known Kripke frame from modal logics (Venema,
2001). This frame has the structure (T,<), where T is a set of time points and <
is an ordering relation of precedence (p < q meaning ‘p is earlier than q’). Most of
the tense logic is similar to modal logic. This will be shown later in greater detail.
However, it is worth mentioning that tense logic often also has translations into
first-order predicate logic. These translations are not in the scope of this work
and hence are omitted.

The main difference between temporal and modal logics, as demonstrated by
Prior’s approach, is that in temporal logics one “starts with structures, for which
one is trying to find good modal description languages; whereas in alethic modal
logic it has more often been the other way around.” (Venema, 2001)

The language used in temporal logic usually contains the variables p, q, r . . .
and connectives ¬, → as known from classical propositional logic.

Because simple T is linear, the precedence relation is irreflexive, transitive,
and asymmetrical. However, even this basic tense logic can have many forms and
properties. It can be an ordered set (like (N, <)) or something more exotic, like a
Minkowski spacetime (R4,◁). The choice depends on the purpose of the model.
Here is a sample list of first order properties that can be imposed on a given time
T = (T,<) (dual formulas are omitted):

Ending ∃p ∀q(q < p ∨ p = q)
Right-serial ∀p ∃q(p < q)
Denseness ∀p, q(p < q → ∃r(p < r ∧ r < q))
Discreteness ∀p, q(p < q → ∃r(p < r ∧ ¬∃s(p < s ∧ s < r)))

Unary temporal operators instead of the classical modal operators □ and ♢
are another part of the temporal logic language. Temporal operators effect only
a selected direction of the ordering. The operators H and G are the future and
the past equivalents of □. The possibility operator is usually denoted as F for
the future and P for the past7. There is also an alternative notation based on

7The memorising aid for Future and past is clear. To remember which of the necessity
operators addresses which direction, I use the word History. According to Øhrstrøm and Hasle
(1995), the original idea of Prior could have been: “is always Going to be” and “Has always
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the modal operators and thus G would be noted as [F] and F becomes ⟨F⟩. We
can then read them in the following manner:

FA it will sometimes be that A
PA it was sometimes that A
GA it always will be that A
HA it always was that A

Similarly, as with modal operators, each pair is interdefinable. So it is suffi-
cient to use only one pair to define a temporal logic. Let us note that the reading
might slightly differ, for example in the necessity operators also the present in-
stant can be added (as G being read ‘it is and it always will be’) (Garson, 2006).

Semantics and syntax follow in general a similar path as those of modal logics.
Semantics are based on Kripke models M = ⟨W,R, V ⟩. The accessibility

relation R is the mentioned precedence relation <8, the world set W is the set of
time points T . The valuation V is the same as in modal logic with the addition
of temporal operators. The valuation then looks the following way:

M, p ⊩ Gφ if (∀q)(pRq → M, q ⊩ φ)
M, p ⊩ (Hφ) if (∀q)(qRp → M, q ⊩ φ)

Concerning syntax, all propositional axioms are considered to be part of tem-
poral logic9. The set of Priorean formulas is the smallest set containing the
propositional variables p, q, r . . . that is closed under formula constructions from
the operators (H, G) and connectives ¬, →. Priorean formulas are denoted as
φ, ψ, . . .. The most common rules of inference are Modus Ponens, Substitution,
and Temporal generalisation:

Modus Ponens Substitution Temporal generalisation

φ, φ → ψ φ φ φ

ψ φ[ψ/q] Gφ Hφ

been.”
8There is the option of introducing a new accessibility relation L or simply >. This relation

is the inverse of < such that if p < q then q > p and vice versa (Garson, 2006).
9The relation of first order logic to tense logic is discussed by Goldblatt (1992) or Venema

(2001).
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This is a list of temporal axioms to choose from10:

(A1) a) G(p → q) → (Gp → Gq) ,
b) H(p → q) → (Hp → Hq) ;

(A2) a) p → GPp ,
b) p → HFp ;

(A3) Gp → GGp ,
b) Hp → HHp ;

(A4) a) (Fp & Fq) → [F(p& q) ∨ F(p& Fq) ∨ F(Fp & q)] ,
b) (Pp & Pq) → [P(p & q) ∨ P(p & Pq) ∨ P(Pp & q)] ;

(A5) a) Gp ∨ FGp ,
b) Hp ∨ PHp ;

(A6) a) Gp → Fp ,
b) Hp → Pp ;

(A7) Fp → FFp ,
(A8) a) (Gp& p) → PGp ,

b) (Hp& p) → FHp ;
(A9) a) (FG¬p& Fp) → F(G¬p& HFp) ,

b) (PH¬p& Pp) → P(H¬p& GPp) ;
(A10) (A7) ∨ [(A8(a)) & (A8(b))] ,
(A11) a) FGp → GFp ,

b) PHp → HPp ;
(A12) a) PFp → (Pp ∨ p ∨ Fp) ,

b) FPp → (Fp ∨ p ∨ Pp)

At first glance, it is visible that pairs arise out of the duality of operators.
The choice of axioms leads to different temporal logics, similarly as frames of well
known modal logics. I follow (Burgess, 1979) in listing examples of linear times
with different properties and discussing how suitable they are to our approach.

The simplest tense logic is traditionally called Kt or in the unified notation
simply time T. Its name is derived from the modal logic K with the subscript t
as tense. It uses the first two axioms, (A1), (A2), which are tense equivalents of
the modal axiom schema K and 511. Although this logic is the basic temporal
logic, it has to be more complex than the modal system K in order to capture
the precedence relation correctly. This logic is sound and complete concerning
the class of all T , and it is also decidable.

Kt is the minimal tense logic, and its theorems express the most general
properties of the tense operators. For exactly this reason, it is unsuitable for our
investigation. The frames of Kt contain branching and linear frames; they do not
differentiate between determinism and indeterminism and so on. A slight axiom
addition to Kt leads to nonlinear frames.

Nonlinear time
Arbitrary frames Kt
Transitive Kt, (A3)
Forward convergent Kt, (A11) a)

10Other possible formulation of axioms can be found in Venema (2001), Garson (2006), or
Goldblatt (1992).

11According to Venema (2001) also (A3) should be part of Kt.
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Even the addition of the axiom (A3) to Kt is not sufficient. This transitive
system is denoted as usually K4t

12, or TT as transitive time. However, simply
adding transitivity still does not allow us to discuss determinism.

As a first step in the right direction could be the addition of (A11) a) that
leads to forward convergent frames. Nevertheless, even these frames do not allow
the discussion of determinism.

2.3 Linear Time
The extension for linear tense logic, LT, is the system TT and the axiom of
non-branching ((A12)a) ∧ (A12)b)). LT is also sound and complete, but it is now
only concerning the class of linear tense logics.

For the chosen time structure, there are the following properties13:

Linear time
Ending K4t, (A5) a)
Endless K4t, (A6) a)
Dense K4t, (A7)
Discrete K4t, (A8)
Dedekind-continuous K4t, (A7), (A9)
Homogeneous metrisable K4t, (A6), (A10)

Multiple observations can be made about LT.
Even extensions of the language of temporal logic, namely the addition of

dyadic operators S and U meaning ‘since’ and ‘until’, do not help in answering
how an observer can make sense of a Block universe.

M, p ⊩ Uφψ if (∃q)(pRq ∧ M, q ⊩ φ) and (∀r)((pRr ∧ rRq) → M, r ⊩ ψ)
M, p ⊩ Sφψ if (∃q)(qRp ∧ M, q ⊩ φ) and (∀r)((qRr ∧ rRp) → M, r ⊩ ψ)

Classical temporal operators can be defined with these new ones if a truth
constant ⊤ is also added to the language. For example Hφ is the same as S⊤φ.
It can be even proven that over the class of linear, continuous orderings, every
temporal operator can be defined using the language with S, U and so no other
operator adds more expressive power to the language (Venema, 2001). On the
contrary, there is no expressive completeness over the class of all tense logics
(Goldblatt, 1992).

On our way to nonlinear time models, it is important to note that not all
properties are definable. Branching frames, for instance, cannot be defined by a
Priorean formula. However, we also cannot define the class of frames for temporal
logics. We do have a formula for transitivity (that is (A3)), but we do not have
one for irreflexibility (Venema, 2001).

It would be possible, if the underlying structure conforms with general relativ-
ity, to use LT to capture temporal statements. However, it lacks one important
property — any way of capturing indeterminism. This makes it useless in our

12Once again; it is a reference to modal logic where K4 is a transitive framework.
13I omit dual notions. Obviously if there is Ending time, then there can be, using the dual

axiom, a class of frames having a beginning. Possibly dual properties can be identified based
on the axiom subscript.
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endeavour and thus we cannot profit from this well studied logic. Neverthless,
let us look at it via the questions presented at the beginning of the thesis.

What does time in a Block universe look like for an observer? Classi-
cal LT do not contain any observers. However, even if we would introduce them,
they would have only one possible future in front of themselves. There is only
linear temporal order but no causal order as Belnap (1992) puts it.

Can an observer tell that she is in a Block universe? Using LT allows
us to describe the past and future fully and therefore it would be clear from the
point of view of the observer that the universe is a Block universe.

2.3.1 Interval Tense Logic
A different way how to approach linear time is to regard it not as composed of
events but to work with intervals. Let us sketch some basic ideas about such a
system according to Venema (2001). Reference to other duration based logics can
be found in Øhrstrøm and Hasle (1995).

First of all, intervals do not need to be primitive entities. Building on the tense
structure (T,<), events can be joined according to some criteria. They can be for
example taken as closed sets denoted [s, t] = {u ∈ T |s ≤ u ≤ t}. If intervals are
taken as primitives, then the question of ordering of these intervals arises. One of
the possible options is to have s ≺ t as ‘the entire p precedes q’, and p ⊏ q as ‘p is a
proper part of q’. In this way the structure ITL = (T,≺,⊏) is an interval version
of (T,<). However, it is challenging to evade any reference to events completely.
Common temporal language makes many references to instants and events. An
example of interval-based temporal logic is Interval Tense Logic (Venema, 1990).

Following modal operators are added to the classical syntax:

⟨B⟩φ φ holds at a strict beginning subinterval of the current interval
⟨E⟩φ φ holds at a strict end subinterval of the current interval
⟨A⟩φ φ holds at an interval beginning at the end of the current interval

Also their ‘loose’ versions are added, these are denoted ⟨B⟩ , ⟨E⟩ , ⟨A⟩. As
an example ⟨B⟩φ means that φ holds at an interval which has the current one
as a beginning interval. Some useful abbreviations are: starting points [[BP ]]φ,
ending points [[EP ]]φ and ♢φ meaning ‘somewhere φ’ and [X]φ being ¬ ⟨X⟩ ¬φ
for whatever operator X.

ITL is among those interval logics that use points as their basic building block.
Let there be a tense structure ITL = (T,<), the interval set of ITL INT (ITL) is
the set of all closed intervals [s, t] in T . For a model (ITL, V ) with the valuation
V : L ↦→ INT (ITL)× INT (ITL), the truth relation ⊨ is defined in the following
way:

ITL,V ⊨ p[s, t] iff [s, t] ∈ V (p);
ITL,V ⊨ ⟨B⟩φ[s, t] iff there is such u that s ≤ u < t and ITL, V ⊨ φ[s, u];
ITL,V ⊨ ⟨B⟩φ[s, t] iff there is such u that t < u and ITL, V ⊨ φ[s, u];
ITL,V ⊨ ⟨A⟩φ[s, t] iff there is such u that t < u and ITL, V ⊨ φ[t, u];
ITL,V ⊨ ⟨A⟩φ[s, t] iff there is such u that u < s and ITL, V ⊨ φ[u, s];

The connectives and remaining operators are defined as one would expect
either according to the usual approach or their definition given earlier. The truth
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definition implicitly carries with itself relations of intervals based on the given
operator ⊂B,⊂E, <A. As an example:

[s, u] ⊂B [s, t] iff s ≤ u < t iff [s, u] is a beginning interval of [s, t] (2.1)

In succession to this, one can formulate point intervals and thus speak about
points from the interval point of view and with this structure we can define
⟨A⟩φ = [[EP ]]⟨B⟩φ. The intervals can be presented in the following figure (as in
(Venema, 1990)):

Current
⟨A⟩ ⟨A⟩φ
⟨A⟩φ
⟨B⟩ ⟨E⟩φ
⟨E⟩φ
⟨B⟩ ⟨E⟩φ
⟨B⟩φ
⟨B⟩φ
⟨B⟩ ⟨E⟩φ
⟨E⟩φ
⟨E⟩ ⟨B⟩φ
⟨A⟩φ
⟨A⟩ ⟨A⟩φ
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However, even interval tense logic, although an interesting extension of the
linear time approach, does not distinguish between a Block universe or other
models. The reason for this is the underlying tense structure that is still linear.
Therefore the same conclusions can be drawn as for LT.

2.4 Circular time

There are multiple options for a nonlinear time. Circular time can seem plausible
as culturally time often was a cycle14. However, unless some deeper analysis is
given to the subject, circular time presents a trivial logic with Gp ↔ Hp and
Gp → p (Burgess, 1979).

Another cyclical tense structure, CT, is presented by Goldblatt (1992). The
precedence relation < receives here a new interpretation as ‘a while after, but not
too long’. It satisfies the axioms on the next page.

14Also the usual time can be often understood as such. We are going through the weekly
cycles of workdays or weekends. Thus it is not only in ancient or agricultural societies where
life runs in cycles.
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total order (∀x, y)[(x < y) ∨ (x = y) ∨ (y < x)] ;
anti-symmetry (∀x, y)¬[(x < y) ∧ (y < x)] ;
future transitivity

(∀x, y, z, u)[(x < y) ∧ (x < z) ∧ (x < u) ∧ (y < z) ∧ (z < u) → (y < z)] ;
past transitivity

(∀x, y, z, u)[(y < x) ∧ (z < x) ∧ (u < x) ∧ (y < z) ∧ (z < u) → (y < z)] ;
non-transitivity (∃x, y, z)[(x < y) ∧ (y < z) ∧ (z < x)]

Although cyclic time can have relation to societal or natural cycles, the sim-
plest cycles would lead to the same conclusion as LT. However, the logic CT
with its limited foresight could be promising for our questions.

What does time in a Block universe look like for an observer? Al-
though the precedence relation in CT does not allow to ‘loop’ around the ob-
server’s present. We still can, thanks to the past and future transitivity, give the
observer complete reach for inference.

Can an observer tell that she is in a Block universe? Because of her
complete reach of inference in CT, the observer could tell that the universe is
static and all options have ontologically the same state, i.e. that he is in a Block
universe.

2.5 Branching time
The last explored option is branching time15. This thesis uses branching time
models derived from Nuel Belnap’s work. However, I will present other ap-
proaches to branching time first.

The original Branching time BT logic was created by Prior (1968) in order
to investigate historical necessity. Prior agreed with Aristoteles that while the
past cannot be altered, the future should allow for options. His study of this lead
to two different takes on branching, the Ockhamist and Peircean approach that
were presented already in Section 1.1.3.

2.5.1 Ockhamist and Peircean branching
Burgess (1979) presents a formal view on the earlier mentioned Ockhamist and
Peircean systems. The basic frame, in this case, is a tree, i.e. T = (T,<) such
that < is irreflexive, transitive, and all the predecessors of any element are linearly
ordered. So-called x-branches represent possible futures.

I need to introduce a few definitions to understand the valuation. For an
x ∈ T , an x-branch is the maximal linearly ordered subset in {t ∈ T : x < t}.
The set b, b ⊆ T , is a branch if and only if it is an x-branch for some x. Because
an x-branch uniquely determines an x, it can be denoted as xb. Let there be
an x-branch b and y ∈ b, then by is called a restriction and is the y-branch
{t ∈ b : y < t}. If there is a x-branch b and y < x, then by is an extension equal
to the y-branch b ∪ x ∪ {t ∈ T : y < t&t < x}. We further denote B (T ) as a set

15Branching time sometimes refers to generally nonlinear tense structures, i.e. models that
are irreflexive and transitive but not linear (Goldblatt, 1992). Herein, however, I work only
with models that contain some branching.
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of all branches in the model. Time is an upward directed tree, where the past
is already settled but we have a multiplicity of possible outcomes in the future.
Here we draw the line between Ockhamist and Peircean interpretation, and we
start with the first one.

For the Ockhamist syntax, the temporal addition to classical propositional
logics is G, H, and □. Deduction rules come from linear temporal logic with the
addition of Gödel’s Necessitation Rule that from □α one can infer α.

Concerning semantics, the valuation is a mapping on the power set of B(T )
for some tree T . It should be kept in mind that a b ∈ B(T ) determines an x that
is thereby chosen as the present and b is the future that will become actual. For
the valuation of formulas I present only the temporal part as the rest is as usual
in classical propositional logic:

V(Gα) = b ∈ B(T ) : ∀y ∈ T (y ∈ b → by ∈ V (α)) ;
V(Hα) = b ∈ B(T ) : ∀y ∈ T (y < xb → by ∈ V (α)) ;
V(□α) = b ∈ B(T ) : ∀b′ ∈ B(T )(xb′ = xb → b′ ∈ V (α))

A useful observation is that the pure tense logic is a LT as seen earlier and
the pure modal part (omitting G, H) is the logic S5.

Peircean logic does not have a possible future as the future is not settled yet.
Thus Peircean ‘F’ actually works as the Ockhamist ‘□F’16. Thus Ockhamist
logic can model Peircean. Concerning Ockhamist logic, the logic is recursively
axiomatizable. Many other properties are not easy to prove or even unknown as
finite axiomatization or decidability (Burgess, 1979).

What does time in a Block universe look like for an observer? Both
the Peircean and Ockhamist BT universe present already a close to a real rep-
resentation of time to an observer. However, note one problematic notion. We
cannot capture with classical branching times the notion of the Block universe
accurately because we deal only with time and not spacetime. Or as Belnap
(1992) said, BT is a branching temporal order made up of moments but not a
branching causal order.

Can an observer tell that she is in a Block universe? If we ignore that
the Block universe represented by BT is not consistent with spacetime, then
thanks to the branching nature the observer at a given time t can infer from this
logic that there is a difference between the future and the past. Eventhough the
whole universe can be a static branching tree.

2.5.2 Bundled tree
Other tree structures can also be seen in (Reynolds, 2002), for example bundled
tree structures, which allow quantification over branches. Bundled trees have an
attractive property, namely the equivalence of bundled events. We name these
logics as Bundled branching time, BuBT.

A bundle is a set B of branches on a tree (T,<) such that for each time from
T there is a branch t is in:

B = {b ⊂ T : (∀t ∈ T )(∃b ∈ B) : t ∈ b}

16Burgess (1979) compares Peircean approach to the intuitionist’s.
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(T,<,B) is a bundled tree (or frame) if B is a bundle. It is interesting that
these structures correspond to so-called Kamp frames, i.e. a triple (K,<,≡). The
< relates points on the same branch whereas ≡ relates points which represent
the same time point paired with different branches and thus allows us to create
a tree based on the Kamp frame.

The Kamp frame (T,<,≡) is defined so that < is a union of linear orders on
the points from the set T and ≡ is an equivalence relation for all x, y ∈ T such
that:

if x ≡ y then we do not have x < y ;
if x ≡ y and u < x then there is v < y such that u ≡ v ;
if x ≡ y and ∀u ∃v (x < u ∧ y < v ∧ u ≡ v → x = y) ;

What does time in a Block universe look like for an observer? Similar
to BT, BuBT does not account for spacetime. However, the use of different
branches is already closer to Belnap’s branching time which I will discuss next.
For an observer then, time allows for different possible futures (one branch from
the bundle).

Can an observer tell that she is in a Block universe? Different points in
time can have a different ontological status because of the branching of bundles.

2.5.3 Belnapian branching
The main shift of Belnap’s suggestion was to use spacetime instead of just time.
Prior (1967) also suggested a similar move. He also noted that one could form a
tense logic out of functors based on the physical ideas, as frames of reference, local
proper times and observed events. Models developed by Belnap were further ad-
vanced by others, see for example Placek and Belnap (2012); Placek and Wroński
(2009), Müller (2002,0). We will see in this section that they allow for a temporal
branching time model to be used to formalise special relativity, yet they do not
fully rely on terminology from physics. However, the so-called Andréka-Németi
group works on the formalisation of special and general relativity with first-order
logic (see Madarász, Németi, and Székely (2007), Andréka, Madarász, Németi,
and Székely (2012)). Yet, their use of first-order logic instead of temporal logic
places their work outside of the scope of this thesis.

Prior (1967) suggested two axioms for special-relativistic branching time:

FGp → GFp PHp → HPp

However, a more detailed suggestion can be found in Burgess (1979). There the
Minkowski frame M with quadruples and a partial order <M as:

(x0, y0, z0, t0) <M (x1, y1, z1, t1) ↔
(x1 − x0)2 + (y1 − y0)2 + (z1 − z0)2 < (t1 − t0)2&t0 < t1

and a frame B consisting of point-events of spacetime and the relation of causal
ordering are by the special theory of relativity isomorphic. He (and Prior) argues
that the axioms (A1)-(A3), (A11), which I showed earlier, are valid and com-
plete for transitive, convergent frames. However, they do not axiomatise special
relativity logic. This is achieved later by the so-called Minkowskian branching
structures, who to a large extent present a continuation of Prior’s efforts on this
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subject. Burgess regards also the possibility of general relativistic logic but there
it seems even less manageable and even the axiom (A11) does not hold any-
more (although the first three still do). Similar limitations can be found also in
attempts to axiomatise Belnap’s structures (Švarný, 2010).

Branching spacetimes

Belnap (1992) enhanced Prior’s Branching Time to a new structure called Branch-
ing Space-time, BST, in order to combine indeterminism and relativity into a
rigorous theory. Belnap explains the motivation for the introduction of space-
times into branching time as the hope to be able to “say something simple but
useful about relativistic indeterminism by combining these ideas”.

In order to avoid allegations that BST is a case of Many-worlds interpretation,
Belnap stresses that all the branches are part of one world, Our World. This world
is composed of point-events that are organised in maximally extended histories.
Thus the basic structure is similar to BuBT, as a point-event can be part of
many histories similar to a time point that could have been in multiple bundles.
Every history is separated from other histories by choice points, i.e. point-events
at which the histories started to diverge.

However, a BST structure does not need to be consistent with the special
relativistic Minkowskian space. This step was later done by Müller (2002). How-
ever, as it takes a subset of from all the possible BST models, we continue to a
different model based on Belnap’s work.

Branching continuations

Placek (2011) introduced so-called Branching continuations, BCont. Placek does
not speak about branching histories, i.e. whole spacetimes, anymore. One of the
original motives were general relativistic spacetimes. Two properties of BST
histories are problematic – their scale and their upward-directedness. BCont on
the other hand introduces local ‘histories’. This makes BCont better suited for
any work related to human-like observers.

BCont is in many aspects similar to BST (for deeper comparison see Placek
(2011)). It also starts out with the set of point-events of Our World OW , but
they are related by paths, called snake-links.

It is necessary to mention also Sharlow’s article (Sharlow, 2007). He discusses
the usefulness of BST models in quantum physics. He points out that BST
did already prove being useful with the EPR paradox and it could be a leading
tool for the stochastic interpretation of quantum physics or a leading formalism
in working with quantum gravity. Nevertheless, in the ten years that passed, it
seems the formalism did not attract enough attention from the physics community
to fulfil this promise.

At this stage I do not answer the usual two questions, as they are part of the
next chapter, where I introduce observers into both logics and compare them to
the Belnapian version.
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3. Branching logics with
observers
This chapter introduces the formal apparatus that is at the center of this thesis.
Following the structure I proposed in previous articles (Švarný, 2013,1,1), I will
start with a presentation of observer enriched versions of the Branching spacetime
(BST), and Branching Continuations (BCont) models, followed by the newest
model, Barbourian branching with observers. In addition to observers, I will
also introduce formally the idea of generalised flow of time (gFoT) that I first
mentioned on page 38.

3.1 Branching spacetime with observers
A BST model consists of point-events1, these come from a nonempty set OW ,
and they are partially ordered by ≤. The set OW represents Our World2 with
all the possibilities given as point events and ≤ is the causal ordering of these
point-events. The formula e ≤ e′ is read as e can causally influence e′. These
point events can form a history.

Definition 1 Def. 1 in (Wroński and Placek, 2009)

• The set OW called Our World is composed of point-events e ordered by
the causal relation ≤.

• A set h ⊆ OW is upward-directed iff ∀e1, e2 ∈ h ∃e ∈ h such that e1 ≤ e
and e2 ≤ e.

• A set h is maximal w.r.t. to the property of upward-directedness
iff ∀g ∈ OW such that h ⊂ g, g is not upward-directed.

• A subset h of OW is a history iff it is a maximal upward-directed set.

• For histories h1 and h2, any maximal element in h1 ∩ h2 is called a choice
event for h1 and h2.

Histories represent maximal upward-directed sets, in layman terms, each his-
tory is a complete history of the spacetime - one possible course of events for
the entire universe. Two histories contain at least one distinct event; each his-
tory, therefore, represents a different course of events in the universe. However,
the two histories are not separate ontological entities; they are merely different
aggregations of point-events.

1I refer to them often as just events for brevity.
2This is not one world, i.e. possibility, as known from modal logics.
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Figure 3.1: Two histories h1, h2 with a choice event e. Source (Belnap, 1992).

Definition 2 BST model, Def. 2 in (Wroński and Placek, 2009)
⟨OW,≤⟩, where OW is a nonempty set and ≤ is a partial ordering on OW ,

is a structure of BST iff it meets the following requirements:

1. The ordering ≤ is dense.

2. ≤ has no maximal elements.

3. Every lower bounded chain3 in OW has an infimum in OW .

4. Every upper bounded chain in OW has a supremum in every history that
contains it.

5. (Prior choice principle) For any lower bounded chain O ⊂ h1 − h2 there
exists a point e ∈ OW such that e is maximal in h1∩h2 and ∀e′ ∈ O(e < e′).

We can note right away some differences to classical TL or other previously
mentioned logics, especially an explicit demand for denseness and the Prior choice
principle that identifies the choice event between two histories.

The language LBST follows the already mentioned temporal operators with
a single difference, namely the □ operator is traditionally denoted as Sett for
‘settled’. However, it has the same meaning and for consistency the traditional
notation is used also here. A proposition p is formulated in the present tense.
The language also contains the usual Priorean operators F, P . The ‘□’ operator
denotes a settled option, i.e. true for all histories. The valuation of formulae are
then introduced in the following way.

3A chain is a totally ordered set.
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Definition 3 Point satisfies formula
For the model M = ⟨OW,≤, v⟩. Where v is the valuation v : Atoms →

P(OW ). For a given event e and history h, such that e ∈ h:

M, e, h ⊩ p iff e ∈ v(p)
M, e, h ⊩ ¬φ iff not M, e, h ⊩ φ
M, e, h ⊩ φ ∧ ψ iff M, e, h ⊩ φ and M, e, h ⊩ ψ
M, e, h ⊩ Fφ iff there is e′ ∈ OW and e∗ ∈ h s.t.

e′ ≤ e∗ and M, e′, h ⊩ φ
M, e, h ⊩ Pφ iff there is an e′ ∈ h s.t. e′ ≤ e and M, e′, h ⊩ φ
M, e, h ⊩ □φ iff for all e′ ∈ h′, for all h′ such that e ∈ h′:

M, e′, h′ ⊩ φ

The future operator could be rephrased as ‘at a future event to e, namely e∗,
we will be able to say that φ is true’. It is not sufficient to only pick event e′,
because it does not has to be necessarily a member of history h and it might be
that φ does not hold at event e∗ (i.e. it is not a settled future).

For example if φ stands for “there is a sea-battle”. The statement: “there is
a sea-battle in the future”, would be written in this language as Fφ. Thus the
formula is fulfilled by the model, M, e, h ⊩ Fφ, if there is an event in the future
where we can look into our past and say that there was a sea-battle after the
utterance of Fφ at event e.

This satisfaction definition is the classical version without an observer. Ob-
servers are added to BST using a few simple definitions and modifications to the
evaluation of formulae.

Definition 4 Worldline
A set Wl ⊆ OW is a worldline iff Wl is a chain. We denote Wl(e) a worldline

containing the point-event e.

Definition 5 Observer
An observer O is a finite worldline Wl limited by two point-events ei and

ef , where ei is the initial observation and ef is the final observation.
An observer of a point-event e ∈ OW , Oe, is an observer such that there

is e′ ∈ Oe such that e ≤ e′.
We define observations of the observer O, ObsO, as the set of all point-

events that were observed by observer O.

An observer hence can only observe point-events that are causally connected
to his worldline. Because an observer is basically a set of consistent point-events,
she specifies a set of histories that are consistent with each other up to the point
of the last observer’s point-event.

Definition 6 Observer valuation
For given M, e and observer Oe and histories hi, such that Oe ⊂ hi, a formula

φ is true for Oe, iff for every hi it holds that M, e, hi ⊩ φ.
This is written as M,Oe ⊩ φ.
If neither M,Oe ⊩ φ nor M,Oe ⊩ ¬φ, then the formula cannot be attributed

a truth value.
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The observer’s worldline is the complete state of the observer and based on
this worldline the truth or falsity of statements is evaluated. This completeness
allows stating the evaluation of formulae in the aforementioned way.

Theorem 7 Observer time asymmetry
For any observer O that is part of at least two histories, there exists at least

one well-formed formula about the future that cannot be attributed any truth value.

Proof. If an observer’s set of observations is part of at least two histories,
then these histories must coincide on the observer. They must diverge at some e
such that ef ≤ e. Hence we can construct a formula that relies on the valuation
at e that will have a different truth value in h1 and h2 and hence cannot be true
or false for the observer. Q.E.D.

With observers and worldlines, I can step to the introduction of gFoT which
I understand as an ordering of sets of events deemed as contemporary to a given
point-event e. These sets are ordered according to a worldline. This means, they
can be ordered according to an observer.

Remark 8 Generalised FoT, (Dieks, 1988)
A generalised flow of time fulfils the following:

1. worldlines have a linear order of now-points;

2. past and present now-points are ontologically definite;

3. it has a relation (or set) of now-points on worldlines respecting ontological
definiteness.

I need to identify the set of ’now’-points. The most important aspect is that
the past and present are definite and this property is maintained across all the
now-points. All these notions need to be defined in the context of BST. However,
let me first introduce a useful abbreviation for a set of all histories that contain
the point-event e.

Notation 9 Histories containing e
For any given point-event e ∈ OW let He be the set {h ⊆ OW |e ∈ h}.

Lemma 10
For any two point-events e, e′ ∈ OW if e′ ≤ e, then He′ ⊆ He.

Proof. This follows from Def. 1 and Def. 2. It holds trivially for e = e′. If
e′ < e, then there must exist a history h0 such that e, e′ ∈ h0, otherwise e′ < e
would not hold. Two possibilities can occur now. Either there is no choice event
between the two events or there is at least one choice event. Assume without the
loss of generality that the mentioned choice event can be on the chain from e′

to e, excluding the latter (let me denote that [e′, e)). If there is no choice event,
then by the Prior choice principle and definition of choice events any two histories
that contain e′ also must contain e′. If there is a choice event on this chain, then
there are two histories h1 and h2. By the same definitions as previously, the event
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above the choice event, that is e, is not contained in one of the two histories but
e′ is a member of both of them. Therefore He′ ⊆ He. Q.E.D.

Definition 11 Definite truth in M, Based on Def. 24 in (Placek, 2011)
M, e |= ψ, read as ψ is definitely true at e in model M, iff ψ holds for every

history that contains e, i.e. ∀h ∈ He : M, e, h ⊩ ψ;
M, e |=Indef ψ, read as ψ is indefinite at e in model M, iff there exists at least

one history containing e where ψ holds and one history where it does not hold,
i.e. ∃h1, h2 ∈ He : M, e, h ⊩ ψ ∧ M, e, h ⊩ ¬ψ.

Lemma 12 Included middle in M, Based on Thm. 25 in (Placek, 2011)
For any BST model M, formula ψ, and evaluation point e, exactly one of the

following three options must hold:

• M, e |= ψ,

• M, e |= ¬ψ,

• M, e |=Indef ψ.

Proof. If for the given point-event e and every h ∈ He it holds that M, e, h |=
ψ, then from Def. 11 it holds that M, e |= ψ. Similar approach is applied for
M, e, h |= ¬ψ.

However, if there exists in addition a history h′ ∈ He such that M, e, h′ |= ¬ψ,
then by Def. 11 it holds that M, e |=Indef ψ. Q.E.D.

This introduced definiteness into BST. However, the generalised Flow of
Time spoke about ontological definiteness. I define ontological definiteness as a
relation between two point-events. The reference point-event selects the histories
that are available for the other point-event to evaluate its formulas.

Definition 13 Ontological definiteness
A point-event e′ is ontologically definite w.r.t. point-event e in a model

M iff ∀ψ ∀h ⊆ OW : e ∈ h ∧ M, e′ |= ψ → M, e′, h ⊩ ψ.
A set of point-events is ontologically definite w.r.t. point-event e iff all point-

events in the set are ontologically definite w.r.t. point-event e.

Now the resulting behaviour of ontological definiteness should be in accor-
dance with our expectations. If our reference event is preceding the evaluated
event (i.e. in the past), then the the evaluated event won’t be ontologically defi-
nite. If the reference event is from the future or the present, then the evaluated
event should be ontologically definite.

Lemma 14 Past and present definiteness
For two point-events, e, e′ ∈ OW such that e′ ≤ e, the point-event e′ is onto-

logically definite w.r.t. to the point-event e.
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Proof. Let us have two point-events e, e′ ∈ OW such that e′ ≤ e. Let us
now have a formula ψ such that M, e′ |= ψ. According to Def. 11 this means
that ∀h′ ∈ He′ : M, e′, h′ ⊩ ψ. Because e′ ≤ e, then from Lem. 10, it holds that
He′ ⊆ He and therefore also M, e′, h ⊩ ψ for every h ∈ He. Q.E.D.

Similarly as with observers in Thm. 7, we can in general state for a point-
event that the future is indefinite. This is not entirely the same scenario as in
the previous lemma as in general not all point-events that are in the future are
indefinite. If there was no choice event that would force a splitting of histories
between the two point-events, then the definitness of formulae would be the same
between both point-events.

Lemma 15 Future indefiniteness
For a point-event e ∈ W , there exists a point-event e′ ∈ W such that e′ > e

and the point-event e′ is not ontologically definite w.r.t. to the point-event e.

Proof. We choose such a point-event that is located after a choice event. It
is clear from Def. 34 that there are no maximal elements in a M so we can find
such a point. We can assume without the loss of generality that e is the choice
event. In that case, from Def. 1, e′ must be part of only one of the histories, he′ .
We need to choose a formula ψ so that it holds that M, e′, he′ ⊩ ψ. This formula
can be chosen based on the difference between the two histories. Q.E.D.

Note that in the case of BST, definiteness is closely related to settledness.
However, later on in BCont this distinction is more visible.

What follows is the introduction of now-points. Now-points for a point-event
e are a combination of two selections. First, a selection of histories that the
point-event e is part of and second a selection of point-events in these histories.

Definition 16 Setting of now-points
Xe is a setting of now-points for the point-event e iff e ∈ W and for

Xe ⊆ W it holds that:

1. e ∈ Xe;

2. ∀h ⊆ OW : e ∈ h → Xe ∩ h ̸= ∅

3. ∀x, y ∈ Xe : x ̸= y → x ̸< y ∧ y ̸< x.

A setting of now-points is called non-trivial iff Xe ∩ h ̸= {e}. A setting of
now-points is maximal iff ∀Y ⊆ OW such that X ⊂ Y, Y is not a setting of
now-points.

Lemma 17 Ontological definiteness of Xe

A setting of now-points Xe is ontologically definite w.r.t. e.

Proof. Follows from the Def. 16 and Def. 11. Because we select only now-
points from histories that contain e, then for every now-point e′ it holds M, e′ |= ψ
→ M, e′, h ⊩ ψ. Q.E.D.

At this point, observers and the flow of time can be combined into one struc-
ture.
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Definition 18 Setting of now-points for a worldline
The XW l is a setting of now-points for a worldline iff Wl is a worldline and

the set XW l is constructed from Xe such that all of the above hold:

• e ∈ Wl

• ∀e, e′ ∈ Wl(Xe ∩ Xe′ = ∅)

• Xe is maximal

In other words, the setting of a worldline is constituted of a disjunctive set
of settings for the points of the worldline. One should keep in mind that this is
a set of settings and thus a quite different notion from Xe. Also of note, a XW l

can be in general constructed in many different ways.
With the additions in the last few definitions and lemmas, I can conclude that

BST structures that contain the a generalised flow of time as in Remark 8.

Theorem 19 BST can contain generalised flow of time
There exist models of BST that contain generalised flow of time as described

in Remark 8.

Proof. Follow the points from the Remark 8. According to Def. 4, worldlines
in BST are a linear order of trivial now-points. Based on Lem. 14 and Lem.
17, the present and past now-points are ontologically definite, the same as the
now-points on the worldline. Q.E.D.

It is necessary to note, that not every BST structure needs to automatically
contain the here defined gFoT. A simple counter example is connected to the fact
that gFoT is based on semantics, for example a BST structure with only two
histories that contain different point-events but that fulfil the same formulae.

3.2 Branching Continuations with Observers
I introduced Branching Continuations (BCont) with observers in (Švarný, 2013).
A noticeable difference at first sight between the two structures, a BST and a
BCont one, is the locality of ‘histories’ in BCont. This locality brings them
closer to the observer than in the case of BST histories as we have seen.

BCont also starts with the set of causally partially ordered point-events of
Our World OW . However, these points are related by paths, called snake-links.
BCont can accommodate the same type of observers as we have seen in BST.

Definition 20 Snake-link, Def. 1-3 in (Placek, 2011)
The properties and basic definitions of snake-links:

1. ⟨e1, e2, . . . , en, ⟩ ⊆ W (1 ≤ n) is a snake-link iff

∀i : 0 < i < n → (ei ≤ ei+1 ∨ ei+1 ≤ ei)

2. A snake-link is above (below) e ∈ W if every element of it is strictly above
(below) e.
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3. Let W ′ ⊆ W and x, y ∈ W ′. x and y are snake-linked in W ′ iff there is
a snake-link ⟨e1, e2, . . . , en, ⟩ such that such that x = e1 and y = en and
ei ∈ W ′ for every 0 < i ≤ n.

4. For x, y ∈ W , x and y are snake-linked above e, x ≈e y, iff there is a
snake-link ⟨e1, e2, . . . , en, ⟩ above e such that x = e1 and y = en.

A minor observation is that snake-links above e form an equivalence relation
on the set We = {e′ ∈ W |e < e′}.

Definition 21 Set of possible continuations, Def. 4 in (Placek, 2011)
Set of possible continuations of e, Πe, is the partition of We induced by

the relation ≈e.
∀e < x : Πe ⟨x⟩ is the unique continuation of e to which the given x belongs.

Fact 22 Fact 5 in (Placek, 2011)
∀e′, e, e0 ∈ W : ((e ≤ e′ ∨ e′ ≤ e) ∧ e0 < e ∧ e0 < e′ → ∃H ∈ Πe0 : e, e′ ∈ H)

Definition 23 Set CE of choice events, Def. 6 in (Placek, 2011)
For e ∈ W , e ∈ CE iff card(Πe) > 1.

Definition 24 Consistency, Def. 7 in (Placek, 2011)
For e, e′ ∈ W , let there be We := {x ∈ W |∀c(c ∈ CE ∧ c < e → c < x)} and a

similar set We′ for e′. Then e, e′ are consistent iff they are snake-linked within
We∪We′. A set w ⊆ W is then consistent if every two elements of w are consistent
and it is inconsistent iff there exist two points in w that are inconsistent.

Next Placek introduces formally the large events (l-events) that play a similar
role in BCont as histories in BST.

Definition 25 L-events, Def. 8 in (Placek, 2011)
E ⊆ W is an l-event iff E ̸= ∅ and E is consistent.

For the definition of a BCont model, the definition of a BST model is used,
only altered on places, where the snake-link has its influence. BCont is in many
aspects (but not in all) a generalised form of the BST models.

Definition 26 Model of BCont, Def. 9 in (Placek, 2011)
W = ⟨W,≤⟩ is a model of BCont if it satisfies:

1. W is a non-empty partially ordered set;

2. the ordering ≤ is dense on W ;

3. W has no maximal elements;

4. every lower bounded chain C ⊆ W has an infimum;

5. if a chain C ⊆ W is upper bounded and C ≤ b, then there is a unique
minimum in {e ∈ W |C ≤ e ∧ e ≤ b};

6. for every x, y, e ∈ W , if e ̸< x and e ̸< y, then x and y are snake-linked in
the subset We ̸≤ := {e′ ∈ W |e ̸≤ e′} of W ;
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7. if x, y ∈ W and W≤xy := {e ∈ W |e ≤ x ∧ e ≤ y} ̸= ∅, then W≤xy has a
maximal element;

8. for every x1, x2 ∈ W , if ∀c : c ∈ CE → c ̸< xi, then x1, x2 are snake-linked
in the subset W ̸>CE := {e ∈ W |∀c ∈ CEe ̸> c} of W.

L-events are not as large as histories. Although this makes them a little more
relatable, it also makes the snake-link construction a necessity and the main
difference between BST and BCont. For any two point-events from a history
in BST, there in the worst case a M-shaped path connecting them according
to the ordering. This path cannot be guaranteed for BCont and l-events. For
example, space-like related events cannot directly causally influence each other.
Therefore, they cannot be directly connected by ≤. If the l-event does not extend
sufficiently to the future, it is the snake-link relation that allows us to connect
the two point-events.

Definition 27 Basic transitions in BCont, Def. 11 in (Placek, 2011)
Let ⟨W,≤⟩ be a model of BCont. A basic transition is a pair ⟨e,H⟩, where

e ∈ W and H ∈ Πe is a continuation of e.

Definition 28 SLR, Def. 12 in (Placek, 2011)
Events e, e′ ∈ W are SLR iff they are compatible but incomparable.

Another physics related term is S-t locations, which stands for spacetime
locations.

Definition 29 S-t locations, Def. 13 in (Placek, 2011)
We say that a model ⟨W,≤⟩ of BCont has spatio-temporal locations iff

there is a partition S of W such that

1. For each l-event E and each s ∈ S, the intersection E ∩ s contains at most
one element;

2. S respects the ordering ≤, that is, for all l-events E1, E2, and all s1, s2 ∈ S,
if all the intersections E1 ∩ s1, E1 ∩ s2, E2 ∩ s1 and E2 ∩ s2 are nonempty,
and E1 ∩ s1 = E1 ∩ s2, then E2 ∩ s1 = E2 ∩ s2;

3. similarly for the strict ordering;

4. if e1 ≤ e2 ≤ e3, then for every l-event E such that s (e1) ∩ E ̸= ∅ and
s (e3) ∩ E ̸= ∅, there is an l-event E ′ such that E ⊆ E ′ and s (e2) ∩ E ̸= ∅,
where s (ei) stands for a (unique) s ∈ S such that ei ∈ s;

5. if L is a chain of choice events in ⟨W,≤⟩ upper bounded by e0 and such that
∃s ∈ S∀x ∈ L∃e ∈ W : (x < e ∧ s (e) = s), then
∃e∗ (e∗ ∈ ⋂

x∈L Πx (e0) = s).

S is then called a set of s-t locations for ⟨W,≤⟩.

Definition 30 Ordering of s-t locations, Def. 14 in (Placek, 2011)
For s1, s2 ∈ S, let s1 ≾ s2 iff ∃e1, e2 (e1 ∈ s1 ∧ e2 ∈ s2 ∧ e1 ≤ e2).
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Fact 31 Fact 15 in (Placek, 2011)
If ⟨W,≤, S⟩, a BCont model with a set S of s-t locations, is downward di-

rected, then ≾ is a partial dense ordering on S.

Fact 32 Fact 16 in (Placek, 2011)
Let ⟨W,≤, S⟩ that is downward directed and satisfies the following conditions:

• ∀e1, e2, e3 ∈ W (e1 ≤ e3 ∧ e2 ≤ e3 → e1 ≤ e2 ∨ e2 ≤ e1) surnamed “no back-
ward forks”

• ∀e, e′ ∈ W : if e, e′ are incomparable by ≤, then there are H1, H2 ∈ Πm

such that H1 ̸= H2, e ∈ H1 and e′ ∈ H2, where m is a maximal element of
W≤ee′ = {y ≤ e ∧ y ≤ e′};

Then S is linearly ordered by ≾ and every l-event of ⟨W,≤, S⟩ is a chain.

For semantics of BCont, a point-event and l-event pair is used in a similar
way as in BST. The definition from (Placek, 2011) used the original Branching
Time models of Prior (1968) as a basis for understandable BCont semantics.

Definition 33 BT+Instants inspired model, Def. 17 in (Placek, 2011)
A model ⟨W,≤, S⟩ is said to be (BT+Instants)-like if it satisfies the fol-

lowing conditions:

• downward directedness,

• no backward forks,

• ∀e, e′ ∈ W : if e, e′ are incomparable by ≤, then there are H1, H2 ∈ Πm

such that H1 ̸= H2, e ∈ H1 and e′ ∈ H2, where m is a maximal element of
W≤ee′ = {y|y ≤ e ∧ y ≤ e′};

This construction of evaluation points and coordinalisation of S allows us to
use metric tense operators Fx and Px with x ∈ R. The use of these operators
allows the truth-conditions of metric tenses which say the two events are t units
apart. Sentences will be then judged based on evaluation points, built out of
l-events and thus will be event/l-event pairs mentioned already earlier.

For the language LBC≀\⊔, we assume that its atomic formulas are present-tensed
and that it has the two metric tense operators, usual connectives (¬,∧,∨,→) and
modal operators □(as “it is settled”), ♢(“it is possible”) and an operator Now.

Definition 34 Structure and model, Def. 18 in (Placek, 2011)
A structure for the language L, as defined before, is a pair G = ⟨W , X⟩, where
W = ⟨W,≤, S⟩ is a (BT+Instants)-like model of BCont such that |S| = |R|,
and X is a real coordinalisation of S.
A pair M = ⟨G, I⟩ is a model for language L, where G is a structure for L and
I : Atoms → P(W ) is an interpretation function and Atoms is the set of atomic
formulas of L.

Definition 35 Evaluation points, Def. 19 in (Placek, 2011)
Let G = ⟨W , X⟩ be a structure for language L, where W = ⟨W,≤, S⟩. Then

⟨e, E⟩, written as e/E, is an evaluation point in G for formulas of L iff {e} ∪
E ⊆ W and E ̸= ∅.
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The event e/E does not need to be a member of E. Large events do not
expand the whole of spacetime and thus an event can stay out of it. Placek
(2011) suggests a plain ontological reading of the meaning of e/E.

Definition 36 Extensions of an evaluation point, Def. 20 in (Placek, 2011)
Let G = ⟨W , X⟩ be a structure for language L, W = ⟨W,≤, S⟩, and e/E be

an evaluation point in G for L. Then:

• e/E goes at least x-units-above e (0 ≤ x) iff ∃e1 ∈ W∃e2 ∈ E(e1 ≤
e2 ∧ int(e, e1, x));

• e/E’ is an x-units-above-e extension of e/E (0 ≤ x) iff E ⊆ E ′ ⊆ W
and e/E’ goes at least x-units-above e.

Definition 37 Fan of evaluation points, Def. 22 in (Placek, 2011)
Let G = ⟨W , X⟩ be a structure for L, W = ⟨W,≤, S⟩, and e/E be an evalua-

tion point in G for L.
Two l-events E1 and E2 of W are isomorphic instant-wise iff

∀e1 ∈ E1∃e2 ∈ E2s(e1) = s(e2) and ∀e2 ∈ E2∃e1 ∈ E1s(e1) = s(e2)
e/E ′ ∈ Fe/E, fan of evaluation points determined by evaluation point e/E

iff e/E’ is an evaluation point in G and E and E’ are isomorphic instant-wise.

In many cases, the fan of evaluation points leads to a single possible E’, E
itself. The critical point is that the evaluation of the formula depends on the
moment of use, eC .

Definition 38 Point fulfils formula, Def. 23 in (Placek, 2011)
For given eC , e/E and the model M = ⟨G, I⟩.Then:

1. if ψ ∈ Atoms:M, eC , e/E ⊩ ψ iff e ∈ I (ϕ);

2. if ψ is ¬φ : M, eC , e/E ⊩ ψ iff it is not the case that M, eC , e/E ⊩ φ;

3. for ∧,∨,→ also in the usual manner;

4. if ψ is Fxφ for x > 0 : M, eC , e/E ⊩ ψ iff there are e′ ∈ W and e∗ ∈ E
such that e′ ≤ e∗ and int(e’, e, x), and M, eC , e

′/E ⊩ φ;

5. if ψ is Pxφ, x > 0 : M, eC , e/E ⊩ ψ iff there is e′ ∈ W such that e′ ∪ E ∈
l-events and int(e’,e,x) and M, eC , e

′/E ⊩ φ;

6. if ψ is □φ : M, eC , e/E ⊩ ψ iff for every evaluation point e/E ′ from fan
Fe/E and M, eC , e/E

′ ⊩ φ;

7. ♢ψ := ¬□¬ψ;

8. if ψ is Now : φ : M, eC , e/E ⊩ ψ iff there is e′ ∈ s(eC) such that e′ ∪ E ∈
l-events and M, eC , e/E

′ ⊩ φ.
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Definition 39 Definite truth, Def. 24 in (Placek, 2011)
M, eC , e/E |= ψ, read as ψ is definitely true at M, eC , e/E, iff there is an

x ≥ 0 such that for every x-units-above e extension e/E ′ of e/E : M, eC , e/E
′ ⊩

ψ;
M, eC , e/E |=Indef ψ, read as ψ is indefinite at M, eC , e/E, iff there is no x ≥ 0

such that for every x-units-above e extension e/E ′ of e/E: M, eC , e/E
′ ⊩ ψ and

no x ≥ 0 such that for every x-units-above-e extension e/E ′ of e/E: M, eC , e/E
′ ⊩

¬ψ;

Lemma 40 Included middle, Thm. 25 in (Placek, 2011)
For any formula ψ and any evaluation point e/E, exactly one of the following

three options must hold: e/E |= ψ or e/E |= ¬ψ or e/E |=Indef ψ.

The proof was already shown by Placek and follows in general the same ap-
proach as in BST. I do not go into much more detail but let me list some of the
properties of this model from (Placek, 2011).

• if ψ is fulfilled at an evaluation point e, it can cease to be fulfilled at an
extension of this evaluation point;

• if ψ is definitely true at a evaluation point e, then it is definitely true in
every extension of e;

• if ψ is indefinite at a point, so is its negation;

• if ψ is indefinite at a point, ψ ∧ φ is either indefinite or definitely false at
this point;

• if ψ is indefinite at a point, ψ ∨ φ is either definitely true or indefinite at
this point;

• if ψ → φ is indefinite at a point, ψ → φ is either definitely true or indefinite
at this point;

• settled cannot be indefinite: □ψ is definitely true or ¬□ψ is definitely true.

Every sentence becomes definitely true or definitely false at a sufficiently long
extension of an initial evaluation point because of the given coordinalisation.

The introduction of generalised Flow of Time (see Remark 8) into BCont is
far more promising than in the case of BST. It could alleviate the work with the
original BCont model based on the simpler BT logic. As Placek (2011) writes:

We take the Kripke/Prior/Thomason semantics for our reference
theory, since it is relatively simple and we have some intuitions con-
cerning tenses. We do not have comparable intuitions concerning rel-
ativistic notions, and for this reason it will not be revealing to take
BST for our reference theory.

With the introduction of a flow of time and observers, I hope to provide
insights in the theory itself without the need of a different theory as a reference.

I need to revisit some of the definitions and lemmas from the previous section
and alter them to meet the demands of BCont.
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Definition 41 Ontological definiteness
A point-event e′ is ontologically definite w.r.t. point-event e in a model

M iff ∀ψ ∀E ⊆ W : M, e, e/E |= ψ → M, e, e′/E |= ψ.
A set of point-events is ontologically definite w.r.t. point-event e iff all point-

events in the set are ontologically definite w.r.t. point-event e.

Same as in the previous section, I verify that this definition of ontological
definiteness is in accordance with the expectations of gFoT.

Lemma 42 Past and present definiteness
For two point-events, e, e′ ∈ W such that e′ ≤ e, the point-event e′ is ontolog-

ically definite w.r.t. to the point-event e.

Proof. For two point-events e, e′ ∈ W such that e′ ≤ e, the event e is
contained in some x-units-above extension from e′. Let us now have a formula ψ
such that M, e/E |= ψ. According to Def. 39, there exists such an x ≥ 0 such
that for every x-units-above e extension e/E ′ of e/E : M, eC , e/E

′ ⊩ ψ. Based
on Def. 36 and e′ ≤ e, this means that any x-units-above e extension e/E ′ of
e/E is also an x-units-above e′ extension e′/E ′′ of e′/E. However, E ′′ and E ′

do not need to be the same. Therefore, we need to assure that in accordance
with Def. 39 M, e, e′/E ′′ ⊩ ψ. We can do this by extending from e′ so that the
extended l-event E ′′ is extended x-units-above e. Thus we construct a y-units-
above e′ extension, where y is equal to x + t with t from int(e′, e, t). Therefore,
we have for every y-units-above e′ extension that ψ holds and thus it is definite
true. Q.E.D.

Lemma 43 Future indefiniteness
For a point-event e ∈ W , there exists a point-event e′ ∈ W such that e′ > e

and the point-event e′ is not ontologically definite w.r.t. to the point-event e.

Proof. We choose such a point-event that is located after a choice event. As
from Def. 26 it is clear that there are no maximal elements in a M, we can find
such a point. We can assume without the loss of generality that e is the choice
event. From ontological definiteness in Def. 41, it holds that M, e, e/E |= ψ. In
that case, from Def. 23, e′ must be part of only one of the possible continuations
Πe. To show, that e′ is not ontologically definite w.r.t. e, we just need to choose
a formula ψ and l-event E such that it holds that M, e, e′/E ̸|= ψ. The E is
chosen from the continuation that e′ does not belong to which means there is no
x-units-above e′ extension that could satisfy M, e, e′/E |= ψ. Q.E.D.

At this point, the same definitions of a worldline (Def. 4) and an observer
(Def. 5) are used as in the case of BST. The observer-related truth needs to be
slightly altered with the use of consistent l-events instead of histories. Although
l-events are closer to our natural way of speaking about time, they present some
complications for the definitions.

Definition 44 Observer valuation in BCont
For given M, e and observer Oe and l-events Ei, such that Ei are consistent

with Oe, a formula φ is true for Oe iff for every Ei it holds that M, e, Ei ⊩ φ.
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The observer’s worldline is the complete state of the observer and based on it
the truth or falsity of statements is evaluated. This completeness allows stating
the evaluation of formulae in the aforementioned way. Finally, a BCont variation
of Theorem 7 holds.

Theorem 45 Observer time asymmetry
For any observer O that is part of at least two histories, there exists at least

one well-formed formula about the future that cannot be attributed any truth value.

Proof. If an observer’s set of observations is part of at least two histories,
then these histories must coincide on the observer. They must diverge at some e
such that ef ≤ e. Hence we can construct a formula that relies on the valuation
at e that will have a different truth value in h1 and h2 and hence cannot be true
or false for the observer. Q.E.D.

Definition 46 Setting of now-points
Xe is a setting of now-points for the point-event e iff e ∈ W and for

Xe ⊆ W it holds that:

1. e ∈ Xe;

2. ∀e′ ∈ Xe : e is consistent with e;

3. ∀x, y ∈ Xe : x ̸= y → x ̸< y ∧ y ̸< x.

A setting of now-points is called non-trivial iff Xe ∩ W ̸= {e}. A setting
of now-points is maximal iff ∀Y ⊆ W such that X ⊂ Y, Y is not a setting of
now-points.

This is just a general linking of sets of now-points connected to a point of
reference in a given continuation. We could also make the definition shorter by
using the term space-like related (SLR) mentioned in Placek (2011). Two points
are SLR if they are consistent but incomparable. Thus a setting of now-points is
a set containing a reference point and points that are SLR with each other. We
also prefer to work with maximal settings of now-points as previously in BST
and with bearing in mind that being maximal does mean being also unique.

The definition of a setting of now-points for a worldline can stay the same as
in Def. 18 only that we need to use the settings for now-points from BCont.

An example of how BT-like semantics are rudimental is the following corollary.

Corollary 47
In a (BT+Instants)-like model, a setting of now-points for e is trivial.

Proof. The proof follows trivially from the given definitions. We proceed
by constructing the set Xe. Let us have the event e, then because l-events in
(BT+Instants)-like models are chains, the set of consistent sets is also a chain.
Hence, the set of events incomparable by < is equal {e}. Q.E.D.

This example is also a motivation not to use only (BT+Instants)-like mod-
els for BCont and I extend the definition of now-points similarly as in the case
of histories.
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Definition 48 Setting of now-points in continuation
The set Xe,E, the setting of now-points in continuation A with respect to point-

event e, is equal to the set Xe′ for some e′ ∈ s(e) such that e′ is consistent with
A.

At this point, observers and the flow of time can be combined into one struc-
ture as observers are merely specific worldlines and all the newly introduced
notions are based on worldlines.

Definition 49 Setting of now-points for a worldline in continuation
The set XW l,E is equal to the set XW l′, where Wl′ is worldline consistent with

A, constituted of events e′ ∈ W such that ∀e′ ∈ Wl′ ∃!e ∈ Wl : e′ ∈ s(e) and
∀e ∈ Wl ∃!e′ ∈ Wl′ : e ∈ s(e′).

There is a common idea to both definitions of settings of now-points. One
transforms the original points using spatiotemporal locations while the other uses
the points consistent with the given l-event and constructs settings for these. A
possible motivation to relate l-events instead of spatiotemporal locations comes
from the physics motivations behind the whole project. Imagine for example that
the continuation A′ leads the observer to some gravitational field and thus his
setting of now-points should, quite naturally, be different from the observer in
the continuation A.

If BCont leaves the confines of BT-like models, I need to reinvestigate mul-
tiple other notions. First, coordinalisation, as introduced in Def. 34 explicitly
builds on BT-like models. The ordering of S in these models is quite simple and
the coordinalisation is therefore easily constructed and allows to determine the
interval size t with mere subtraction. For a more general approach applicable
also in different BCont models I suggest to rely on worldlines.

Definition 50 Generalised interval in BCont
For e, e′ ∈ W , E and l-event such that e′ is consistent with it, Wl(e) a world-

line, and X being a coordinalisation on the worldline: int(e, e′,W l(e), t) is equiv-
alent to:

1. ∃e′′ : Xe′′,E ∈ XW l(e),E ∧ e′ ∈ Xe′′,E

2. X(s(e′′)) −X(s(e)) = t

The coordinalisation fundament is the same as earlier, i.e. an order preserving
bijection X between ⟨S,≾⟩ mapped to the dense subset of R.

The general notion of interval does not, like the other altered definitions,
change anything in the context of the simple (BT+Instants)-like models. We
can show this in a simple lemma.

Lemma 51
In (BT+Instants)-like models: int(e, e′, t) ≡ (∃Wl(e))(int(e, e′,W l(e), t)).

Proof. The core idea that t is equal to the difference of two points is the
same in both definitions. The question is the identity of the two points. Let
int(e, e′, t) be true, then they are by definition comparable and thus consistent.
That means there exists an l-event they belong to, let it be E. L-events are chains
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in (BT+Instants)-like, thus there exists a chain they both belong to. Let this
chain be Wl(e). Because e′ ∈ E according to our assumptions, there exists e′′

such that Xe′′,E ∈ XW l(e) ∧ e′ ∈ Xe′′ . If we take into account Cor. 47 then there is
only the option that e′ = e′′.

Now if e and e′ are inconsistent we have an l-event E consistent with e′

(in the worst case it is the singleton of e′). Construct a chain Wl(e) such that
Wl(e) ∩ s(e′) ̸= ∅. It follows from Def. 29 and from the linearity of these models
in Fact 32 that there is one element in (BT+Instants)-like models in this
intersection, let it be e′′. Therefore e′′ ∈ s(e′) and hence X (s(e′′)) − X (s(e)) = t
is the same as X (s(e′)) − X (s(e)) = t. Point-event e′′ does verify all that we
expect from it, by the definitions and Fact 16 it holds that Xe′′,E = {e′} and
Xe′′,E ∈ XW l(e),E.

The other direction needs to be verified also. Let ∃Wl(e) : int(e, e′,W l(e), t)
be true and may the events be consistent. Then we ask: does it hold that e′ = e′′?
And it does, as Xe′′ ∩ e′ = e′ in (BT+Instants)-like models. If the two events
are inconsistent then obviously e′ ̸= e′′ but for our proof it is enough to show
that s(e′) = s(e′′). This follows from Xe′′,E ∩ e′ = e′ by definition and Cor. 47.
Q.E.D.

Worldlines can be introduced into all the definitions from BCont with little
alteration. The exception is a point fulfiling a formula in the below mentioned
cases:

Definition 52 Point fulfils formula - (BT+Instants)-like and FoT
For given eC , e/E and the model M = ⟨G, I⟩, the definition that a point fulfils

a formula is the same as in Def. 38 with the exception of adding the worldline to
the evaluation and the following:

• if ψ is Fxφ for x > 0 : M, eC , e/E,XW l(eC ),E ⊩ ψ iff there are
e′ ∈ ⋃ XW l(eC ),E and e∗ ∈ E such that e′ ≤ e∗ and int(e, e′,W l(e), x), and
M, eC , e

′/E ⊩ φ;

• if ψ is Pxφ for x > 0 : M, eC , e/E,XW l(eC ),E ⊩ ψ iff there is e′ ∈ ⋃ XW l(eC ),E

such that e′ ∪ E ∈ l-events and int(e′, e,Wl(e), x) and M, eC , e
′/E ⊩ φ;

• if ψ is Sett : φ : M, eC , e/E,XW l(eC ),E ⊩ ψ iff for every evaluation point
e/E ′ from fan Fe/E : M, eC , e/E

′,XW l(eC ),E ⊩ φ;

• if ψ is Now : φ : M, eC , e/E,XW l(eC ),E ⊩ ψ iff there is e′ ∈ XeC ,E such that
e′ ∪ E ∈ l-events and M, eC , e

′/E,XW l(eC ),E ⊩ φ.

Theorem 53
Def. 38 is equivalent to Def. 52 in (BT+Instants)-like-like models.

Proof. Some of the points from the Def. 38 were not changed in any sig-
nificant way. Those points obviously hold as we only added a new notion to the
right side of ⊩ but it does not influence in any way the valuation in those cases.

The Fx operator’s equivalence: we need to prove that e′ = e′
F oT , where e′ ∈ W

comes from Def. 38 and e′
F oT ∈ ⋃ XW l(eC ),E is from Def. 52. We are using Lemma
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51. Let us have e′
F oT ∈ ⋃ XW l(eC ),E. It is a subset of W and it also meets all the

requirements of Def. 38 and hence it is an e′ point as required by it. According
to Def. 50 and Def. 29 it even has to be equal to that point. For the other
direction let us have e′ ∈ W that suits the Def. 38. Using downward directedness
of (BT+Instants)-like models for eF oT , e

′ there exists e0 comparable to both
events as both events are consistent with E, there can be an l-event E ′ that
both events belong to. The intersection of a s-t location and an l-event is only
one point-event. Hence only one point-event fulfils int(e, e′,W l(e), x) for a given
x and so e′ ∈ W = e′

F oT . And a similar combination of (BT+Instants)-like
models’ linearity and downward directedness leads to the equivalence of the P
operator.

For the Now operator, if we have e′ from Def. 52 then this exact e′ fulfils all
that is needed for Def. 38 to work. For the other direction let us have e′ based
on Def. 38. However, based on Cor. 47, XeC ,E is always a singleton. If E is
consistent with eC then it has eC as its single member and from the definition of
setting of now-points (Def. 46) this single member must be e′, thus e′ = eC and
it fulfils all requirements of Def. 52. If eC is inconsistent with E then the only
change is that e′ ̸= eC but it is again a member of XeC ,E. Q.E.D.

And finally, in the same way as in the case of Theorem 19, I could show at
this point that there exist BCont models that contain gFoT. Yet, one last model
awaits, one that is the most different from Belnap’s original ideas.

3.3 Barbourian Temporal Logic
Although this is a quote from Mach, it represents the key idea for Barbour’s
approach:

It is utterly beyond our power to measure the changes of things
by time... time is an abstraction at which we arrive by means of
the changes of things; made because we are not restricted to any one
definite measure, all being interconnected.

(Barbour, 2000)

As already mentioned, Barbour (2000) authors what he calls a “many instants
interpretation of quantum mechanics” a timeless model of the world where time
is merely an abstraction. For Barbour, the equivalent of Our World is called
Platonia, and it is composed out of all the possible states of the world, some-
times referred to as the ‘heap of possibilities’. One such possible state is called
a ‘configuration’4. For my purpose, I do not need to go into much detail about
the quantum physical foundation of Barbour’s theory. Let me mention that the
universe is represented by a Wheeler-DeWitt equation, a universe wave function
that captures all the possibilities.

Hence in Barbour’s view, each configuration is a three-dimensional snapshot
of the universe that captures the relative configuration of matter and fields in

4Configurations are sometimes referred to as instants. However, in order to purge any
impression of temporality, I use the term configuration. Their meaning is the same in Barbour’s
theory.
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the universe. Platonia is then composed of all the possible configurations of such
sort. They have an intrinsic structure that contains all the physical evidence
that leads us to the impression that time passes. Barbour calls these objects
‘time capsules’. A time capsule is, therefore, a part of the configuration that
suggests in some way the direction of time or works as evidence for the passage of
time. Typical examples of time capsules are geological sediments, camera films,
or particle traces in a cloud chamber. However, as we see, each configuration is
static and timeless.

The difference between a BST or BCont structure and Platonia lies in the
scale of their building blocks. While point-events make up the previous cases,
Barbour’s structure works with configurations. Configurations themselves have
an intrinsic structure. However, it is sufficient to take them as primary members
of Platonia for the construction of a logic. What follows is called Barbourian
Branching Configurations BBC. I first introduced it in (Švarný, 2017).

Definition 54 Platonia
We call P Platonia, the set of all configurations c.

Configurations have a deeper structure, as mentioned time capsules are a part
of configurations. I express this structure by one operator ∆(c, c′). The meaning
of ∆(c, c′) is “the difference in arrangements” (i.e. relative distances, energies,
etc.) between two configurations5.

This ∆ has a significant impact on the way how I interpret configurations and
work with them. This causes that configurations can be ordered and even that
an analogue of “no backward branching” can hold in BBC.

Definition 55 Transitions
Any two configurations c, c′ ∈ P form a direct transition c ≈d c

′ iff ∀c′′ ∈
P : ∆(c, c′) ≤ ∆(c, c′′).

There is a transition c ≈ c′ iff there is a chain of direct transitions c1 ≈d

c2 ≈d ... ≈d cn such that c1 = c and cn = c′.

Therefore if we would look at configurations of two points and have three
possible configurations based on only the one dimensional distance of the points:
c1 one meter, c2 two meters, and c3 three meters, then there is a direct transition
between c1 and c2, c2 and c3. However, there is not a direct transition between
c1 and c3, because there exists a configuration whose arrangement is closer to the
one of c1, namely c2. There still would be a transition between c1 and c3, c1 ≈ c3,
namely c1 ≈d c2 ≈d c3.

Definition 56 Directly successive
Two configurations c, c′ ∈ P are directly successive c < c′ iff c ≈d c

′ and
c ∈ Ψ(c′). Where Ψ(c) denotes the set of possible preceding configurations based
on time capsules from c.

Two configurations c, c′ ∈ P are successive, denoted c << c′ iff there is a
chain of directly successive configurations c1 < c2 < ... < cn such that c1 = c and
cn = c′.

5A possible interpretation of ∆ is the Kullback–Leibler divergence of configurations.
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Belnap (1992) presents four possible ways of connecting events – causal disper-
sion, causal confluence, causal forward branching, and causal backward branch-
ing. The first, dispersion, connected one point-event to all point-events in its
future that are causally influenced by it. These point-events had different space-
time coordinates (or as Belnap wrote: the event “here-now” influences outcome
“over-left-later” and “over-right-later”). Causal dispersion was also defined sym-
metrically for the past and called causal confluence. This relation cannot be
directly translated into the language of configurations for it does not make sense
to speak about a “here-now” configuration, because configurations are snapshots
of the whole universe and hence cannot be differentiated based on the spatial
dimension. Therefore causal dispersion and the confluence of events cannot be
captured in this framework. If two configurations c1 and c2 would be a causal
dispersion of a configuration c0, they would necessarily be equal to each other.

On the other hand, causal branching represented the relation between an event
and its two possible outcomes (or causes), the relation between “here-now” and
“possible outcome #1-here-later” and “possible outcome #2-here-later”. This
relation would already be possible to describe with configurations. If we have
two configurations c1 and c2 that capture the possible outcomes of an original
configuration c0, then both of them are directly successive to c0 but different.
This will lead later to the definition of choice configurations, and a succession of
configurations that are not branching will be called a Barbour history.

I need to address backward branching. Belnap (1992) mentions that “no
backward branching is part of common sense” and does not delve much deeper
into the topic. Yet, Platonia defies common sense, and hence it might seem
possible that two distinct configurations have the same configuration as their
direct successor. Still, this should not happen thanks to time capsules. Our
experience with time capsules, i.e. history, tells us that there is no backward
branching. For if two different configurations c1, c2 would lead to the same
outcome c3, then there would be conflicting time capsules in c3. One important
note, however, is that I base this judgement on the relation of direct transition.
There might exist some weird configuration cw that could contain inconsistent
time capsules and could pose as the result of both c1 and c2. Still, based on
the definition of direct transition, there is at least some configuration that has a
smaller ∆ to c1, namely a configuration cw without the inconsistent time capsules.
Similar procedure can be done for c2.

Definition 57 Barbour history
A Barbour history h is a set of configurations c1, ..., cn ∈ P totally ordered

by <.

Definition 58 Choice configuration
A choice configuration cc is a configurations c ∈ P such that ∃c1, c2 ∈ P :

c1 ̸= c2, c < c1, c < c2 and cc ∈ Ψ(c1) ∧ cc ∈ Ψ(c2).

Definition 59 Barbour structure
A Barbour structure S given as ⟨P , <⟩ satisfies the following:

1. The ordering < is dense.

2. The relation < is transitive.
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3. The relation < is antisymmetric.

4. Every lower bounded chain in P has an infimum in P.

5. Every upper bounded chain in P has a supremum in every history that
contains it.

6. (PCP) For any lower bounded chain C ∈ h1 −h2 there exists a configuration
c ∈ P such that c is maximal in h1 ∩ h2 and ∀c′ ∈ C c < c′.

The two structures, Barbour’s and Belnap’s, stay the same at this point.
However, notice that in Barbour’s idea of configuration ordering there could be
a maximal element. A maximal element, in this case, can represent an ultimate
arrangement of matter that does not have any successor. This would also be a
trivial example of a Barbour structure that is not BST.

Language L consists of atomic formulas (statements about configurations in
the present tense), tense operators F,P, modal operators □,♢ and connectives:
∧,∨,→,¬. The semantic model itself needs only the addition of an interpretation
I : Atom → P (P). This interpretation is based on the time capsules of the
configurations and their arrangements.

Definition 60 Barbour model
For the model M =< S, I,⊩>, a c from P satisfies a formula ψ in language

L iff:

• ψ ∈ Atom: M, c, h ⊩ ψ iff c ∈ I(ψ)

• ψ is ¬ϕ: M, c, h ⊩ ψ iff it is not the case that M, h ⊩ ϕ

• ψ is ϕ ∧ π: M, c, h ⊩ ψ iff M, c, h ⊩ ϕ and M, c, h ⊩ π

• ψ is ϕ ∨ π: M, c, h ⊩ ψ iff M, c, h ⊩ ϕ or M, c, h ⊩ π

• ψ is ϕ → π: M, c, h ⊩ ψ iff if M, c, h ⊩ ϕ then M, c, h ⊩ π

• ψ is Fϕ: M, c, h ⊩ ψ iff
∃c′ ∈ P : c << c′ and ∃h′ ⊂ P : c, c′ ∈ h′ and M, c′, h′ ⊩ ϕ

• ψ is Pϕ: M, c, h ⊩ ψ iff
∃c′ ∈ P : c′ << c and M, c′, h ⊩ ϕ

• ψ is □ϕ: M, c, h ⊩ ψ iff
∀h′ ⊂ P ∀c′ ∈ P : if c ∈ h′ and (c′ < c or c < c′) then M, c′, h′ ⊩ ϕ

• ψ is ♢ϕ: M, c, h ⊩ ψ iff
M, c, h ⊩ ¬□¬ϕ

An observer is introduced in the same way as in the previous cases. BBC
cannot properly use the notion of a worldline, because a wordline would transcend
different configurations and connect them in various different ways. However, the
main purpose of introducing worldlines was to introduce observers. Therefore I
focus on the observer and the selection of configurations that are relevant for his
judgement. Notice that any (reasonable) configuration that contains an observer
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has also his history in the form of a time capsule. Hence I tie together the con-
figurations based on the time-capsules available to the observer. These available
time-capsules are called evidence.

Definition 61 Evidence
A set E ⊆ P is called evidence iff E is a chain of configurations. We denote

E(c) an evidence containing the configuration c.
Evidence is available at configuration c iff the set E contains c as the maximal

member.

Note that this can be considered as a transition from ontology to epistemics.
The evidence present at a configuration c is physical evidence in the configura-
tion. However, the chain of configurations that was created is just an abstraction
based on ∆ and not an object of the world. Also, do not forget that we assumed
our observers are infallible and have all the accessible data available. This sim-
plification put into Platonia, would actually mean some specific configurations
(namely the ones containing such observers) of the plethora of possibilities are
singled out.

Definition 62 Observer in BBC
An observer at configuration c, Oc is an observer that can use only the evidence

available to him at c.

Definition 63 Observer valuation in BBC
For given M, c and observer Oc and evidences hi, such that E ⊆ hi, a formula

φ is true for Oe iff for every hi it holds that M, c, hi ⊩ φ.

Theorem 64 Observer time asymmetry in BBC
For any observer Oc, if she is part of at least two histories, there exists at

least one well-formed formula about the future that she cannot attribute any truth
value.

Proof. Similar as previously in Theorem 7. Q.E.D.

Therefore we see that also observers in BBC are subject to the same time
asymmetry as observers in BST or BCont and could not, based on statements
about the future, differentiate between a temporal and an atemporal model. How-
ever, is the observer subject to a generalised flow of time as in Rem 8? I follow the
same path as in the previous two logics by introducing the concepts connected to
generalised flow of time.

Definition 65 Definite truth in M
M, c |= ψ, read as ψ is definitely true in c in model M, iff ψ holds for every

c′ that is a successor of c, i.e. ∀c′ ∈ P ∀h ⊆ P : c ∈ h ∧ c′ ∈ h ∧ c << c′ →
M, c′, h ⊩ ψ;

M, c |=Indef ψ, read as ψ is indefinite at c in model M, iff there exists at
least one successor to c where ψ holds and one where it does not hold with their
respective histories, i.e. ∃c1, c2 ∈ P ∃h1, h2 ⊆ P : c, c1 ∈ h1 ∧ M, c1, h1 ⊩
ψ ∧ c, c2 ∈ h2 ∧ M, c2, h2 ⊩ ¬ψ.
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Lemma 66 Included middle
For any BST model M, formula ψ, and configuration c, exactly one of the

following three options must hold:

• M, c |= ψ,

• M, c |= ¬ψ,

• M, c |=Indef ψ.

Proof. Analogous to the proof from 12. Q.E.D.

Definition 67 Ontological definiteness
A cofiguration c′ is ontologically definite w.r.t. configuration c in a

model M iff ∀ψ ∀h ⊆ P : e ∈ h ∧ M, e′ |= ψ → M, e′, h ⊩ ψ.
A set of configurations is ontologically definite w.r.t. configuration c iff all

configurations in the set are ontologically definite w.r.t. configuration c.

Lemma 68 Past and present definiteness
For two configurations, c, c′ ∈ P such that c′ << c, the configuration c′ is

ontologically definite w.r.t. to the configuration c.

Proof. Let us have two configurations c, c′ ∈ P such that c′ << c. Let us
now have a formula ψ such that M, c′ |= ψ. According to Def. 65 this means that
∀c′ ∈ P ∀h ⊆ P : c ∈ h ∧ c′ ∈ h ∧ c << c′ → M, c′, h ⊩ ψ. Because c′ << c, then
M, c′, h ⊩ ψ. Q.E.D.

Lemma 69 Future indefiniteness
For a configuration c ∈ P, there exists a configuration c′ ∈ P such that c′ > c

and the configuration c′ is not ontologically definite w.r.t. to the configuration c.

Proof. Follows the same idea of choosing configuration after a choice config-
uration as in the proof to Lemma 15 and Lemma 43. Q.E.D.

The generalised flow of time asks for the definition of now-points. However,
from the point of view of configurations, we can consider the configuration itself
as the now-points. Because ontological definiteness was defined on the basis of
configurations, then this approach upholds all that is needed for generalised flow
of time with one exception – wordlines. However, as mentioned earlier, wordlines
are complicated in the context of BBC. For this reason, the introduced idea of
evidence would replace worldlines in a gFoT approach. Same as in the previous
two cases, BBC models can also contain gFoT. However, even with the differences
in definitions and the slightly unusual wordlines, the theorem follows the same
lines as Theorem 19.
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4. Observers in a static universe
Now he has again preceded me a little in parting from this strange

world. This has no importance. For people like us who believe in
physics, the separation between past, present and future has only the
importance of an admittedly tenacious illusion. Einstein (1955)

At this point, let me demonstrate the basic workings of the presented struc-
tures on the same example as Placek (2011) did. He investigated the settledness
of the statement “Einstein wins the Nobel Prize”.1 I present first a brief naive
natural language presentation and then I proceed to use the apparatus introduced
in the last two chapters. With this example, I also address the main questions of
this thesis:

• “What does time in a Block universe look like for an observer?”

• “Can an observer tell that she is in a Block universe?”

4.1 Natural language
Let me first look at a temporal statement through the eyes of a time-curious
English user who is not educated in the arts of logic.

If she evaluates the statement “Einstein won the Nobel Prize” from today’s
perspective, it is a settled truthful statement about the past. Soon, however,
a pair of related questions might emerge in her head: “When was the sentence
uttered?” and “When did Einstein win the Nobel Prize?”. These questions lead
to important distinctions about time, that show how our natural temporal lan-
guage is strongly contextual even with or without taking into account grammar
connected to time (like verb tenses).

If we speak about events, the moment of utterance is critical as an event might
not have happened yet. Saying “Einstein won the Nobel Prize” in the year 1900
or 2000 has entirely different meanings and truth values.

Similarly, the time referenced in an utterance is essential. Saying today “Ein-
stein won the Nobel Prize ten years ago” is not a factual statement. However, if
the same statement would have been uttered in 1931, it would have been correct.

Now, let me assume that we live in a Block universe. Our natural language
and its practice evolved in this block universe and, as we have seen, is deeply
interwoven with temporality. The observer cannot tell by the use of natural
language that she inhabits a Block universe. This, I think, is largely due to the
fact that our natural language cannot fully capture the interrelations of a Block
universe.

What if we look at a formal language that allows us to distinguish better
different nuances in temporal statements?

1I use the same example in honour to both, Tomasz Placek and Albert Einstein. A second
reason is that the example is transparent with respect to my goal as opposed to any examples
containing Billy with his Tralfamadorian friends (Vonnegut, 1991).
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4.2 Branching Continuations
The natural language presentation already highlighted that there are some parts
of our speech that are implicit and often become clarified in follow-up questions.
I will demonstrate now the application of BCont as an example of a rigorous
Belnapian approach to the analysis and evaluation of statements about time.

Figure 4.1: Slice through spacetime.

The two dimensional model presented in Fig. 4.1 (one spatial dimension
along the x axis, one time dimension along the y axis) is a subset of W . We see
a worldline Wl shown as a curve going from the bottom to the top of the plane,
and a point eC that belongs to the worldline, and a large event A shown by the
ellipse. The point e1 is a point such that int(eC , e1,W leC

, 1) holds. The cone
shows two possible continuations from a given choice event (an arrow points to
this choice event). The event e is a member of Xe1,A. If we would want to see
the two possible continuations, we could slice the model with a plane and get the
branching image on the right side of the figure. There we can see the intersection
of the l-event A with the slicing plane. The point e is a member of Xe1,A. If at e,
we fulfiled ψ, and at the same spacetime location on the other branch ¬ψ would
hold, then we have a model that suits our purpose. The formula F1ψ is fulfiled
by every 1-units-above-eC extension of eC/A, while every fan determined by each
x-units-above-eC extension of eC/A has an element on the far side of the cone,
where ¬ψ is true at the given distance and setting of now-points. This example
also illustrates the usefulness of the gFoT notions. The world line allows us to
have a measure for intervals, and the settings of now-points allow us to relate SLR
points to each other and thus evaluate sentences using the operators of BCont’s
language.

In the second example the problem of “Einstein was born a Nobel Prize win-
ner” is analysed now. The year of utterance is year 2019 and let us assume that
Einstein might have failed to receive the Nobel Prize in 1921. The critical ques-
tion to examine is the relation between the following two statements, where ψ
stands for “Einstein wins the Nobel Prize”:

(S) Sett : P100F2ψ,

(P) P100Sett : F2ψ.
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Figure 4.2: Possible futures.

The statement (S) can be read in natural language as “It is settled that 100
years before 2019 Einstein will receive the Nobel Prize in two years.”. This is
opposed to (P): “100 years before 2019, it was settled that Einstein will receive
the Nobel Prize in two years.” Placek (2011) has shown that (S) does not imply
(P), see Fig. 4.2. The difference is in the position of eC and the event which we
are looking for, namely the Nobel Prize ceremony of 1921 (marked N). For every
x-units-above eC extension the formula ψ holds, it means that fans determined
by any extension are made out of events that have N in their past. This means
that (S) holds in the given model, on the contrary to (P), which does not hold.
Our model is made in such a way that for every e for which int(eC , e,Wl(eC), 100)
holds, this event does not have the choice event in its ‘past’ while it has either N
or ¬N in its ‘future’. We need to say for every event e as the settings of now-points
might be different. For reasonable settings of now-points and a reasonable Wl we
would just take the event 100 units to the past on the worldline. Hence we are
evaluating Sett : F2ψ in the event e. However, fans determined by any extension
e/A′ from this point-event also have the elements from the possible continuation
(II) where N did not occur and hence (P) does not hold because neither holds
M, eC , e/A,XW leC ,A ⊩ Sett : F9ψ nor does M, eC , e/A,XW leC ,A ⊩ P100Sett : F9ψ.

The language of BCont allows to capture exactly the various statements
about time as demonstrated on the statements (S) and (P). As I have shown
in the previous chapter, BCont can also contain generalised flow of time. This
would mean that an observer, who is in the model, has no option to find out that
she is not in a Block universe.

4.3 Barbourian branching configurations
Barbour’s Platonia seems at first glance to be a very alien view of the world.
However, if we take into account the notion of evidence, we can look at the same
scenario in a quite natural manner.

Let us look at the previous example. The similarity of languages between
BCont and BBC allows me to present this on the same two statements (S) and
(P).

However, how does the statement “It is settled that 100 years before 2019
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Einstein will receive the Nobel Prize in two years.” evaluate in Platonia? As I
have introduced in the last chapter, formula valuation is evaluated as M, c, h ⊩ ψ.
Therefore even for (S), the observer takes into account her configuration, the cur-
rent model and, as mentioned in the case of observers, her evidence. Therefore, if
she has the evidence that 98 years before her configuration Einstein got the Nobel
Prize, then she will evaluate this statement as true. In addition, for the statement
(P), she would reach the same result as in BCont, because of how human-like
observers would have only evidence similar to our experience. Because Platonia
allows the construction of BBC with configurations, choice configurations, and
generalised flow of time, its models can be the same with respect to temporal
statements as our time. Thus, even in this case, I argue that the observer would
not be able to see she is in a Block universe.
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5. Summary and Final Remarks
I presented three different temporal logics - Branching space-times, Branching
continuations and Barbourian branching configurations logic. I hope to have
shown that from an observers perspective it can be difficult to differentiate be-
tween these three models, although two of the temporal logics contain time in
the form of space-time and the third one is based on an atemporal universe made
out of configurations. Purely from the observers perspective with the addition of
generalised flow of time, it is not possible to differentiate between models with
time and without time because the statements evaluation is the same in both.

A further investigation of precise formulae that would allow for a differentia-
tion of the structures should be now conducted in order to strengthen or refute
the view that these models are equivalent from the point of view of an observer.

There are still many other views that could be relevant to the research I
presented here. However, I focused on the investigation of a selected group of
approaches and views. I hope to continue in the future to work on integrating
works of (Rovelli, 2006,1,1) and (Smolin, 2013,1; Unger and Smolin, 2015).

However, there is a distinct possibility that a more straightforward model to
explain the world around us is atemporal, and that we have no way of telling
it is so. Nevertheless, as the Sun did not stop to rise in the east after people
realised Earth is not the centre of the universe, so change does not vanish with
the realisation that the world might be timeless.
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