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Abstract

The problem of projection has been identified as a fundamental reasoning concern in dynamical domains,
where we are to determine whether or not some conditions will hold after a sequence of actions has been
performed starting in some initial state. Solving the problem requires, at the very least, effectively reasoning
about how actions transform the world, and inferring the logical consequences of the initial knowledge base
(KB). For various reasons, tractability one of them, applications often make the closed-world assumption,
thereby limiting the scope of these systems for the real world.

In this thesis, using the language of the situation calculus, we investigate the computational properties
of a number of unsolved reasoning tasks in the context of projection with incomplete information. We first
look at inherently incomplete KBs, where the information provided to the agent may not determine every
fact about the world. Projection, then, may involve reasoning about what is believed and also, about what
is not believed. We then look at physical agents with unreliable hardware, as a result of which actions lead
to certain kinds of incomplete knowledge. Intuitively, beliefs should be (periodically) synchronized with
this noise. Finally, we consider the presence of other agents in the environment, whose beliefs may differ
arbitrarily, and the formalism should incorporate what others sense and learn during actions.

To enable a precise mathematical treatment of incomplete KBs, we appeal to a seminal proposal by
Levesque, called only knowing. Building on existing work, we investigate projection wrt extensions to the
situation calculus for only knowing, noisy hardware and multiple agents. Our central contribution will be
to show that, in spite of the additional expressivity, reasoning about knowledge and action reduces to non-
epistemic non-dynamic reasoning about the initial KB. More precisely, we show that when the initial KB is
an arbitrary first-order theory, we are able to identify conditions under which projection can be solved by
progressing the KB to a sentence reflecting the changes due to actions that have already occurred. Moreover,
when effectors are unreliable, we allow the system to maintain probabilistic beliefs and then show how
projection can be addressed by means of updating these beliefs. Finally, when there are many agents in
the picture, we show that queries about the future can be resolved by regressing the query backwards to a
formula about the initial KB. Only knowing comes with a significant result that allows us to reduce queries

about knowledge to first-order theorem-proving tasks, which is then made use of when solving projection.
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Zusammenfassung

Das Problem der Projektion wurde als fundamentale Eigenschaft in dynamischen Domains erkannt, wobei
die Aufgabe darin besteht, zu bestimmen, ob einige Bedingungen nach der Ausfiihrung einer Aktionssequenz,
ausgehend von einem initialen Zustand, anschlieBend weiterhin gelten oder nicht. Um das Problem zu 16sen
ist wenigstens effektives Folgern dariiber notig, wie Aktionen die Welt verdndern, sowie das Ziehen von
Riickschliissen ausgehend von der initialen Wissensbasis. Aus verschiedenen Griinden, wie unter anderem
der Berechenbarkeit, wird in Anwendungen oft die Closed-World Assumption angenommen, wodurch die
Einsetzbarkeit dieser Systeme in der realen Welt eingeschrinkt wird.

In dieser Arbeit verwenden wir die Sprache des Situationskalkiils um die rechenbetonten Eigenschaften
einer Reihe von ungelosten Schlussfolgerungsaufgaben im Kontext der Projektion mit unvollstindigen Wis-
sensbasen zu untersuchen. Zuerst betrachten wir inhdrent unvollstindige Wissensbasen, wobei die dem Agen-
ten zur Verfiigung gestellten Informationen nicht jeden Fakt iiber die Welt abbilden konnen. Projektion kann
dann beinhalten zu folgern, was und was nicht angenommen wird. Dann schauen wir auf physische Agen-
ten mit unzuverlédssiger Hardware, durch die Aktionen zu bestimmten Arten von unvollstindigem Wissen
fiihren konnen. Intuitiv sollten Annahmen periodisch synchronisiert sein mit diesem Rauschen. Schlielich
betrachten wir die Anwesenheit anderer Agenten in der Umgebung, deren Annahmen sich willkiirlich unter-
scheiden konnen. Der Formalismus sollte Sensorwahrnehmungen von anderen Agenten mit einbeziehen und
von ihnen wihrend der Aktionsausfiihrung lernen.

Um die exakte mathematische Behandlung von unvollstindigen Wissensbasen zu ermdglichen kniipfen
wir an die wegweisende Arbeit von Levesque an, welche bekannt ist als “Only Knowing”. Aufbauend auf
dieser bestehenden Arbeit untersuchen wir Projektion in Bezug auf Erweiterungen des Situationskalkiils fiir
Only Knowing, verrauschte Hardware und multiple Agenten. Unser zentraler Beitrag wird es sein zu zeigen,
dass — ungeachtet der gesteigerten Ausdrucksstérke — das Schlussfolgern iiber Wissen und Aktionen sich auf
nicht-epistemisches, nicht-dynamisches Folgern iiber die initiale Wissensbasis zuriickfiihren ldsst. Genauer
gesagt zeigen wir, dass wir, wenn die Wissensbasis eine beliebige Logiktheorie erster Ordnung ist, Bedin-
gungen bestimmen konnen unter denen Projektion durch Progression der Wissensbasis 10sbar ist, welche
die dnderungen durch bereits geschehene Aktionen darstellt. Ferner erlauben wir dem System wahrschein-
lichkeitstheoretische Annahmen wenn Effektoren unzuverldssig sind und zeigen wie Projektion als Aktual-
isieren der Annahmen verstanden werden kann. Schlielich zeigen wir fiir den Fall mehrerer Agenten im
Szenario, dass Anfragen iiber die Zukunft durch Regression der Anfrage zuriick auf eine Formel iiber die
initiale Wissensbasis beantwortet werden konnen. Only Knowing beinhaltet ein bedeutendes Resultat, dass
es uns erlaubt, Anfragen iiber Wissen auf das Beweisen von Logiktheoremen erster Ordnung zuriickzufiihren,

welche dann Projektion zur Losung verwenden konnen.
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Chapter 1

Introduction

Broadly speaking, artificial intelligence (Al) is concerned with building agents that are capable of intelligent
behavior: an agent is any entity that perceives and acts in its environment, and intelligent behavior is the
choosing of actions that are appropriate as a function of some current set of beliefs about the world. To
achieve general-purpose and open-ended intelligent behavior, however, conventional programming seems
restrictive. That is, there is a need to make behavior depend on explicitly represented propositions, which
describe features about the world in an abstract way, together with the (computational) ability to reason
about these propositions. Therefore, knowledge representation and reasoning (KR), which is the field of Al
that investigates the modeling and manipulation of knowledge that an agent or a system exhibits, plays a

fundamental role. The problem we examine in this thesis is described as follows.

1.1 The Problem

In this thesis our efforts are directed towards the knowledge representation and reasoning problems faced
by an autonomous agent, such as a robot, operating in a dynamic and incompletely known environment
[Levesque and Reiter, 1998]. At the outset, the agents are assumed to be cognitive in the sense of having
cognitive capabilities such as memory and perception, and they are long-lived in the sense of functioning
autonomously for extended periods of time. We are not, however, interested in engineering robot controllers

that solve a specific class of problems. Therefore, central to this effort is:

1. aclear understanding of the relationship between the beliefs, the action and the perception of the agent;

and

2. the ability to represent the current state of the world and its dynamics as a formal system, which allows
us, among other things, to query the system about properties that are true in the world presently, as

well as in the future.

To a first approximation, these characteristics encourage a high-level control of the system behavior, differing

somewhat from traditional robotics (and such), in that it emphasizes decision making as an outcome of
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the agent’s cognition.! This requires, for example, determining how much of the knowledge? of the agent
is compatible with reality, and describing the way in which actions change the world. Wanting to deal
with truth-preserving operations over formal representations puts us in the domain of mathematical logic.
By representing the agent’s beliefs about the world, together with the inherent physics of the domain, as
sentences in a language with a truth theory, which constitute the so-called knowledge base (KB), properties
about the domain can, then, be logically deduced. Thus, the general idea will be to provide a theoretical
and computational account for a kind of deliberation that involves reasoning about action and change which
has formal logic as the underlying mathematical representation for dynamical worlds and the agent’s beliefs
about them.?

Modeling a domain in this way has a number of advantages, of course. For instance, the problem of
classical planning is that of finding a sequence of actions that, after execution, will transform the world and
enable properties so as to reach a state satisfying articulated goal conditions. Think of having a robot and
wanting it to achieve some goal. Instead of programming it directly, we allow the robot to use what it believes
about the world initially and the actions at its disposal to figure out what to do to achieve the goal. This, then,
has the desirable effect that if something changes about the world, as a result of the agent’s own actions
or some exogenous event, it will not be necessary to reprogram the robot.* We reap similar benefits when
considering high-level control programs by means of agent programming proposals for complex applications,
such as a mail delivery robot or non-player characters in computer games [Levesque et al., 1997]. The
paradigm in this case is to allow a modeler to write very powerful programs, with usual constructs such
as recursion and concurrency, but whose primitive statements are actions that an agent can perform. This,
then, provides a way to control (and filter) the kinds of plans generated, while also allowing us to address
applications whose complexity goes well beyond the range of automated planning [Levesque and Reiter,
1998].

Both tasks, among other reasoning concerns in dynamic domains, can be interpreted in terms of a more
fundamental problem: the problem of projection. Simply put, the (temporal) projection problem, as generally
encountered in Al, is the following: given a set of logical sentences modeling the domain (or a KB) X, a

formula ¢ and sequence of actions o, decide whether or not
X entails ¢ after performing o. (1.1)

There are at least two sources of difficulty with this entailment. Besides the fact that agents have to reason
about how actions transform the world, the initial knowledge base, which describes what the agent knows ini-
tially, is usually as expressive as a general first-order theory where the entailment problem is undecidable and
comes with many intractability results [Boerger et al., 1997]. Owing to the very basic nature of the problem,
however, projection has received significant attention in the literature. To get around the first difficulty, two
conceptually different ways to solve projection have been pursued; either by transforming the query ¢ wrt to

the action sequence o to a “static” query about the KB, which is referred to as the regression methodology, or

IThe assumption, then, is that a tight coupling of the high-level control program and other parts of the system’s software will be
achieved.

2We use the term “knowledge” and “belief” interchangeably, as we do not treat them as distinct propositional attitudes. In other
words, we do not insist that knowledge is necessarily true.

3This view corresponds to the research agenda of cognitive robotics [Reiter, 2001; Lakemeyer and Levesque, 2007].

4Having an architecture where the behavior of the system can be altered by changing its beliefs is termed cognitive penetrability
[Pylyshyn, 1986; Levesque and Lakemeyer, 2001].
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by transforming the KB itself wrt o to obtain a new theory that reflects the current situation, which is referred
to as the progression methodology. To get around the second difficulty, it is quite common for applications
to assume that the initial KB satisfies additional constraints such as domain closure, unique names and the
closed world assumption [Reiter, 1977] in which case the theory behaves as a relational database [Abiteboul
et al., 1995]. Intuitively, this amounts to assuming that the agent can infer everything about the domain and
80, has complete knowledge about it.

In this thesis we are interested in a variety of more difficult and unsolved reasoning tasks in the context
of projection when the knowledge of the agent is incomplete. To this end, we identify three major sources of

uncertainty in beliefs:

Inherent Incompleteness: The information given to the agent may be inherently incomplete, in the sense
that the sentences in its KB do not determine every fact about the world. This is quite a natural

occurrence, such as the world that people live in.

Usually in the literature, when an agent has a model of the world, in the form of a KB, then it is
often assumed that the KB represents what the agent believes about the world. That is, there is no
explicit notion of knowledge at all, and this is sufficient, when we are only interested in the logical
consequences of the KB, as in, say, (1.1). But the instant we allow knowledge bases to be incomplete,
the logical language should include an explicit notion of knowledge. To see why, think of having a
robot that is attempting to call a person. The person has a telephone number by assumption. If the
robot does not know the number, it must attempt to look it up in the telephone directory. That is, only
by knowing that it does not know the number the robot should attempt the look up. This is a general
principle with perception, where the robot decides whether or not to sense based on what it does not
know. Sensing actions are also primarily different from other kinds of actions, of course, since they

affect the mental state of the agent, and do not affect the world in any way.

But having a notion of knowledge or belief raises questions of its own. One major concern is what
properties truly characterize knowledge. Within the field of Al it is most common to find reasoners
capable of at least positive and negative introspection.” Full introspection, in fact, is so important
because it allows the agents to have beliefs about their own incomplete picture of the world, which
then allows them to take appropriate actions, as in the case of a robot figuring out when sensing is
necessary. Be that as it may, it is clear that an explicit representation of the entire set of beliefs and
non-beliefs about a domain is not a very concise specification. It should be possible to say that a
given set of logical sentences is all that is believed, which would then allow the system to generate its

meta-beliefs purely by deduction or introspection.

Presence of Other Agents: When there are multiple agents in the picture, which perhaps also function au-
tonomously, then there is uncertainty regarding what the others believe and what actions they will do
next. With a few exceptions, most of the work in the area of action and perception is restricted to the
single agent case. But at the heart of any analysis of a conversation, a protocol, or a friendly card game,

is the interaction of multiple agents. When many agents are involved, of course, an agent has to not

SWhile arguments have been provided for the appropriateness and inappropriateness of full introspection [Lenzen, 1978; Fagin et al.,
1995], it turns out that full introspection can often be given a simple formal treatment. For that reason, among others, fully introspective
reasoners are used most often in the kind of applications we have in mind [Lakemeyer and Levesque, 2011].
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only consider the state of the world, but also reason about the mental life of the other agents.

Unreliable Hardware: In theory, a model of the world that accounts for the agent’s actions is all that is
needed to effectively reason about the current and future states. In practice, things are often different,
where both the effects of the action and the information returned from the sensors are subject to error.
Without a principled way to reason about this noise, the agent will not be able to operate in its envi-
ronment, or manipulate it, in any purposeful manner. Consider, for example, a robot moving towards
a wall. Suppose it executes an action representing a forward motion. Even if, due to inaccuracies in
its effectors, the robot is unable to precisely determine by how much distance it has moved ahead, its

belief that it is closer to the wall should, nevertheless, increase.

Each source of incompleteness® extends the class of projection queries considered. When there is inherent
incompleteness in the KB, we must be able to ask introspective queries about what is believed and also,
about what is not believed. When there are multiple agents in the domain, we must be able to ask what
others believe, as well as how these beliefs evolve as a result of sensing actions. When there is noise in the

executability of effectors, beliefs must be synchronized with the unreliability of actions.

1.2 The Approach

Our approach for providing effective solutions to projection in incomplete and active’ knowledge bases is
based on the situation calculus [McCarthy and Hayes, 1969; Reiter, 2001], which is one of the most influential
formalisms to reason about action and change. We will be proposing extensions for knowledge, multiple
agents and noise, and our central contribution will be to show that, in spite of the additional expressivity,
reasoning about knowledge and action reduces to non-epistemic non-dynamic reasoning about the initial
knowledge base. So to solve the projection problem in the presence of the various sources of uncertainty
listed earlier, first-order reasoning will be sufficient.

The usage of the situation calculus is in terms of a special kind of logical theory called a basic action
theory, built on the situation calculus vocabulary that includes the initial knowledge base and a set of sen-
tences that describes the dynamics of the world. In the framework of the situation calculus, and in the context
of basic action theories, Reiter [1991] proved that that the projection problem can be solved by regressing
the query, and later Lin and Reiter [1997] proved that alternatively, one can progress the initial knowledge
base. The methods are natural duals. On the one hand, progression has a number of obvious advantages over
regression, particularly in the case of long-lived agents that has performed thousands of actions in its lifetime
where processing goal conditions back through this entire sequence is not practically viable. On the other,
progression is geared to answer questions about the current situation only, which means that any historical
information about what held in the past is essentially lost. More importantly, progression comes with a strong
negative result [Lin and Reiter, 1997; Vassos and Levesque, 2008] that it is not computationally feasible in

general, in the sense that sometimes progression requires second-order logic. Therefore, when considering a

There is yet another kind of incompleteness known as deductive incompleteness, which arises when an agent is unable to infer a
fact even though it is a logical consequence of the KB. This category of incompleteness is not the focus of this thesis.

"By “active” we mean dynamical systems that are capable of performing world-transforming actions and capable of sensing (by way
of which the system obtains more information about the world).
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progression-based solution to the projection problem, it is important to identify the conditions under which
progression is both first-order definable and computable.

While there have been proposals to expand the vocabulary of the situation calculus for representing knowl-
edge [Moore, 1985a; Scherl and Levesque, 2003], even in the multiagent case [Shapiro et al., 2002], we
argued that simply dealing with a set of sentences that an agent supposedly believes does not quite capture
what we intuitively understand by a knowledge base. A knowledge base, in our view, should be all that an
agent knows. This not only implies believing certain sentences, but it also implies not believing others. By
introspection, then, it should come out that the agent believes that the others are not believed. This idea can
be traced back to a seminal proposal by Levesque [1990], who was among the first to identify and formalize
the concept of only knowing. In contrast to a number of other proposals attempting to characterize a simi-
lar notion [Halpern and Moses, 1984; Moore, 1985b], by the use of various meta-logical notions including
fixed-point operators, the logic of only knowing OL as considered by Levesque is a very intuitive extension
to classical modal logic [Chellas, 1980]. Moreover, one desirable feature of only knowing is that reasoning
about beliefs and non-beliefs can be reduced to first-order reasoning by means of an important result known
as the representation theorem [Levesque and Lakemeyer, 2001]. For this reason, we appeal to a modal frag-
ment of the situation calculus, the logic £S [Lakemeyer and Levesque, 2011], which amalgamates the model
theory of OL and the situation calculus in a clean and natural way.

In the context of knowledge, and only knowing in particular, projection tasks can be extended in terms of
the following entailment: given a basic action theory X that represents all that an agent knows, a sequence of

actions o~ and a query ¢ decide whether or not
OX entails K ¢ after performing o

Regression, then, Lakemeyer and Levesque [2011] show, corresponds to transforming K¢ wrt o to K¢',
which does not mention any actions, and evaluating that against OX. That is, one only reasons about what
is believed initially, a much simpler entailment. Progression, in a similar fashion, Lakemeyer and Levesque
[2009] show, corresponds to transforming O wrt o to OY' against which K¢ can be evaluated. That
is, one reasons about the updated knowledge base, again, a simpler entailment. Finally, by leveraging the
representation theorem, reasoning about knowledge in the absence of actions can be done using standard
theorem-proving techniques.

In this thesis, we continue this line of work. Concerning the three sources of incomplete information that
we identified earlier, we strengthen results regarding projection where required, and propose new ones where

none exist.

1.3 Contributions

The contributions of this thesis are as follows:

1. Regarding progression in £S, as mentioned above, the new knowledge base may contain second-order
sentences in general. In order to have a well-defined projection operator, we investigate cases where
the new knowledge base is first-order definable and computable. In particular, we show that when the
initial knowledge base is a first-order sentence, mentioning both predicate and function symbols, the

following hold:
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(a) If the basic action theory is local-effect [Liu and Levesque, 2005a], which constrains the action
theory in the manner that the effects of every action is determined exclusively by the arguments
of the action, then progression is first-order definable and computable. This generalizes an earlier
result by Liu and Lakemeyer [2009] who show that the progression of a function-free finite theory

wrt local-effects is first-order definable and computable.

(b) If the action theory is normal [Liu and Lakemeyer, 2009], which relaxes the local-effect assump-
tion by allowing actions to have non-local effects provided that these effects always depend on
facts about the world that are uniquely determined by the action itself, then progression is first-
order definable and computable. This generalizes an earlier result by Liu and Lakemeyer [2009]
who show that the progression of a function-free finite theory wrt normal actions (under similar

constraints) is first-order definable and computable.

(c) If the theory is further restricted to a certain kind of disjunctive information called proper™ knowl-
edge bases, then progression wrt local-effects and normal actions is efficiently computable. This
generalizes an earlier result by [Liu and Lakemeyer, 2009] who show that the progression of
a predicate-only version of proper* KBs is first-order definable and efficiently computable wrt
local-effects and normal actions.

Since deductive reasoning for this fragment is undecidable in general, we also propose a sound

and complete query evaluation mechanism for a large class of queries.

(d) Under certain assumptions, progression of propert KBs wrt range-restricted theories [Vassos
et al., 2009], which relax the local-effect assumption by allowing the effects of actions to not
necessarily depend on the action type but also be specified using information from the initial
knowledge base, is first-order definable and efficient. This presents a variant of an earlier result
by Vassos et al. [2009] who proved that the progression of a database of possible closures wrt
range-restricted theories is first-order definable and efficient. In terms of relative merits between
the two results, we propose progression for propert KBs which are much more expressive than
the knowledge bases considered by Vassos et al., but we make stronger assumptions about the
conditions under which progression can occur. More significantly, our progression account is a

very simple one, using the same techniques identified in (a) and (c).

2. In order to extend £S to the many agent case, we need to be clear about how only knowing works with
multiple agents. Unfortunately, previous accounts to extend only knowing to the many agent case have
problems [Halpern and Lakemeyer, 2001]. More importantly, it is not clear how that semantics is to be

extended to a first-order language.

In this thesis, we propose a new semantics for multiagent only knowing for a quantified language. We
show that it generalizes the model theory of OL in a natural way. For the propositional fragment, we
also characterize the semantics with an axiomatization that faithfully lifts Levesque’s axiomatization
for the propositional fragment of O L.8 We also establish the precise relationship between our approach

and previous proposals.

8Levesque’s axiomatization for the full language has been shown to be incomplete [Halpern and Lakemeyer, 1995]. In fact, it is also
shown that any complete axiomatization cannot be recursive.
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3. Based on these results, we propose an extension of £S to the many agent case. More importantly,
we prove a regression property by means of which multiagent beliefs after actions can be reduced to
multiagent beliefs about the initial state. We then generalize the representation theorem, which when

coupled with regression allows us to solve projection tasks strictly using a first-order theorem prover.

4. We then expand the language of £S to allow for the modeling of faulty hardware. The main feature is
that the nondeterminism in the effects of actions can be quantified with probabilities. To synchronize
the agent’s mental state with this representation, we allow the agent to maintain probabilistic beliefs. A
semantics to capture this uncertainty is proposed, and we approach the projection problem by providing
a computational account based on progression.

The regression results in this thesis are very general, in the sense that no restrictions on basic action theories
will be necessary. However, when considering progression, it is important to identify the precise conditions
under which it is computationally well-behaved. We conclude the introduction with an outline of the rest of
the thesis.

1.4 Outline

The rest of the sequel is organized as below. In Chapter 2 we review the relevant background literature,
and provide brief surveys of existing results. In Chapter 3, we begin by reviewing the logic OL (and the
representation theorem) since it serves as the basis both for £S and the other logics considered in this thesis.
This, then, allows us to identify some salient properties of its model theory, which leads to our work on
multiagent only knowing. We then present an axiomatization for the propositional case, and elucidate on the
relationship between our approach and the earlier ones. This concludes our work for the non-dynamic setting.

In Chapter 4, we review the logic £S, its regression property, and its leveraging of the representation
theorem. Since we consider a regression-based solution to the projection problem in the multiagent case, we
continue the chapter by extending £S to the many agent case. We accompany that extension with a regression
property and a generalization of the representation theorem.

In Chapter 5, we review the changes to the semantics of £S to capture the notion of progression. After
considering the general second-order definition, we consider the first-order definability results for local-
effects and normal actions. Next, we prove that the progression of proper* knowledge bases wrt local-effects
and normal actions is not only first-order definable but also efficiently computable. After that, we consider
the progression of proper™ knowledge bases wrt range-restricted theories. Finally, at the end of that chapter,
we propose a query evaluation mechanism for a fragment of the language.

In Chapter 6, we consider a formal theory for noisy effectors. We extend the language to include a notion
of probabilistic beliefs, and then present a semantics which is inspired by the progression semantics for £S.
We then cover the foundations of progression in this new setting. With that in hand, we turn to a practical
case, where we are able to define the progressed knowledge base after deterministic and nondeterministic
actions.

We conclude with a summary of the thesis and a discussion of future work.

The results on multiagent only knowing from Chapter 3 appeared in [Belle and Lakemeyer, 2010a],

and then reappeared in [Belle and Lakemeyer, 2011a]. Its extension to a theory of actions, including the
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regression result, in Chapter 4 were published in [Belle and Lakemeyer, 2010b]. The generalization of the
representation theorem from that chapter is unpublished. Preliminary versions of the computability results for
the progression of knowledge bases from Chapter 5 appeared in [Belle and Lakemeyer, 2011b]. A semantical
account for progression in the presence of noise from Chapter 6 was investigated in [Belle and Lakemeyer,
2011c].



Chapter 2

Relevant Literature

In this chapter, we review the relevant background literature. We begin with an overview of logics of knowl-
edge. We then turn to the problems that arise in reasoning about action, including the projection problem.
Finally, we survey various knowledge representation formalisms to reason about action and change, and in
process also illustrate how projection is addressed in these formalisms.

2.1 Logics of Knowledge

As mentioned in Chapter 1, in this thesis we are interested in reasoning about knowledge in incomplete
knowledge bases, which means knowing what you know and also not believing what is not known. To
prepare for that, in this section, we review logics of knowledge. We begin with a brief history of the study of
knowledge.

Epistemology, which is the study of knowledge, has a long tradition in philosophy, dating to the early
Greek philosophers. The idea of a formal logical analysis is much more recent, however, going back at least
to [Von Wright, 1951]. The first book-length treatment of epistemic (modal) logic is Hintikka’s seminal work
Knowledge and Belief [1962]. A model theory for modal logic was also developed independently by Kripke
[1959; 1963], at about the same time.

The initial interests of philosophers was mostly restricted to settling questions such as “what is knowl-
edge?” and “what can be known?”. Over the years, researchers from a number of fields, such as artificial
intelligence, distributed systems, and game theory, have found modal logic to be tremendously useful in cap-
turing formal properties of systems exhibiting dynamic or temporal behavior. Consequently, the focus of the
attention has shifted to more pragmatic concerns such as computational requirements, interactions between
multiple agents, dealing with incomplete information, and so on. A comprehensive coverage of the various
applications of epistemic logic and variant formal systems can be found in [Fagin et al., 1995].

The essential idea behind the semantics to modal logic, often called the possible-world semantics, is that
besides the true state of affairs, there are a number of other possible states of affairs. Agents, by and large,
may not be able to distinguish between these possibilities. An agent is said to know « if « is true at all the
possible states or “worlds”. For instance, an agent in a brightly lit hallway may or may not be aware if the

coffee machine is switched on. Therefore, in all the worlds considered possible, the hallway is lit. But in a
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subset of these worlds, the coffee machine is switched on, and in another subset, it is switched off.

Formally, propositional modal logic is propositional logic! enriched with a modal operator for knowledge,
say K. If a is a formula, then so is Ka. A semantics is specified using Kripke structures. A Kripke structure
M is a tuple (W, , K), where W is a set of worlds, 7 is a function that associates worlds with a truth assignment
to the set of propositions in the language, and C is a binary relation on W, intuitively capturing the epistemic
possibilities between worlds, and referred to as an accessibility relation. A simple Kripke structure in shown
in Figure 2.1, consisting of three worlds defined over the proposition p. An arrow from the world colored

white to the world colored black indicates that the latter is consider possible when at the former.

P

Figure 2.1: A simple Kripke structure.
Using |= as the satisfaction relation, given a Kripke structure M = (W, xr, K), a world w € W and a formula
a we define a semantics inductively as follows:
1. M,w |= piff n(w)(p) = TrUE where p is a proposition;
2. Myw |= —a iff M,w £ «;
3. Miw = aVBiff M,w E aor M,w |= 3
4. M,w | Kaiff M,w' |= @ for all w’ such that w’ € K(w).

We say that « is valid (|= @) if M, w |= a for every Kripke structure M and world w.?
It turns out that the accessibility relation has a special role to play regarding the properties of knowledge.
When K is unrestricted, we obtain the simplest variant of epistemic logic, called K, which is characterized

by means of the following schemas:

Axioms:

PL. All instances of axioms of propositional logic;

K. Ko N K(aDp) D KB.

!'See [Enderton, 1972] for an introduction to propositional logic.
2Note that the first three clauses in this definition correspond to the standard clauses in the definition of truth for propositional logic.
The last clause appeals to the intuition examined above.
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Inference Rules:

MP. From a and @ D g infer S.

NEC. From «a infer Ka.

In the philosophical literature, a great deal of attention has been devoted to what other properties truly char-
acterize knowledge [Lenzen, 1978]. The main contenders are T, D, 4 and § given in the table below. For
example, axiom T stipulates that knowledge is necessarily true in the real world, and axioms 4 and 5 stipulate
an agent who is capable of positive and negative introspection respectively. In terms of the model theory,
each axiom corresponds in a precise sense to a constraint on C. The axiom T, for example, together with
PL,K,MP and NEC is a sound and complete for Kripke structures where the accessibility relation is re-
flexive. Going back to Figure 2.1, for example, we observe that it is a Kripke structure whose accessibility
relation is clearly unrestricted, hence it is a model only for the logic K.

We obtain other modal logics by combining any combination of {T, D, 4,5} with the logic K. For exam-
ple, the logic K45 is the modal logic characterized by the axioms of the logic K together with 4 and 5. (For
brevity, it is sometimes called weak S5. Strong S5, or just S5, is an abbreviation for the addition of T to weak
S5.) Typically, in the Al literature, formal systems characterized at least by K, 4 and 5 are most common.
Interestingly, when /C is transitive and Euclidean, as in the case of a model for K45, it is easy to see that
K functions as a globally accessible set of worlds. We then imagine K simply as a set of worlds, thereby

simplifying much of the presentation. We will appeal to this insight in the next chapter.

Axiom Schema Constraint on /C

K KaANK(@Dp) DK No restriction

T KaDa Reflexive: for all worlds w, w € IC(w)

D Ka D> K-« Serial: for all worlds w, there is a w’ such that w’ €
Kw)

4 Ka> KKa Transitive: if w € K(w) and w’ € K(w') then
w’ e K(w)

5 -Ka D> K-Ka Euclidean: if w' € K(w) and w"” € IC(w) then w’ €
Kw'™

Extensions to Multiple Agents

Kripke structures have a natural extension in the many agent case. The idea is to simply entertain an acces-
sibility relation for each agent. That is, define a Kripke structure for n agents as the tuple (W, n, Ky, ..., K,)
where W and 7 are as before, and /C; is the accessibility relation reflecting i’s epistemic state. A semantics is

proposed in an analogous manner:
1.-3. as before;

4. M,w |= Ko iff forallw' € K;(w), M,w' = a.
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—p

Figure 2.2: A simple multiagent Kripke structure.

For example, Figure 2.2 is a simple Kripke structure for two agents A and B, consisting of three worlds
defined over the proposition p.
The axioms are generalized to the many agent case in an obvious way. For instance, the generalization of

T to the n agent case is:
T, KiaDa

which, in terms of a model theory constraints KC;, for every i, to be reflexive. By extension, the n agent
generalization of a modal logic, say K45, is obtained by considering the n agent generalization of K, 4, 5,
along with PL, NEC and MP, and is referred to as K45,,.

It is worth noting that, unlike the single agent case, when considering structures for K45, we cannot

simplify /C; to a set of worlds because this leads to mutual introspection [Lakemeyer, 1993].

First-Order Modal Logic

Just as the syntax of propositional modal logic is obtained by enriching propositional logic with modal oper-
ators, we get the syntax of first-order modal logic by enriching a first-order language with modal operators.
The semantics is typically specified using relational Kripke structures. The idea is associate each world with

a relational structure.?

By and large, this is the result of combining the semantics of first-order logic and
modal logic in a straightforward way.

First-order modal logic is significantly more expressive than either first-order logic or propositional modal
logic. One powerful feature is the ability to make distinctions between knowing who and knowing that. For
instance, I may not know who John’s teacher is, but I may know that someone teaches John.

A number of additional complexities arise in the first-order case. One of the major arguments is insisting
that the domains vary across the worlds, which intuitively corresponds to what does and what does not exists
may vary from world to world. However, this intuition seems to lead to considerable problems [Kaplan,
1968]. This problem is alleviated by insisting on a fixed domain for all the relational structures considered in
the model, and allowing for the properties of objects to change between worlds. We do not give the details
here, but note that the technical material presented in the subsequent chapters are based on a first-order modal
logic appealing to the latter idea.

3We assume that the reader is familiar with the semantics for first-order logic. Both [Smullyan, 1995] and [Enderton, 1972] offer
excellent introductions.
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2.2 Problems in Reasoning about Action

To prepare for our work on dynamical systems, in this chapter we present various representational and com-

putational issues that arise in reasoning about action.

One of the earliest examples of using a logical formalism to facilitate the axiomatization of action and
their effects is the situation calculus (to be introduced shortly), as conceived by McCarthy [1968]. Since then
a number of different knowledge representation formalisms have been suggested for the representation and

reasoning of actions. They all, however, share a number of fundamental problems, the main ones being:

1. the frame problem [McCarthy and Hayes, 1969];

2. the projection problem [Reiter, 2001].

The frame problem arises in a theory of action when formulating the changes to the world after executing
an action. An action results in a few changes, but a number of properties remain unaffected. For instance,
moving an object causes its location to change but it does not, however, change its color. The problem is
that actions typically have fewer effects than non-effects. Moreover, for realistic domains, the axioms that
characterize the invariants in the domain, referred to as the frame axioms, may be colossal in number. So
explicitly representing all the non-effects is both cumbersome and unintuitive. Thus, the frame problem
captures the requirement that a representational formalism models the dynamics of the world, in the sense of

the effects and non-effects of actions, in a concise way.

Now, the intended use of a theory of action is that a domain expert axiomatizes the dynamic aspects of
an application, and then a reasoning mechanism is employed to decide which properties of the formal system
hold, both initially and after a sequence of actions. The projection problem, then, captures the requirement
that the formal system gives correct answers regarding what the world looks like after any sequence of
actions. For example, in a blocks world scenario where A is on B and B is on C, we may want to determine
whether moving A and then B frees C so that it can be moved to another location. In the context of logical
theories, projection is cast in terms of the logical entailment relation.

Major Al applications can be interpreted in terms of the projection problem. For example, the area of
planning is concerned with producing a sequence of actions in the manner that the initial theory entails a goal
after the action sequence is performed. The task of verifying if the goal is satisfied is essentially projection.
In the case of agent programming [Levesque et al., 1997], we are often interested in the legality of a program,
which may involve tests and loop constructs, after some sequence of actions. Then evaluating test conditions
is essentially projection. Finally, by formulating a database as an initial theory and database transactions as

actions, asking a query wrt a database transaction is essentially projection [Reiter, 1992].

Early work on logical formalisms to address action and change focussed on the representational concerns
about having a concise logical theory with the correct properties. However, recently, the focus has shifted to
the computational aspect of it. That is, we are interested in practical procedures that allow us, given a formal
system, to reason about the state of the world after performing actions in a manner as efficiently as possible.

To that end, two important techniques are known in the literature: regression and progression.
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2.2.1 Projection by Regression and Progression

In the simplest case, a projection task asks about what is true initially, and in this sense, the projection problem
reduces to the query evaluation problem about the initial knowledge base. Regression is a computational idea
that aims to reduce queries about the future also to a query about the initial situation. While the technical
nature of regression varies among formalisms, the general idea is to reason backwards, that is, the property
about the future is reduced in an iterative manner beginning with the last action performed. Regression is not
a new concept [Waldinger, 1977], and forms the basis of a number of planning algorithms [Waldinger, 1977;
Reiter, 2001].

Nevertheless, it has been argued elsewhere [Lakemeyer and Levesque, 2007] that regression is not an
effective tool with long-lived agents. For instance, imagine an agent who has performed a million actions to
date. Atsome point, if it needs to determine if a certain property currently holds then projection by regression,
which involves the transformation of the property wrt all the million actions, does not seem practically viable.

The natural dual of regression is progression which refers to updating the logical theory after actions to
one that reflects the current state of the world. Therefore, a query about the future is recast as a query about
the updated initial theory. At first glance, there are two obvious benefits with progression. First, multiple
queries about the future can be answered without any extra overhead. Second, one imagines that an agent,
during its idle time, can compute progression while doing other physical activities. But progression has its
problems as well. For one thing, it is geared to answering queries about the current situation only, which
means what held in the past is essentially forgotten. But more importantly, there are some negative results
regarding the computation of progression in expressive formalisms [Lin and Reiter, 1997]. Progression is
also not a new concept, and lies at the heart of Strips [Fikes and Nilsson, 1971]. Even database updates,
under certain assumptions, can be viewed as progression [Reiter, 2001].

In Section 2.3, where we examine representation formalisms for reasoning about action, we provide

concrete illustrations of these two techniques, wherever applicable.

2.2.2 Projection in Open and Closed Worlds

In a nutshell, both the methodologies resort to converting the problem of answering queries after actions
to one without by processing the effects of actions, either by transforming the query or by transforming
the initial knowledge base. Therefore, the effectiveness of these methodologies also rests on being able to
evaluate queries about the initial knowledge base in an efficient manner. But this problem, by itself, is a
computationally hard one. For instance, in many formalisms, the initial knowledge base is as expressive
as a general first-order theory, where the logical entailment problem is undecidable and comes with many
intractability results [Boerger et al., 1997].

Of course in practice, we would like to reduce reasoning about the initial KB to a much more tractable
problem than ordinary logical entailment. Therefore, it is quite common for applications to assume that
the initial KB satisfies additional constraints such as domain closure, unique names and the closed world
assumption [Reiter, 1984], in which case the initial KB behaves like a relational database [Abiteboul et al.,
1995]. The query evaluation problem is well-studied for relational databases; it is decidable and even tractable
in many cases [Vardi, 1982, 1986, 1995; Abiteboul et al., 1995]. De Giacomo and Mancini [2004], for

example, study how relational database technology can be exploited, query and update services in particular,
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to reason about projection queries.

Even without relational database technology, reasoning over closed databases is easier. For example,
Prolog technology [Lloyd, 1987; Reiter, 2001] allows us to infer —¢ when ¢ does not hold, using negation as
failure. Similarly, to infer ¢ V ¢ it is sufficient to infer either ¢ or .

But we are not always justified in assuming a closed initial database, especially in applications involving
automated agents such as robots. Therefore, dealing with projection tasks in open worlds is an important
concern. We now briefly summarize the various kinds of techniques that developed to perform projection
over open worlds. Detailed discussions on some of these will be taken up in later chapters.

One interesting direction that couples the advantages of closed databases in open worlds is pursued in
[De Giacomo and Levesque, 1999], where they consider a property called just-in-time. The idea is to allow
open initial databases but at the point where query evaluation needs to be performed, they fill in required
information by means of sensing so that it is locally complete. The assumption, then, is that there is suffi-
cient information available, accessible to the sensors, so as to evaluate queries. De Giacomo and Levesque
investigate how that assumption can lead to tractable regression-based reasoning.

Another independent proposal for reasoning about dynamical systems over certain kinds of open initial
databases is that of Liu and Levesque [2005a]. They consider what they call proper knowledge bases, initially
proposed by Levesque [1998] as an extension to databases, which can not only allow atoms to be true or
false, but also allow some atoms to be unknown. They define a form of progression for these knowledge
bases which is efficient and always logically sound, and under certain circumstances, also logically complete.
More recently, however, logically sound and complete progression is proven to be efficient for a much larger
class of logical theories in [Liu and Lakemeyer, 2009].

A few approaches for efficient projection over open wolds rely on existing literature on databases with
incomplete information. This line of work was originally pursued by Vassos and Levesque [2007] and later
by Vassos et al. [2009]. The idea is allow the values of instances of functions to range over a finite number
of possibilities, so that, roughly speaking, an instance of the theory is then equivalent to a finite number of
possible databases. For instance, we are allowed to express that a robot may be holding, say either block A
or B. Since database technology, then, can be exploited Vassos et al. explored the efficiency of progression,
under certain restrictions, for these kinds of open databases.

Besides the above results on first-order initial knowledge bases, there are a number of propositional
approaches that solve projection by a kind of progression [e.g. Amir and Russell, 2003; Son and Baral, 2001].
Note that, propositional languages, while not expressive, have the advantage that they can consider arbitrary
incomplete knowledge. For this reason, progression-based propositional approaches are quite popular in
the planning community [e.g. Cimatti and Roveri, 2000], although they do not always provide theoretical
guarantees of tractability.

2.2.3 Other Problems

Besides the frame and the projection problems, the qualification and the ramification problems have also
received considerable attention.
When axiomatizing actions, one of the tasks of the domain expert is to specify the preconditions that must

hold for the action to be executable. But in the most general setting, we may need to specify an impractical



16 RELEVANT LITERATURE

number of preconditions. For instance, an agent may move forward provided that his motors are switched
on. But in addition to his motors being on, one needs to ensure that there is sufficient fuel, no obstacles in
front, the ground is not slippery efc. Thus, the number of such qualifiers, which accommodate abnormal
situations, is potentially infinite. Solutions based on a nonmonotonic treatment of these abnormalities have
been proposed in literature [Morgenstern and Mcllraith, 2011].

The ramification problem is regarding the various indirect effects that an action may have, and nonmono-
tonic treatments, among others, have also been proposed as solutions [Morgenstern and Mcllraith, 2011].
These problems arise in theories that have state constraints, which essentially relate two or more predicates
in the same state. For example, putting the sprinkler on causes the lawn, and every object on the lawn, to get
wet. So an axiom characterizing this dependency conveys causal information about the action of wetting the
lawn, and how that results in the action of wetting the objects. Solving the ramification problem amounts to
interpreting the indirect effects of actions, as formalized by the state constraints, in a manner that captures
the intended interpretation while minimizing change.

As a closing remark, and as is convention, we do not insist that the robot has true beliefs, that is, its beliefs
about the world may be mistaken. This, then, raises the question as to what the agent is to do when it notices
discrepancies between her mental state and the external reality, especially when the agent senses a fact that
is logically inconsistent with its beliefs. Obviously, some mechanism of belief revision [Alchourron et al.,

1985] has to be incorporated. However, addressing the revision of beliefs is beyond the scope of this thesis.

2.3 Knowledge Representation Formalisms

In this section, we review five prominent approaches to reasoning about action. Finally, we present various
design principles that illustrate how action formalisms are used in the architecture of agent systems. Wherever

applicable, we also illustrate how the frame problem and the projection problem are addressed.

2.3.1 The Situation Calculus

The situation calculus is one of the most influential formalisms for representing action and change. Originally
proposed by McCarthy [1968], the version we review below is a second-order refinement developed by Reiter
and his colleagues [Reiter, 2001].

The situation calculus is a many-sorted first-order language (with some second-order features), with sorts

for actions, situations and a catch-all sort objects for everything else. Here are its main features:

1. Actions and Objects: Changes in the world are a result of executing actions. For example, forward
may denote moving ahead by one unit and drop(x) may denote the dropping of x. In addition to such
actions, we include sensing actions that provide new information to the agent. For example, sonar may
denote an action that senses the actual distance between the agent and some fixed location by means of

a sonar or any other hardware equipment.

2. Situations: Situations are viewed as a possible history of actions. A special constant Sy denotes the

initial world state, where no actions have occurred yet. Subsequent situations are a result of executing
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actions at a previous situation. In particular, a distinguished binary function do is used for this purpose

in the manner that do(a, s) denotes a situation that is a result of executing a at the situation s.

3. Relational and Functional Fluents: Fluent predicates are predicates whose truth value vary as a result
of performing actions. That is, their values vary from situation to situation. Similarly, fluent functions
are functions whose denotations vary from situation to situation. For example, a relation that denotes
the status of an object in terms of whether it is broken or not, is of the fluent type. On the other hand, the
function that returns the title and author of a book is not of the fluent type. Syntactically, if a formula
mentions a situation term then we can take the predicate and function symbols mentioned to be of the
fluent type.

In order to formally capture an application domain, a special set of axioms are formulated as follows:

1. Action precondition axioms: these tells us the conditions under which an action is executable, charac-
terized using a distinguished fluent Poss. For example, we may have the following sentence saying that
moving forwards is only possible if the robot is not already at its goal.

Poss(forward, s) = distance(s) > 0.

2. Action sensing axioms: these capture the results of sensing, characterized using a distinguished fluent
function SF. For example, we may have the following sentence that says on executing sonar, the robot

learns the actual distance to the location.

SF(sonar, s) = r = distance(s) = r.

3. Effect axioms: these characterize the changes brought about by actions. For example, we may have:

distance(do(a, s)) = x =
a = forward A\ x = distance(s) — 1 V

a # forward A\ x = distance(s). 2.1

This says that moving forward causes the robot to be closer by unit. The second clause mainly states a
consistency property that ensures that if the distance is x at situation s then the action a does not change
the value of the fluent distance unless as specified by the first clause.

This is formulated so to incorporate Reiter’s monotonic solution to the frame problem [2001]. Reiter’s
idea consists of specifying the positive and negative effects as the necessary and sufficient conditions
that change the value of a fluent. In particular, it covers an aspect of the qualification problem by
making the causal completeness assumption where it is supposed that the effect axioms characterize all
the conditions under which an action can affect a fluent and these are relatively few in number. Effect

axioms formulated in this manner are called as successor state axioms (SSAs).

The above axioms together with the initial KB, the unique name assumption for actions which asserts that
primitive action terms are distinct from one another, and a set of domain-independent foundational axioms

are referred to as a basic action theory (BAT). The details can be found in [Reiter, 2001]. The foundational
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axioms essentially ensure that situations are all and only those reachable from Sy, by the execution of a finite
number of actions. This is formulated using a second-order induction axiom.

In a sense, a Tarskian model for the foundational axioms (and hence, a basic action theory) is a tree where
the root is the initial situation Sy, the branches correspond to actions, and the subsequent nodes are a result of

do(a, s) where s is the situation corresponding to the parent node. One such tree is depicted in Figure 2.3.

So
ail as A
do(al, S()) e o o
do(ay, do(a1Sp)) ©
] [ ) )
] [ ) [ )
] ) )

Figure 2.3: A tree of situations for a model with k actions.

The expressiveness and the generality of the situation calculus as a formalism to reason about action
has led to the synthesis of a programming language called Gorog [Reiter, 2001]. The idea behind GoLog is
to define powerful programming constructs, such as iteration, tests, nondeterminism, and (while) loops, as
macros, which ultimately expand into situation calculus formulas. So, a GoLoG program is essentially a basic
action theory.

In the context of a basic action theory, the projection problem is deciding if a formula (representing the
goal) is a logical consequence (in classical FOL sense) of the basic action theory. Because of the second-
order nature of the foundational axioms, simply applying a theorem prover is not optimal. To that end, one
of the other main results from Reiter’s [1991] paper on the solution to the frame problem is that for a large
class of formulas, which Reiter calls regressable formulas, formulas containing action terms can be iteratively
reduced by a regression property to a first-order formula about the initial theory [Reiter, 2001].

Alternatively, Lin and Reiter [1997] showed that basic action thoeries can be progressed. The problem of
progression corresponds to updating the initial theory to one that reflect the situation after an action has been
performed, and so the new theory and the old theory describe the future in the very same way. However, the
definition of Lin and Reiter uses second-order logic. They identified two simple cases where progression is

first-order definable. This was, then, used in the same paper to provide a logical basis for one of the oldest
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yet still widely-used planning formalisms: Strips [Fikes and Nilsson, 1971]. In this formalism, the initial KB
is simply an ordinary database (a set of literals for this discussion) and actions are formulated as operators
on that database in the sense that executing actions result in the deletion of some literals and the addition of
others. Thus, STrips can be modeled as a simple kind of situation calculus theory, and the operational nature
of actions is nothing but a simple kind of progression, Lin and Reiter show.

Despite first-order definability in these cases, Lin and Reiter conjectured that no alternate first-order
definition exists in general, even allowing infinite theories if necessary. Vassos and Levesque [2008] proved
that the conjecture was indeed true. Since then, a number of papers have investigated a larger class of
basic action theories where progression is first-order definable and (sometimes) even efficient [Vassos and
Levesque, 2007; Vassos et al., 2008; Liu and Lakemeyer, 2009; Vassos et al., 2009].

An Epistemic Extension

To incorporate knowledge, Moore [1985a] observed that standard ideas from modal logic could be imported
to the situation calculus by viewing situations as worlds. Of course, in contrast to modal logic, situations are
reified in the situation calculus whereas worlds are not in modal logic.

However, if one assumes a single initial situation as above, then this is equivalent to assuming that the
epistemic state only contains a single world, which is also the real world. Therefore, when incorporating
knowledge, the existence of a number of initial situations is assumed. Of course, the foundational axioms
need an alteration to accommodate this idea. Consequently, a model of the foundational axioms is now a set
of trees. A distinguished binary fluent Know captures the intuitive notion of an accessibility relation in the
sense that Know(s, s”) denotes that the situation s’ is epistemically accessible from the situation s. The details
can be found in Reiter [2001].

Scherl and Levesque [2003] extended Moore’s formulation so as to incorporate Reiter’s solution to the
frame problem for the epistemic situation calculus. They also extended Reiter’s regression operator to account
for formulas of the form Know(a). Recently, Liu and Wen [2011] have proposed a notion of progression for
a restricted fragment of the epistemic situation calculus.

However, since the situation calculus is characterized axiomatically, Lakemeyer and Levesque [2004]
rightly observe that when we are interested in analyzing more than just the entailments of an action theory,
such as properties about knowledge, the formalism is unworkable semantically. Moreover, there does not
seem a straightforward way to capture only knowing in this flavor of the situation calculus [Lakemeyer,
1996; Lakemeyer and Levesque, 1998]. This led to their work on a modal reconstruction of the epistemic
situation calculus called £S [Lakemeyer and Levesque, 2004].

An Extension for Noisy Actions and Sensors

In order to model noise in hardware effectors, Bacchus et al. [1995] introduced a variant of the situation cal-
culus for formalizing degrees of belief and noisy actions. Their approach can be thought of as two important
extensions to the epistemic situation calculus. First, the background theory includes a methodology to cap-
ture nondeterminism in actions, but which still falls back on Reiter’s solution to the frame problem. Second,
they introduce a companion fluent to Know that captures a subjective assessment of uncertainty. Formally,

situations are associated with a weight. The weight of a situation s’ is always measured relative to another sit-
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uation s by means of the fluent function p. In this sense, p is analogous to Know because it also represents an
accessibility relation. The probabilistic belief that an agent in situation s has about a certain formula ¢ is then
obtained by the ratio of the weight of all p-accessible situations (relative to s) where ¢ holds, to the weight
of all p-accessible situations relative to s. However, this estimation resorts to second-order logic, making the
practical relevance of the formalism unclear. To remedy that shortcoming, [Gabaldon and Lakemeyer, 2007]
propose an amalgamation of £S5 and uncertainty, where this calculation is instead evaluated semantically.

Unfortunately, both proposals do not consider solutions to the projection problem. That is, neither regres-
sion nor progression is extended to these proposals.

Finally, the situation calculus has also been extended to deal with issues such as time, concurrency and

natural actions [Reiter, 2001], among others.

2.3.2 The Fluent Calculus

The fluent calculus [Thielscher, 1999] is a first-order formalism based on the logic programming approach
of [Holldobler and Schneeberger, 1990]. It takes much of the basic ontology of the situation calculus, that is,
it also stipulates a branching time structure. The formalism inherits the action, the object and the situation
sorts from the situation calculus, but also includes a new sort of terms called states. A state is defined as a
set of fluent atoms and intuitively, it can be seen as a “snapshot” of the world. Formally, in addition to Sy of
the situation calculus, the fluent calculus includes an empty state (), a constructor o, and a function State that
maps situations to states. States are closed under o-composition.

Interestingly, the formalism uses a Strips-like solution to the frame problem and a progression-based
solution to the projection problem. To illustrate the idea, consider our earlier example about a robot moving
towards the wall. Let Distance be a function that maps real numbers into a fluent: Distance(x) denotes that
the robot is x units away.* Since one needs to explicitly reason about states, which are sets of fluents as
mentioned earlier, in the fluent calculus, fluents are reified. For example, to represent that the distance to the
wall is 4 units initially, we write:

Holds(Distance(4), Sp) 2.2)

where Holds(f, s) is a distinguished macro to specify that a (reified) fluent atom f is true in situation s. The
expression Holds(f, s) expands to:
Jz.State(s) = foz.

where z is a variable of the state sort. Thus, the sentence (2.2) expands to Jz. State(Sy) = Distance(4) o z,
which determines the initial specification.

Unlike the situation calculus, where effects axioms are formulated as successor state axioms one per
fluent, here effect conditions are encoded on the basis of the action. This is then coupled with states to obtain
a dual representation of Reiter-style successor state axioms called as state update axioms. For instance, we

may formulate the effects of the action forward, incorporating a solution to the frame problem, as follows:
dx,y. Holds(Distance(x),s) ANy =x— 1A

State(do(forward, s)) = (State(s) — Distance(x)) o Distance(y).

4Our axiomatization is adapted from [Thielscher, 2001].
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That is, on moving forward when in situation s, the new state is obtained by deleting Distance(x) from the
state corresponding to s viz. State(s), and adding Distance(x — 1). This can be compared to the successor
state axioms as formulated in (2.1). It should also be clear that the intuitions regarding the dynamic world are
very close in spirit to the situation calculus in the sense that if the current state corresponds to the situation s,
then the new state corresponds to the situation do(forward, s).

Given a fluent calculus axiomatization, which also includes foundational axioms identifying legal states
and situations, the projection problem is cast in terms of an entailment after a given sequence of named
actions. In a sense, the difficulty regarding projection is not much easier in the fluent calculus than in the
situation calculus. However, the update rules from above lead naturally to a notion of progression of the
states. This is because when an action occurs, there is precisely one state update axiom that is applicable
and this axiom specifies what the next state looks given the current state and an action. But it is also worth
noting that while the idea of additions and deletions to obtain a specification of the new state is conceptually
intuitive, this is so only when the differences between the states amount to a finite set of literals. If the current
state involves arbitrary incomplete knowledge, a representation of the new state is far more complex.

The fluent calculus has lead to the synthesis of the logic programming language FLux, bearing somewhat
the same motivations for the development of GoLoc from the situation calculus, and extensions to account

for knowledge and noisy effectors have also been proposed [Thielscher, 2001].

2.3.3 The Event Calculus

In contrast to the branching time ontology of the fluent calculus and the situation calculus, the event calculus
stipulates a linear time structure [Kowalski and Sergot, 1986]. This time structure is defined in terms of time
points. There are a number of different versions of the event calculus: the original version [Kowalski and
Sergot, 1986] and a simplified version [Shanahan, 1999], among others. We review the simplified version
below.

Similar to the fluent calculus, fluents are also reified so as to be able to express that a fluent atom f holds
at a specific time point ¢ by means of the predicate HoldsA#(f, t). Unlike the fluent calculus and the situation
calculus, where a successor situation determines what the worlds may look like on performing an action, there
is no distinction of between an actual event and an hypothetical event in the event calculus. That is to say, a
predicate Happens(a, t) specifies that action a actually occurred at ¢. For this reason, it is often described as a
narrative-based formalism.

Besides the distinguished predicates HoldsAt(f,t) and Happens(a,t), the event calculus also includes
Initiates(f, t) and Terminates(f, t) which denote that a fluent atom f begins and ceases to hold at time point z.
The initial specification, which describes what is true at time point 0, is provided via Initially(f). Finally, the
predicate Clipped(ty, f, t,) asserts that the fluent atom ceases to hold between time points #; and #,.

To illustrate the idea, we first consider what the foundational axioms look like that stipulate the purpose
of the distinguished predicates:

Initially(f) N —Clipped(0, f,t) D HoldsAt(f,1).

Happens(a, t)) N Initiates(a, f,t)) N t; < t, A ~Clipped(t,, f,t;) D HoldsAt(f,1,).
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That is, f holds at time point ¢ if it held at time point 0 and was not made false between O and . The
second expression asserts that f holds at #, if it was initiated at some point before, say #;, and it has not been
terminated between then and #,. See [Shanahan, 1999] for details.

Consider, yet again, the example about a robot moving towards the wall. Representing its distance in
terms of a relational fluent Distance here also, we may have the following:

Initially(Distance(4)).

HoldsAt(Distance(x),t) D

Terminates(forward, Distance(x), t) N\ Initiates(forward, Distance(x — 1), ).

This says that if the robot is x units away, moving forward makes Distance(x) false while making Distance(x—
1) true. More concretely, if forward is performed at some time point, say 5, then if a reverse does not occur
at later points #, ~HoldsAt(Distance(4), t) will continue to be true.

Arguably, the specification of the effect conditions in this manner is quite simple. Moreover, it does not
seem to take the frame problem into account. This problem is solved by restricting entailments wrt Tarskian
models that minimize the extension of the distinguished predicates. The entailment relation, therefore, is
nonmonotonic and the preferred models chosen in this manner is based on the notion of circumscription
[Reiter, 1987]. (The entailment relation may also be characterized using other nonmonotonic methodologies
[Shanahan, 1999].)

The projection problem is essentially cast in terms of the nonmonotonic entailment relation wrt the do-
main axiomatization and the narratives (actions that have occurred). Over the years, a number of techniques
have been used for automated reasoning in the event calculus, including logic programming and satisfiability
solving, among others [Mueller, 2008].

We remark that regression-based and progression-based solutions are not well-explored in the event cal-
culus. Nevertheless, certain applications of the formalism, such as database updates and planning, in addition
to extensions that account for concurrency and nondeterministic effects have been explored previously (see
[Mueller, 2008] and references therein).

2.3.4 The A Family of Languages

The action language A, and its descendants [Gelfond and Lifschitz, 1993, 1998], are propositional languages

to reason about effects via a domain specification using simple signatures of the form:
acauses pi,..., pi.

That is, when a is performed, all of p; is made true. For example, dropping a container of fragile objects
causes all of the objects to be broken.

The semantics for action theories in .A are based on a transition system (a finite labeled directed graph),
which is conceptually quite close in spirit to a situation calculus tree: edges are actions and states are action
histories (provided that actions are deterministic). Typically, a distinction is made between the description
language, which describes the transition system, and the query language, which queries the system for propo-

sitional assertions.
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The projection problem in A is cast in terms of a temporal property, such as
p after ay,...,a;
or even a stronger global property, such as
necessarily p after ay,...,a;

that query whether p holds (and necessarily holds respectively) after the specified action sequence. The
query is evaluated wrt a transition system determined from the domain description. The entailment relation is
nonmonotonic here, but practical solutions do exist [Baral and Gelfond, 2005]. Moreover, the frame problem
is also solved nonmonotonically.

The complexity of the projection problem in A is investigated in [Liberatore, 1997]. It is shown to be co-
Nrp-complete. But when there is complete information in the initial specification, it is shown that projection
is tractable. A has also been extended to account for knowledge and uncertainty [Son and Baral, 2001; Iocchi
et al., 2009]. In particular, Son and Baral propose a kind of approximate progression to compute the belief

states of the agent after actions.

2.3.5 Approaches Based on Dynamic Logic

Dynamic logic [Harel et al., 2000], and its extensions, are a family of modal representation languages that
have been used for reasoning about actions and programs. We review some approaches that have been pursued
to bring the intuitions of the situation calculus into dynamic logic.

In early work, Castilho et al. [1999] address how to import Reiter’s monotonic solution to the frame
problem in propositional dynamic logic. Propositional dynamic logic is propositional logic augmented with
action operators of the form [a] such that one reads [a]a as “after action a, « is true”. The idea in [Castilho
et al., 1999] is to introduce a dependence relation between actions and fluents as part of the domain axioma-
tization, quite similar to the causes construct in .4. Projection is then the task of checking whether the goal
is a logical consequence of the initial specification and the axioms characterizing the dependence relations.

Later proposals, such as [Demolombe et al., 2003], formalize regression, as considered by Reiter, to
dynamic logic. In [Herzig et al., 2000], an epistemic extension to dynamic logic is proposed for reasoning
about knowledge and action. Regression is extended for the epistemic variant in [Van Ditmarsch et al., 2007,
de Lima, 2007]. In particular, due to some recent developments in propositional modal logic, Van Ditmarsch
et al. are able to show that reasoning about knowledge and action is not harder than reasoning in classical
epistemic logic [Fagin et al., 1995]. Validity checking is co-Np-complete for epistemic logic, and therefore
the complexity of projection is co-Np-complete for epistemic dynamic logic. Their idea can be generalized to
a multiagent extension of epistemic dynamic logic [de Lima, 2007], and here again projection is not harder
than reasoning in multiagent epistemic logic. When n > 1, validity checking is co-Pspace-complete for
multiagent epistemic logic, and therefore projection in the dynamic variant is also co-Pspace-complete.

While the above mentioned approaches are propositional, there are also first-order treatments such as
[Blackburn et al., 2001] and [Demolombe, 2003]. Blackburn et al. construct a version of the situation
calculus in a formalism inspired by tense logic [Prior, 1967]. However, they do not consider epistemic

notions. Demolombe, on the other hand, considers knowledge, and in fact, he even considers a form of only
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knowing. However, he does not consider the quantification of actions which is necessary to capture Reiter-
style successor state axioms even though his language is first-order. More importantly, he does not propose

the equivalent of regression.

2.3.6 Final Remark: Design Principles

In this section, we briefly review the various ways in which action formalisms contribute to the architecture

of automated agents. As we shall see, a number of issues arise in realistic domains.

Planning Agents

Perhaps the earliest application of action formalisms is in classical planning [Ghallab et al., 2004] which, as
mentioned earlier, is concerned with producing action sequences that satisfy goal conditions. Plans need not
always be sequential, and even early algorithms [Fikes et al., 1972] considered annotating plans with condi-
tions that can be checked at execution time to confirm its validity as a fruitful operation. Since then, planning
approaches have matured considerably. Uncertainty in the domain is often tackled by formulating universal
plans [Schoppers, 1987], which represent all possible plans that can enable the goal, or by developing more
robust techniques to deal with discrepancies that arise between the assumed and observed states of the world
[Fritz, 2009].

Another independent proposal is by Levesque [1996], who considers a implementation-agnostic method-
ology of conditional planning that relies on the agent’s sensing. The idea is interpret planning tasks as special
kinds of programs, perhaps containing conditions and loops, that are believed by the agent to lead to the goal.
By proposing a simple yet powerful programming language based on the theory of the situation calculus,
Levesque demonstrates how these epistemic notions allow him to address problems outside the reach of clas-
sical planning, and further shows that the framework synthesizes intuitive non-sequential plans. Synthesizing
non-sequential plans is also taken up in [Levesque, 2005] and [Srivastava et al., 2010], among others.

In practice, however, many planning approaches are formulated using the more restrictive notation of
Strips [Fikes and Nilsson, 1971]. Since its expressiveness is quite limited, numerous extensions have been

considered [e.g. Pednault, 1989; McDermott et al., 1998] which have also been found to be quite practical.

High-level Agent Programming

The paradigm of high-level agent programming is one which allows a modeler to write very powerful pro-
grams, with usual constructs such as concurrency and recursion, but whose primitive statements are actions
that the agent can perform [Levesque and Reiter, 1998]. One influential proposal along this effort is the
GorocG programming language [Levesque et al., 1997], mentioned earlier in Section 2.3.1. In contrast to
planning against a goal, the idea is to consider the execution of programs given a high-level program. Such
programs are considerably more general than plans, involving loops and nondeterminism, where the modeler
tells the agents what needs to be done in a high-level way for incompletely known worlds.> By this, we mean
that the agent (and the modeler) may not necessarily know what the world looks like, and therefore sensing
and online reactivity will be necessary to complete tasks successfully. For one thing, these programs provide

5Going further, in [Boutilier et al., 2000], a methodology to enable a preference over nondeterministic choices by providing rewards
to successor situations is proposed.
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a way to control (and filter) the kinds of plans that are considered. For another, the general framework has
been shown to tackle applications that would be infeasible if formulated as a planning problem [Lakemeyer
and Levesque, 2007]. Implementations that are offfine, where the plan is generated before the agent begins
to operate in its environment, as well as online ones [De Giacomo et al., 2001], where the agent senses at
every step in an incremental fashion which is perhaps necessary in many incompletely known domains, are

pursued.

Agent-Oriented Programming

This is another agent programming paradigm that focuses on ascribing certain mental qualities, such as
desires and capabilities, to agents and so supports a societal view of computation [Shoham, 1993]. Thus, this
line of research extends standard epistemic logic with temporal notions, among others. Shoham argues that
with a precise logical theory that describes the mental states of the agents, a mechanism should be proposed
that determines how these mental states lead to acting in the world. Agents are typically described in terms
of what they believe, their desires (tasks that they would like to achieve), and infentions (desires that the
agents are committed towards). Besides Shoham’s original proposal AGent-0, a number of other proposals

have appeared in the recent years [e.g. Hindriks et al., 1999].
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Chapter 3

Multiagent Only Knowing

Levesque is among the first to precisely capture the beliefs of a knowledge base that is capable of introspec-
tion. His proposal, the logic of only knowing OL [Levesque, 1990], is motivated by the observation that
when one gives a formal specification of a KB in terms of a collection of first-order sentences X, then, intu-
itively, Z is understood as all that the agent knows. Beliefs of the KB are then captured by reasoning about
valid sentences of the form:

O D Ka

which can be read as “if X is all that is known then « is also known”. What is particularly interesting about
the operator O is that it does not only allow us to draw conclusions about what is known but also about what
is not known. For example, if p and ¢ are distinct propositions, then both Op O —K ¢ and, by introspection,
Op D K—-Kgq come out valid. This is quite different from classical epistemic logics, as considered in the
previous chapter, in the sense that if we replace O by K, then neither of the two is valid. Further, OL is
given a simple possible-worlds style semantics for a first-order language with equality, without complications
of Tarski structures (variable maps, domains of interpretation etc. ).

When the KB itself refers to the agent’s beliefs, only knowing also exhibits a form of nonmonotonicity
[Reiter, 1987]. For example, suppose we wish to tell a delivery robot that big blocks are typically found in

the storage room. One way to capture this formally is in terms of the following assertion ¢:
Vx. Big(x) N ~K—At(x, storage) D At(x, storage)

which says that unless the robot has explicit reasons to believe that some block is not located in the storage,

it is there. Now given any big block, say A, the following sentence is valid in OL:
O(5 N Big(A)) D KAI(A, storage).

The nonmonotonicity arises here because if we add anomalies about A, saying that it located in the mail
room but not the storage, then the belief is retracted. This sort of introspective reasoning is very much in
the spirit of a prominent approach to nonmonotonicity known as autoepistemic logic (AEL) [Moore, 1985b],
and it demonstrates the ability to reason about prototypical assertions while exhibiting a certain flavor of

commonsense reasoning in the presence of incomplete information.

27
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Another category of assertions useful in this context is the closed world assumption [Reiter, 1987], as
commonly encountered in Al and database theory [Reiter, 1984]. For instance, imagine telling the robot that

it knows of every big block in the domain, which can be expressed by means of the following sentence ¢':
Vx. Big(x) D KBig(x).

Then, O(8' A Big(A)) D K(Vx(Big(x) = x = A)) is valid in OL: the agent believes that A is the only big
block. Thus, this family of assertions are useful in enabling complete knowledge about the domain. The
propositional fragment of OL also has a sound and complete axiomatization which, among other things,
allows us to formally derive such conclusions.

OL, however, deals with a single agent. Given that in numerous applications there are several agents in
the picture, it seems natural to ask whether these ideas can be extended to the many agent case. It turns out,
however, that existing approaches to formalize multiagent only knowing are surprisingly complex compared
to Levesque’s intuitive and simple model theory. So proposing an appropriate generalization of OL will be
the main focus of the chapter.

This chapter consists of two parts. The first part, which sets the stage for the second, introduces Levesque’s
logic of only knowing O L. We then present an idea regarding how O L can be used to implement a KR service
by means of the representation theorem [Levesque, 1984; Levesque and Lakemeyer, 2001]. We then present
the axiomatization for the propositional sublanguage of OL. We also quickly touch upon the relationship
between OL and AEL.

In the second part, we present results on the many agent case. Existing approaches, besides having a
number of undesirable properties, are restricted to propositional languages. We first show that a natural
semantics can be given for a quantified language with equality. Next, we show that for the propositional case,
a sound and complete axiomatization can be provided that faithfully lifts Levesque’s proof to the many agent

case. Along the way, we revisit some of the existing approaches and discuss their problems.

3.1 The Logic of Only Knowing OL

Let £ be a first-order language consisting of standard FOL with =. More precisely, £ has the logical con-
nectives V, V and —. Other connectives are taken for their usual syntactic abbreviations. £ also includes a
countably infinite set of standard names (or simply names): N = {#O,#l,#Z, ...}, which is the domain of
discourse. This will allow us to interpret quantifiers substitutionally, and previous arguments against substi-
tutional interpretation notwithstanding [Kripke, 1976], greatly simplifies the technical treatment.

We now describe the expressions of L. There are two types: ferms and formulas, where terms describe
the individuals of the domain, and formulas describe propositions, relations and properties.

All variables and names are terms. If #;,...,# are terms, and f is a k-ary function, then f(t;,...,1) is
also a term. If a term mentions no variables, then we say that it is a ground term. If a ground term mentions
only one function symbol, then we call it a primitive term. Put differently, primitive terms are of the form
f(ny,...,n;), where n; are names.

Moving on to formulas of £, an atomic formula (or atom) is of the form P(zy, ..., #) where ¢t; are terms.
A ground atom is an atom not mentioning variables and a primitive atom is a ground atom where every £; is a

name. But more generally, a formula is any of the following:
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1. an atom;

2. 11 = tp, where t; is a term;

3. —a, where « is a formula;

4. aV B, where both @ and g are formulas;
5. Vx. !

We write a;, to mean that the variable x is substituted in « by the standard name n. Finally, by a primitive
equality we mean a formula of the form f(ny, ..., n;) = ng, where n; are names. (In sum, primitive expressions
mention only a single non-logical symbol.)

Levesque’s logic OL is £ with two epistemic (modal) operators: K and O. As far as well-formed
expressions of OL are concerned, this essentially means that we only need to include one extra formation
rule for formulas: if « is a formula, then K« and O« are formulas too.

We now turn to a semantics. OL is given a possible-world semantics, where a world:
e is a set of primitive atoms, and
e is a function from primitive terms to names.

Let W be the set of all worlds. An epistemic state e C W is simply any set of possible worlds.
The possible-worlds framework of OL for a first-order language can be compared to Kripke structures.
In particular, in contrast to Figure 2.1, we instead have a much simpler notion of an epistemic state as a set

of worlds, as shown in Figure 3.1.

“p'/q'/"'.

p,q,...

vaﬁ(hﬂ-

Figure 3.1: Viewing an epistemic state simply as a set of worlds. Here, p and ¢ denote atoms.

Now, the standard names are essentially rigid designators, and denote precisely the same entities in all
worlds. The evaluation of an arbitrary term, such as f(g(rn)) is simply obtained wrt some world w by first
obtaining the entity that g(n) denotes, say n’, and then obtaining the entity that f(n’) denotes. More formally,
using ||, to mean the “coreferring name” for the term ¢, let us inductively define | - |,, by

'In this thesis, we use the “dot” notation to indicate that the quantifier preceding the dot has maximum scope. For instance V. P(x) D
Q(x) is to be understood as Vx[P(x) O Q(x)]. Sometimes, we omit leading universal quantifiers altogether in writing sentences.
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e |f|,, = rif  is a name, and

o ‘f(l‘], cee tk)|w = W[f(n], A ,nk)] where n; = |ti|w~

We are ready to give a semantics. Defining a model to be the pair (e, w) with w € W, the truth of sentences
is defined as follows:

—

. e,w = P(ty,...,t4) iff P(ny,...,m) € w, where |t;],, = n;;
2. e,w |= 1] = 1 iff |11}, is the same name as |t |,;

3. e,w = aiffe,w £ a;

4. e,wlEaVpiffe,w Eaore,wl|=p;

5. e,w E Vx. aiff e,w £ o for all standard names n;

6. e,w = Kaiff forallw' € e, e,w' |= a;

7. e,w |= Ociff forallw', w' € eiffe,w |= a.

Note that the only difference to the semantics for K is that an “if” becomes an “iff”. We read K« as “at least
«a is known” since K« certainly does not preclude K (a A ) from holding, in general. It is easy to see that
K is indeed the classical knowledge operator, and (at least) « is believed iff it is true at the worlds that the
agent considers possible. We read O as “all that is known is @’ and this denotes that precisely those worlds
where « is true are in the epistemic state.

We use the following terminology to refer to certain classes of formulas:

e A formula not mentioning any modalities is called objective.

o A formula is called subjective if every atom is in the scope of a modality.
o A formula is called basic if it does not mention O.

We say that @ € OL is satisfiable iff there is a model (e, w) such that e, w |= @. When « is objective, we often
write w |= @ instead of e, w |= @. When « is subjective, we often write e |= « instead of e, w |= . Given a set
of sentences X, we write X |= « (read: “X entails ) iff for every (e, w) such that e, w |= o' for every &' € X,
e,w |= . We write |= @ (read: “a is valid”) to mean {} |= «.

In the sequel, we will find it convenient to refer to always-true and always-false objective sentences. So

let TrUE denote a sentence that is always-true, say Vx(x = x), and let FALse denote the negation of TRUE.

3.1.1 Properties

Before embarking on the epistemic properties of OL, it is worthwhile to first be clear on how precisely L is
related to standard FOL. We review a few essentials briefly, especially those features that will prove useful for
later chapters. A more comprehensive presentation, along with proofs for all statements dealt in this section,

appears in [Levesque and Lakemeyer, 2001].
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Properties of £

The semantical aspects, in regards to £, that differ from FOL is its treatment of equality, and the logical
symbols we call standard names. It turns out for sentences not mentioning equalities and names, £ and FOL
behave identically.

Theorem 3.1.1. [Levesque and Lakemeyer, 2001 ]

Suppose a € L does not mention names and equality. Then |= « iff @ is a valid sentence of FOL.

Further, the treatment of equality in £ is intuitive in the sense that it allows for a equivalence relation for a

substitution of arguments. More precisely, let A denote the following sentences.
o reflexivity: Vx(x = x);
o symmetry: VxVy(x =y Dy = x);

o transitivity: VxVyWz((x = y) A (y = 2) D x = 2);

substitution of equals for functions: for any function symbol f,

Vxt, Yy, (e =y A A =) D
f(xlw-"xk):f(yl""’yk);

substitution of equals for predicates: for any predicate symbol P,

VXL YL (e = YD) A LOA (=) D
P(xy,...,x) = POyt, .. y0)-

Then,

Theorem 3.1.2. [Levesque and Lakemeyer, 2001 ]
Suppose a € L is a sentence not mentioning standard names. Then « is valid iff in the classical account of

FOL, AU B implies a, where B is the following set of sentences:
{=3x1,...,. VW =xV...Vy=x) | k € N}.

The set B essentially says that for every k, there are more than k individuals in the domain. This essentially
forces us to consider infinite domains.

Standard names are interesting in their own right. They can be understood as an infinitary variant of the
unique name assumption. For instance, given two names n; and n,, n; = ny is valid iff n; and n, are the same
and n; # ny is valid iff n; and n, are distinct. To see where this pays off, let * be a bijection from names to
names. Given any term ¢ or formula a, let #* and @* denote the expression obtained on replacing every name

in t and @ with their corresponding mappings under *. Then,

Theorem 3.1.3. [Levesque and Lakemeyer, 2001 ]

Let * be a bijection from names to names. Then = « iff |= *.

As a useful corollary, we get:
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Corollary 3.1.4. Let @« € L have a single free variable x and let n be a name not appearing in . Let
= Vxa iff = @, and |= a;, forall j € {ni,... ,n}.

ni,...,n be all the names mentioned in «. Then,

That is, to evaluate Vxa, we only need to decide a finite (k + 1) number of substitutions.

One last difference to take note is that the compactness property does not hold for £. That is, FOL has
the property that a (possibly infinite) set of sentences is satisfiable iff all of its finite subsets are. This does
not hold for £, which the following unsatisfiable set illustrates because all of its proper subsets are indeed
satisfiable:

{3xP(x), ~P(*0), ~P(*1),-P(*2),...}.

The reason for this is simply that since the domain is countably infinite, we can use an infinite set of sentences
to name every element of the domain.
Properties of OL

Let us begin with a remark about O. From the semantics, it is clear that only knowing a formula implies

knowing it as well. That is,
= (Oa D Ka).

Also worth noting is that since we do not force the real world to be included in the epistemic state, the agent

can indeed believe false facts:

Theorem 3.1.5. [Levesque and Lakemeyer, 2001 ]

There are sentences « such that
o a A - Ka is satisfiable;
o —a A Ka is satisfiable.

Turning to the usual properties about knowledge, it is perhaps not too surprising to note that O L exhibits K45

properties.
l. E(KaeNK(@Dp D KpP)
2. F (Ka D> K(Ka));
3. = (~Ka D> K(-Ka)).

Since we have a language with quantifiers, two other properties are of interest. The first is called the Barcan

property, and it is about the closure of belief under universal generalization:
4. £ (VxKa D KVxa),

which says that if an agent believes every instance of @, then he also believes Vxa. This can be seen as a
consequence of keeping a fixed discourse. The other property is about existential quantifiers. Consider the
difference between saying “There is someone I know who is a spy” and “I know that someone is a spy”,
that is, IxK Spy(x) vs. K3xSpy(x). One would say that the latter is more or less obvious, but the former

expresses a concrete assertion, one not known to everybody. In philosophical circles, the latter is termed de
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dicto (literally, “knowledge of words”) knowledge and the former is called de re (literally, “knowledge of
things”) knowledge [Hintikka, 1962]. In OL, the existential version of the Barcan property holds, which is
intuitive, and states that de re knowledge implies de dicto knowledge. However, the converse property does

not, as should be the case.
5. F (3xKa > K3xa);

6. But £ (Kdxa D IxKa) for arbitrary . For example, if n and n’ are distinct names, then £ K(P(n)V
P(n")) D IxKP(x).

3.1.2 Representations of Epistemic States

Knowledge in a knowledge-based system can be thought of in two closely related ways: as characterized by
an (abstract) epistemic state, where knowledge is interpreted over a set of world states, and in a symbolic
form, i.e. a collection of propositions about the world, and knowledge is what can be logically deduced from
that collection. These two perspectives is what Newell [1993] differentiates as the knowledge level and the
symbol level respectively. We briefly discuss this relationship below.

The first property to note about epistemic states is that there are many equivalent states in the sense that
they satisfy the same set of basic beliefs [Levesque, 1990]. More precisely, define the basic belief set wrt an
epistemic state e as the set of the basic formulas believed at e, i.e. {e | « is basic, and for any w, e, w |= Ka}.
But if two epistemic states, say e and ¢’, have the same basic belief set, we would also want them to agree
on what they only know. To realize this feature, Levesque proposes a simple solution, that of restricting

ourselves to certain maximal epistemic states. Formally, given e, we define
et = {w| for all objective formulas a, if e,w |= Ka thene,w |= a}

and say that e is maximal iff e = e*. Then,

Theorem 3.1.6. [Levesque and Lakemeyer, 2001 ]

For any epistemic state e, there is a unique maximal state e* such that their basic belief set is identical.
It then follows that we can relate every basic belief set with a maximal epistemic state:

Theorem 3.1.7. [Levesque and Lakemeyer, 2001 ]

There is a bijection between basic belief sets and maximal epistemic states.

So suppose we restrict our attention to maximal epistemic states. There are two questions we want to now
ask:

1. Given a symbolic KB, how does one characterize the corresponding maximal epistemic state?
2. Given an epistemic state e, how does one find a representation for it in terms of a symbolic KB?

The answer to the first question turns out to be a simple one if we are to restrict ourselves to objective KBs.
We make this assumption for now, and defer discussions on subjective KBs to Section 3.1.4. We define the

epistemic state represented by the KB ¥, where X is any (possibly infinite) set of objective sentences, as:
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RE) = {w|wEa, forevery @ € X}.

It is not hard to see that 3(X) is an epistemic state where X is all that is known.

The answer to the second question, however, is more elaborate. Let us begin by calling an epistemic state
e representable when there is a (possibly infinite) set of objective sentences X such that e = R(X). We say e
is finitely representable if there is a finite set of objective sentences X such that e = R(X). Then the second
question can be reformulated to one that asks whether every maximal epistemic state is representable. This
would then allow, among other things, to have a precise correspondence between symbolic representations
and epistemic states. Preferably, we are further interested in finitely representable epistemic states. This is
because our typical intuitions about the representation of knowledge is some collection of finite structures,
which can be manipulated to query stored facts and learn new ones.

Unfortunately, Lakemeyer and Levesque [2001] show that there is an infinite set of satisfiable basic sen-
tences such that no representable epistemic state satisfies the set. Practically speaking, however, in any KR
system one only considers a finite set of sentences. Fortunately, every finite set of satisfiable basic sentences
is indeed satisfiable in a representable epistemic state.

So, we now finally ask: can we restrict ourselves to finitely representable ones? The answer, it turns out,
is no. That is, there is a satisfiable basic sentence which is false at every finitely representable epistemic state.
By above, of course, it is satisfiable in some representable epistemic state corresponding to an infinite set
of objective sentences. One unfortunate consequence of this is that when dealing with validity, we cannot
restrict ourselves to finitely representable epistemic states.

Nevertheless, for practical purposes, Lakemeyer and Levesque show that it suffices to consider finitely
representable epistemic states. To give a cursory introduction to their idea, let us first formalize the notion of
adding information to an epistemic state. We define TELL as an operator that accepts an epistemic state e
and an objective sentence « to result in a new epistemic state as follows:

TELL[e,e] =en{w | w = a}.

Now, imagine starting with an empty KB, where the epistemic state is simply WW. Of course, WV is finitely
representable, i.e. VW = R(TruUE). Suppose we have a set of objective sentences aj, ..., @ to add to the KB.
Lakemeyer and Levesque show that finitely representable states are closed under TELL. So TELL[«;, W]
is finitely representable. Therefore, under the practical consideration that we will only add a finite number of
objective facts to the KB, epistemic states of interest will always be finitely representable.

Of course, there may be instances where we would like to add subjective sentences to the KB. Natural
examples are sentences of the form Vx.(P(x) D K P(x)) that make closed world assertions, as touched upon
earlier. Roughly, it says that every instance of P in the real world is currently known. In order to deal with
the more general TELL operation, they make use of the representation theorem to be introduced next, which

allows us to reduce subjective sentences to purely objective ones.

3.1.3 The Representation Theorem

One way to imagine a practical KR system is to think of two major operations. On the one hand, we devise
a mechanism to absorb information as it becomes available, such as TELL, and on the other, we propose a

decision procedure for the evaluation of queries. These correspond to a functional approach to KR [Levesque,
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1984], where instead of viewing a knowledge base as a set of structures that represent knowledge, we imagine
interacting with a system in terms of what it can be asked and told.

The intuitive usage of OL is to begin with a KB in the scope of O, and ask queries of the form K.
Roughly speaking, this means that we require a first-order modal prover, and in particular, one that is faithful
to OL’s truth theory. The representation theorem is a fundamental result to eliminate the K operators in the
query (wrt the KB), so that a first-order theorem prover can be used to evaluate the modified version of the

query against the KB. Thus, no modal reasoning will be necessary.

Example 3.1.8. To illustrate the idea, suppose a KB X is the following:
Y = {Smaller(B, A), Smaller(C,A) V Smaller(D, A)}.

That is, in a blocks world domain: B is smaller than A, and C is smaller than A or D is smaller than A.2
Supposing we ask:
Kdx. (Smaller(x, A) A ~ K Smaller(x, A))

That is, does  know of a block that is smaller than A, but does not know which one? The answer is certainly
yes because the list of smaller blocks known is incomplete, except for B. The main step is to replace K (x, A)
with x = B. Then, it can be shown that the query reduces to verifying if Ix. (Smaller(x, A) Ax # B) is entailed
by Z. I

To make this intuition precise, we define ||||y, that eliminates every K operator appearing in & using equality
expressions derived from X, provided X is all that is known. But first, since expressions such K Smaller(x, A)
contain free variables, a procedure Res[«, Z] is defined to return the known instances of the objective formula

a from an objective sentence X.

Definition 3.1.9. [Levesque and Lakemeyer, 2001]
Let a be an objective formula, and X is an objective sentence. Let ny, ..., n; be all the names occurring in X

and « and n’ is a name not occurring in X or . Then, Res[a, X] is defined as:

1. If « has no free variables, then Res[«, X] is TrRUE if X |= @ and FaLse otherwise.’
2. If x is a free variable in «, then REs[«, 2] is defined as:

((x =m) ARes[a, ,Z)) V...V ((x = ;) ARes[q;, . 2]) V

ng?

((x#n1) A ... A(x #m) ARes[a?,, Z]7). 11

n'’

Definition 3.1.10. [Levesque and Lakemeyer, 2001]
Given an objective sentence X and a basic formula e, |||y, is the objective formula defined by

1. ||e|ls = @, when « is objective;

2. |lmelly = =llellg

2We implicitly assume that all proper nouns dealt in the sequel are names from A.
3Because of item 1, note that REs[*, ] is not recursively enumerable [Rogers Jr., 1987] since it appeals to validity, when returning
TruE, and appeals to falsifiability, when returning Farse [Levesque and Lakemeyer, 2001].
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3. llaVBly = llalls V118l
4. [[Vxally = Vxlally;

5. | Ka|ly = Res[||alls, Z].

The representation theorem is applied by means of the following main result:

Theorem 3.1.11. [Levesque and Lakemeyer, 2001 ]

Suppose « is a basic sentence. Then, O D a is valid iff |||y is valid.

Example 3.1.8 Continued. Revisiting the example query, we have as follows:

Res[ K dx. (Smaller(x, A) N =K Smaller(x, A)), X]
= Res[||3x. (Smaller(x, A) A =K Smaller(x, A)||s, Z].

Now, pursue
| 3x. (Smaller(x, A) A =K Smaller(x, A)||5
= 3x. (||Smaller(x, A)||x A || 7K Smaller(x, A)||5).
Now pursue
|~ K Smaller(x,A)||s
= x* B.

In sum, we are to decide if X |= 3x. (Smaller(x,A) A x # B), which is indeed the case and so the procedure

returns Truk. I

Returning to our discussion on TELL from Section 3.1.2, in order to add an arbitrary basic sentence « to
X, Lakemeyer and Levesque show that this is equivalent to TELL[||«||s, Z]. Thus, for most applications, it

often suffices to consider only objective KBs.

3.1.4 Nonmonotonicity

While the reduction of subjective formulas to objective ones has conceptual clarity with regards to a knowl-
edge base in question, they do not, however, allow us to reason about default rules, such as the one about
big blocks being in the storage room considered earlier. With that example, it is often beneficial to imagine
subjective (in particular, basic) KBs.

However, when reasoning about default rules, or about KBs that refer to their own beliefs in general, a
number of additional difficulties arise. For example, if we let X~ denote the following KB

=Kp> g N(—KgDp)
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then it turns out that only knowing that KB results in two distinct maximal epistemic states:
OxX=0pV Og.

For another example, there is no epistemic states satisfying O(K p V Kgq), or for that matter O K p. All of
this, of course, complicates the treatment of knowledge bases at the knowledge level.

We mentioned earlier that the nonmonotonicity sanctioned by OL is similar in spirit to AEL [Moore,
1985b]. However, AEL is defined using meta-logical properties; fixed-point operators on the beliefs of a
KB in particular. In contrast, as we have already observed, inferences in OL are understood in terms of the
logical consequences of only knowing the KB. Moreover, Levesque [1990] showed that there is a precise
correspondence between the inferences sanctioned by AEL and OL. Thus, OL allows us to semantically
reconstruct a major proposal in nonmonotonic reasoning entirely within a classical monotonic logic. We will
not go into more details on these topics and defer interested readers to [Levesque and Lakemeyer, 2001]. As
a consolation, we will also not make use of nonmonotonicity in this thesis, except for illustrative purposes in
this chapter.

We should also point out that there have also been other approaches to capture the intuition of only
knowing, which are also motivated in terms of providing a semantical rationalization of nonmonotonicity
wrt beliefs. In particular, Halpern and Moses [1984] propose a notion called minimal knowledge, which is
similar in spirit to Levesque’s only knowing. While initially proposed in the context of (propositional) S5
i.e. knowledge is true, it was shown to accommodate K45, among others, without any modifications [Halpern,
1997]. The idea is that « is all that is known iff the epistemic state is the maximal subset of worlds where «
is known. Equivalently, this epistemic state is the union of all worlds states that know a. They call a formula
honest if it is known in the epistemic state. A formula is dishonest if it not honest. For example, Kp V Kgq
is dishonest since there is no maximal epistemic state where that formula is known.

Levesque’s only knowing coincides with Halpern and Moses’s notions for objective formulas, which are
trivially honest. At first glance, the difference between the two approaches is made obvious by the fact that
Halpern and Moses discuss their version of only knowing as a meta-logical concept, i.e. only knowing is not
expressed in the object language. But there are other differences. For one, it turns that the only knowing
modality has a subtle relationship with the belief modality in the Levesque framework, which we will take up
in Section 3.2.1, that is quite different from how the notion of “all I know” behaves in the Halpern and Moses
framework [Halpern, 1997]. For another, Rosati [2000] demonstrates that while satisfiability in propositional
OL is at the second level of polynomial hierarchy,* the satisfiability in the logic of minimal knowledge is
at the third level. Therefore, unless the polynomial hierarchy collapses, reasoning in minimal knowledge is
computationally harder than reasoning about only knowing.

A proposal by Pratt-Hartmann [2000] is also closely related to only knowing. Pratt-Hartmann introduces
the concept of total knowledge, where « is total knowledge if « is known and every formula not entailed as
a result of knowing « is not known. For objective theories, his ideas are closely related to OL. However,
his formalism insists that knowledge is true. For that reason a relationship to AEL is not immediate, and
requiring certain formulas such as ~K p D —p to be total knowledge leads to an inconsistency.

Of course, there are also other approaches to nonmonotonic reasoning that are not based on only knowing.

“4Intuitively, the second level contains problems that can be solved in polynomial time by a nondeterministic Turing machine using
an Np-oracle. (An Np-oracle solves Np problems in constant time.) See [Johnson, 1990] for an overview of the polynomial hierarchy.
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Readers may want to consider Reiter’s [1987] survey for an overview. Over the years, extensive work has been
carried out to establish the relationship between AEL and other approaches [e.g. Gottlob, 1993; Konolige,

1989], and by way of Levesque’s result, these comparisons can be imported to OL.

3.1.5 Proof Theory

For a clearer view of only knowing, it is convenient for this section and the next to not consider O as a
primitive notion but in terms of K and a new modal operator N such that O« is understood as syntactically
denoting Ka A N—a. Intuitively, in light of reading K« as “at least « is believed”, the new operator is a
natural dual in the sense that N -« is to be read as “at most « is believed”. The justification for this reading
will be clear in a moment.

Turning now to a semantics for Na, the idea is to interpret « at all the worlds that the agent does not
consider epistemically possible. So clearly we have to consider the worlds w ¢ e. But if N« is a complicated
formula involved nested modalities, we would still need an epistemic state to interpret subformulas of the
form Ka'. Levesque takes the intuitive approach by still using the same e for the subformulas:

o ¢,w|= Naiff forevery w ¢ e, e,w |= a.

Thus, we have good reasons to read N~ as at most « is believed because if the agent knew more, then he
would not consider impossible all those worlds where « is true.

Levesque’s proof theory for propositional OL is as follows. First, since OL exhibits K45 properties, it
is not surprising that the axiomatization includes axioms K, 4 and 5, and that inference rules include Modus
Ponens and knowledge generalization. In fact, these schemas are applicable to both the modal operators K
and V.

Axioms:
Al. All instances of axioms of propositional logic,
A2. K(aDp) D (Ka D Kp),
A3. N(@D>pB) D (INa>D NP,
A4. 0 O Ka A Na for every subjective o,
A5. Na D - Ka if —a is a propositionally consistent objective formula.
Inference rules:
MP. From « and @ D g infer S.
NEC. From « infer K« and Na.

Axiom schemas A1 — A3 justify K45 properties for both K and IN separately. Axiom A4 tells us that the
operators are mutually introspective, i.e. K& O N Ka is valid. One way to look at this is in terms of two

agents that are mutually introspective. Arguably, the most interesting and novel axiom here is A5. It is this

5Note that the axioms are recursive. In particular, A5 appeals to consistency in classical propositional logic, which is decidable.
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axiom that makes precise the relationship between IN and K. It is possible to see that its soundness rests of
the fact that K and IN together range over all possible worlds.
We call this proof theory AX, and we write AX I « (or simply |- @) to denote that « is provable using the

schemas in AX.

Example 3.1.12. Let us revisit the big blocks default once more. We now consider a propositional default.
Let p denote a big block. Let g denote that this block is found in the storage. Then, let the default ¢ be

pA—-K=-qDaq.

That is, if the agent believes p and if the agent does not believe —¢, then ¢ can be inferred. We intend to
reason as follows:
FO(pAS) D Kgqg

That is, if all the agent knows is p and the default 6, he must come to believe g. A formal derivation is given
below. We write Def to mean the equivalence Oa = Ka A N —a. We freely reason with propositional logic
(PL) and K45.

1. Op NS DO(pAN(—K—gDq) PL
2. OpN(—K—-qg>¢q) D KpN—K-qDq) 1, Def
3. K(pN(—K—g D q) D (K-K~q > Kgq) 2,K45
4. OpAN(—~K—g D q) D N-(p\N(—K—q D q)) 1, Def
5. N=-(pAN(—~K—-g > q)) D N(p D —q) 4, K45
6. N(p D —~q) D -K(pD—q) 5,A5
7. - K(p D ~q) D ~K—q 6, K45
8. "K—q > K-K~q 7,A4
9. O(pNd) D (K-K—-gNK-K—-q > Kgq)) 1-8,PL
10. O(p AN6) D Kgq 9,PL

For most parts of the proof, we make use of standard K45 and propositional reasoning. The only place we
need to invoke the relationship between IV and K is in line 6, where we apply it to a propositional subformula
obtained in line 5. Note again that the applicability of the axiom AS is limited to non-valid formulas, which
is the case with p D —g. Line 8 makes use of A4. Equivalently, we could have used K45 reasoning to reduce
K—-K-—qto ~K~—q in line 3 and omitted this step. I

Levesque obtained the following result regarding the axiomatization wrt propositional OL:

Theorem 3.1.13. [Levesque, 1990]

The above axiomatization is sound and complete for (propositional) OL.
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As a last remark, the completeness result crucially depends on the assumption that there are an infinite set
of propositions ®. Halpern and Lakemeyer [2001] show that if @ is finite, then the axioms are incomplete.
Nevertheless, a completeness result does hold with the addition of an axiom, the details of which does not

concern us here.

3.2 The Logic of Only Knowing with Many Agents OL,

In this section, we are interested in generalizing OL to the many agent case. As noted in Halpern and
Lakemeyer [2001], the semantical framework of OL has some interesting features, which we expect to guide
us when proposing the generalization. For one thing, note that the union of the worlds wrt which K« is
evaluated, i.e. the epistemically possible worlds, and the worlds wrt which N« is evaluated, i.e. the worlds
considered impossible, is the set of all conceivable worlds WV. Roughly speaking, the operator K has a subtle
relationship to belief operator IN which makes extensions to the many agent case non-trivial. In fact, existing
approaches that extend only knowing to many agents have undesirable properties. For example, Lakemeyer
[1993] proposes a Kripke structure approach where, among other problems, it can be shown that certain types
of epistemic states cannot be constructed. In a Kripke approach by Halpern [1993], the at most and at least
modalities do not seem to interact in a natural manner. An approach by Halpern and Lakemeyer [2001] does
successfully model multiagent only knowing, but it axiomatizes the semantical notion of validity. Precisely
for this reason that approach is not natural. Finally, an axiomatization by Waaler [2004] does not resort to
such ideas, but here the model theory has problems [Waaler and Solhaug, 2005].

In general, among the main problems are that these approaches make use of arbitrary Kripke structures
which already unwittingly discard the simplicity of Levesque’s semantics. Moreover, the approaches are
mostly propositional and it is not obvious how one can extend these ideas to a first-order language.

Thus, in order to prepare for the results presented in this section, we begin by reviewing the features of
OL’s model theory, as outlined in [Halpern and Lakemeyer, 2001]. Then we propose a semantics for the
first-order case, and return to analyze these features. After that, we turn to a proof theory that characterizes
the semantics for the propositional fragment, and illustrate some examples. Finally, we compare our work to
the approach in [Halpern and Lakemeyer, 2001] and show that we capture the same properties but without

their problems.

3.2.1 Features of OL

In the framework of OL, we associate a world with the set of formulas that are true at the world. Intuitively
speaking, a world is a possible state of affairs, or a possibility for short. The intuitive reading of an epistemic
state then is that it a set of possibilities, which captures the idea that an agent entertains a number of possible
ways in which the world can be.

The first property to note with regards to OL is the semantics of IN. We observed that the epistemic state

is not affected when evaluating N a:
P1. The set of possibilities remains fixed when evaluating formulas of the form N a.

A closer look informs us that this idea is essential for the soundness of A4 in Levesque’s proof theory. Indeed,
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since this axiom makes the formula Ko D N K« valid, it follows that an epistemic state that interprets K«
is also one where IN K« is true.

The second property to note is that the set of impossible worlds that interpret N is always W — e.
Equivalently, the worlds that evaluate K« and N« is clearly W.

P2. The union of the set of possible worlds, which evaluate K, and the set of impossible worlds, which
evaluate N a, results in the set of all conceivable worlds VV. The set of conceivable worlds is absolute

and independent of the model (e, w). Further, it is always the set of all truth assignments.

This property is essential for the soundness of A5 in Levesque’s proof theory. This can be reasoned as follows.
Suppose « is any non-valid formula and N« is satisfied in a model (e, w). By axiom AS, - K« is also true
at (e, w). That is, since « is true in all the impossible worlds, and since —« is satisfiable by assumption, there
must be a possible world that satisfies —«@. Therefore, « is not believed at (e, w).

The intent of the last property is to allow an agent to only know any objective formula:

P3. For every set of conceivable worlds, there is a model where precisely this set constitutes as the epistemic

state.

Arguably, these properties seem straightforward in the single agent case. However, generalizing these prop-
erties to the many agent case is non-trivial. The difficulty seems to be that, in the multiagent case, we no
longer identify a possible state of affairs with objective formulas. This is because a formula such as p is just
as objective from i’s point of view as K ;p (read: *“j believes p”). Therefore, the appropriate generalization
of a possibility in the many agent case is a set of i-objective formulas, by which we mean formulas such as p
and K ;p for j # i (defined formally below).

In the next section, we present a semantics for multiagent only knowing for a quantified language with
equality, that is, a faithful extension to OL. We then present the earlier propositional treatments, and return
to analyze and generalize the above properties.

As a concluding remark to this section, it is interesting to note that the formulation of OL’s features,
especially P3, as analyzed by Halpern and Lakemeyer is only faithful to the propositional fragment. That is,
it is assumed in their analysis that epistemic possibilities are completely captured by objective formulas in
the single agent case. But for a quantified language, we mentioned in Section 3.1.2 that there are epistemic
states that are not representable, i.e. they can not be characterized using only objective formulas. Be that as it
may, we will continue to be interested in P1, P2 and P3. It is an open question as to how precisely one is to

generalize the features of first-order OL.

3.2.2 A Semantics for Multiagent Only Knowing

Let us begin by extending the language. Let OL,, be a first-order modal language that enriches the non-modal
fragment of OL with modal operators K;, IN; and O; for i € {A, B}. For ease of exposition, we will only
consider two agents: A denoting the agent Alice, and B denoting the agent Bob. Extensions to more agents is
straightforward.

By analogy to the single agent case, we freely use O; such that O;a syntactically denotes K;o A N;—a and

is to be read as “all that i knows is @”. The first step is to be clear on what objective and subjective formulas
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mean in the many agent case. As hinted in the previous discussion, they are now understood relative to the
agent. A formula is called i-objective if all epistemic operators which do not occur within the scope of another
epistemic operator are of the form M, j # i, where M, denotes K; or IN;. A formula is called i-subjective if
every atom is in the scope of an epistemic operator and all epistemic operators which do not occur within the
scope of another epistemic operator are of the form M. Intuitively, i-subjective formulas represent i’s beliefs
about the world whereas i-objective formulas determine what is true about the world from i’s perspective,
which may include beliefs of agents other than i.

In what follows, it will be useful to refer to the degree of nesting of modal operators within a formula, and
we lump together consecutive nesting of operators for the same agent. More precisely, we define the notion

of the i-depth of a formula:

Definition 3.2.1. (i-depth.) The i-depth of a formula «, denoted |«
K; or N;):

i» 18 defined inductively as (M; denotes

1. |a|; = 1 for atoms,

2. |-al; = el

3. |Vx. af; = |al;

4. |V Bli = max(|a|;, Bl

5. |Mial; = |ali

6. |[Mja|; = |a|;+ 1, for j #i.

A formula @ has a depth & if max(|@|a, |a|p) = k. 11

Example 3.2.2. To illustrate the notion of depth, consider the formula K, Kz K,p V Kpq. Here:
1. |KaKgKapV Kpqla = max(|KxKpKapla, | Kpq|a) = 3 because

(@) |KaKpKapla = |KpKpla =1+ |Kaplp=2+|pla =3,
(b) |Kpqla=1+|q|p=2.

2. |KaKgKapV Kpqlg = max(|KxKpKaplg, | Kpq|p) = 4 because
(2) |KaKpKuplp=1+|KgKap|a =1+ 3 (as shown above) = 4,
(b) [Kgqls = |qls = 1.

3. Therefore, the depth of the formula is 4.

Consider each of the disjuncts. K4 KpK,p is both A-subjective as well as B-objective. On the other hand,
Kpq is both B-subjective as well as A-objective. Moreover, K4y KK p V Kpq is neither A-subjective nor

B-subjective. For that matter, it is neither A-objective nor B-objective. Il
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By analogy to the single agent case, an objective formula is one that does not mention any modal opera-
tors. A basic formula is one that does not mention any IV; (or equivalently, O;).

We now turn to the semantics. Typically, a semantics for multiagent systems is specified with Kripke
structures generalized to n agents. That is, Kripke structures are models that interpret i-subjective and i-
objective formulas. However, they do not share the simplicity of Levesque’s semantical framework. More-
over, it seems that there are no natural ways to capture all the necessary features of multiagent only knowing
with Kripke structures, as demonstrated by the involved treatments in [Halpern and Lakemeyer, 2001]. More
on this in Section 3.2.6.

Our approach will instead be based on what we call as k-structures. The idea is to keep separate the worlds
A believes from the worlds she considers B to believe, to some depth k. At the lowest level, we imagine an
agent who has no beliefs whatsoever about the other agent, and reasons only about the state of the world. The
next level involves an agent who not only reasons about the world but also has beliefs about what the other

agent believes about the world. And so on, to some depth k.
Definition 3.2.3. A k-structure, with k > 1, say &, for an agent is defined inductively as:
— oW {{}},

— ¢ C W x E¥~!, where E” is the set of all m-structures. I

That is, a ' is simply a set of worlds. A e is a set of the form {(w,e'), (W, e, .. .} which states that at w
an agent, say A, believes B to consider worlds from e' possible, and at w’ she believes B to consider worlds
from ¢’' possible. This captures the intuition that A has partial information about B, and so her beliefs about
B differs at different worlds.

When modeling a k-structure, say e, for A we denote it as ef‘. Analogously, when modeling a j-structure,
say e/, for B we denote it as eé.

We define a ¢ for A, a e/ for B and a world w as a (k, J)-model (eﬁ, eé, w). The idea is that only formulas
with a maximal A-depth of k and with a maximal B-depth of j are to be interpreted wrt (k, j)-models. A
definition of truth is as follows:

1. ef‘,eé,w = P(t1,...,.t) iff P(ny,...,n) € w, where |;],, = n;;

2. ef‘,e{g,w I= 11 = 1 iff |11 ],, is the same name as |t |,,;

3. & el w = —aiff kel w i o
4. K el wlEaVvpiffek, el wl=aorek, el wi=p;

5. e epwi=Vx aiff ek, e, w = of foralln € N;

A’
6. ef‘,eé,w = Ky iff for all (w’,eg_l) € ef\, ef\,ell‘;l,w' = a;

7. eﬁ,eé,w E Nya iff for all (w’,eg_l) ¢ e, ek,eg_l,w’ = a.

Since Oy« is syntactically understood as Ky A Ny—a, it follows that

. ef\, é,w = Oy« iff for all w/, for all ¢*~! for B, (w’,eg_l) IS eﬁ iffe/’j,eg_l,w’ = a.



44 MurriaGent ONLY KNowING

A semantics for formulas of the form Kpa@, Npa (and hence, Opa) is given analogously based on items 6
and 7.

We remark that if only a single agent is involved, one only needs 1-structures. Then it is easy to see that
the semantics for OL,, coincides with that of OL whenn = 1.

When a formula has a maximal A-depth of k and a maximal B-depth of j, we say that the formula has a
maximal A, B-depth of k, j for brevity. We say that a formula « of maximal A, B-depth of k, j is satisfiable iff
there is a (k, j)-model (eﬁ, eé, w) such that eﬁ, e{;, w |= a. The formula is valid (written |= @) iff « is true at all
(k, j)-models. Satisfiability is extended to a set of formulas £ (of maximal A, B-depth of k, j) in the manner
that there is a (k, j)-model (eﬁ, eé, w) such that eﬁ, eé, w |= @ for every @ € £. We write £ |= @ to mean that

= a denotes

for every (k, j)-model (eﬁ, e, w), if eﬁ, ep,w = o forall @ € X, then eﬁ, g, w |= a. As before,
{} Fe

We often write {}, e{g, w |= @ when « is A-objective because the k-structure for A is irrelevant. Analo-
gously, for B-objective formulas, we often write eﬁ, {},w |= @. When the formula « is objective, we omit the
structures for A and B altogether and simply write w |= a.

Before moving on, let us consider examples of reasoning about only knowing with k-structures.

Example 3.2.4. Let @ be an atom. Then the following sentences are valid.
1. O4(True) D ~K s~ Kjpa.

The sentence is A-subjective and of A-depth 2. So consider any (2, j)-model that satisfies O, (TRUE).
Here is one: let &3 = W x 2V Clearly €3, {}, w |= O4(Trug). Itis easy to verify that no other ¢
satisfies Q4 (TRUE).

Now eﬁ, {},w | ~K,—~Kpa iff there is some (w’,ellg) € ei such that eﬁ,ellg,w’ = Kga. By

construction, there is (w, e* ) € €2 where e*, = {w | w |= @} and €2, e*j, w |= Kpa.
2. Ox(Trug) D K Kpa.

Construct ei as in item 1. Then ei, {},w | ~K Kpa iff there is some (w’,ellg) e ef‘, such

that 2, el,w' = ~Kpa. By construction, (w,e*y) € e where e*y = {w | w £ @} and,

2

1
ey e’ gw E " Kpa.

3. Oxla A Opa) O Kya.

We will consider any 2-structure satisfying O4(a A Opa) and prove that K« is also satisfied at
the structure.

Let W, = {w | w | a}. Clearly ey = W, is the only 1-structure for B that satisfies Opa.
Similarly, the 2-structure 3 = W, x {eg} is the only 2-structure for A that satisfies O (@ A Opa).
It follows that €3, {}, w |= K« since all w’ in (W', ep) € €} satisfy @ by construction.

4. OA(Q’ A\ OBQ’) D) KAKBQ’.

A 2-structure € is constructed as in item 3. Then it follows that e, {},w = K4 Kpa since all

worlds {w” | (W, {}) € ey and (W', e}) € €% for some w'} satisfy @ by construction.

5. OA((X A\ OB(Y) D (KA_\KBKA(Y A\ KA_‘KB_‘KACL’).
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Using ideas from item 1 and item 2, it follows that Opa O ~KpK a N “Kp— K« is valid. Let

ei be any structure that satisfies O4(a A Opa). Since for all (W, eé) € ei, ei, elzg, w' = a A Opa,

it follows that ei,eé,w’ = ~KpK a N ~Kp—Kya. Therefore ef\, {},w F Kq(~KgKa A
ﬁKBﬂKAa/). I

3.2.3 On Validity

While it seems perfectly reasonable to expect models of a certain depth to interpret formulas of a correspond-
ing depth, it is also the case that the validity of formulas is not affected when models of a higher depth than
that required are considered. That is, if a formula of maximal A, B-depth k, j is true at all (k, j)-models, then
the formula is also true at all (K, j')-models, for kK’ > kand j/ > j. To demonstrate this property, we construct
for every eﬁ,, a k-structure ey iﬁl, such that they agree on all formulas of maximal A-depth k. Analogously, a
J-structure that agrees on all formulas of maximal B-depth j can be constructed for every e{; .

Definition 3.2.5. Given eﬁ/, we define a k-structure eAU,EI fork’ > k> 1:
1. eAH = e}{,
’ K —1 ’
2. et ={w. D | w7 e},
14 k-1 K —1 ’
3. eady ={w,egly ) [ wey Hee 11
We now establish the relationship between k’-structures eﬁ/ and j'-structures e{;, and their corresponding k-

structures eAil,il and j-structures eBM:/ respectively. We begin by showing that the A-depth and B-depth of a
formula are closely related.

Lemma 3.2.6. Suppose « is a formula and |a|; = k. Then |a|; € {k — 1,k,k + 1}.
Proof: Let i be A. The argument is symmetric if i is B. The proof is by induction on a.
case atoms: The A-depth and B-depth of atoms is 1, and so the claim holds.

case —a: Suppose |—a|4 = k. Then, by definition, |@|4 = k. By induction hypothesis, |a|g € {k—1,k,k+1}.
To prove the claim we need to show that B-depth of —a is one of {k — 1, k,k + 1}. Since |-a|p = |a|p,

the case is proved.
case Vxa: The holds in an analogous manner to the case of negations.

case « V B: Suppose |a V B|4 = k. That is, max(|a|a, |8]a) = k. By induction, if the A-depth of vy is k, where
v € {a, B}, then its B-depth is in the range {k — 1, k, k + 1}. By assumption, one of a or 8 has A-depth
k.

So consider |a@ V B|g = max(|a|p, |B|p) which, by above, is in the range {k — 1, k, k + 1}.
case M;a, where M; € { Ky, Kp, Ny, Ng}: Suppose | K a@|s = k. By definition of i-depth, |a|4 = k. Now
consider | K,a|g which, by definition, equals 1 + ||4 = k + 1. The treatment of N« is analogous.

Suppose | Kpa|s = k. By definition of i-depth, |a|p = k— 1. Now consider | K pa|g which, by definition,
equals |a|g = k — 1. The treatment of Nga is analogous. Il
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Lemma 3.2.7. Suppose « is a formula and |a|; = k. Then for every subformula M3 in a, |M;B|; < k and

for every subformula My in «, for j # i, |Mjy|; < k.

Proof: Let i be A. The argument is symmetric if i is B. The proof is by induction on a.

case atoms: since atoms do not mention modalities, the lemma is vacuously true.
case —a,Vxa,a V B: easy to show these cases by induction.

case M;a: Suppose | M;a|s = k. We now prove that the lemma holds for M;a assuming it holds for a.

Suppose M; is K,. Since | K |4 = k, by definition, |a|4 = k. By induction, for every subformula
M,Bin @, we have |Mf|a < k and for every subformula Mpy in a, we have | Mpy|p < k. To prove
the claim, we look at lengthier subformulas from Kja, i.e. K4MyfB and K4 Mpy. More precisely,
to prove the claim we need to show that the A-depth of K4 MS and Ky Mpy is < k. So consider
| K4 M,B|4 which equals, by definition,
which equals, by definition, | Mpy|4 which equals, by definition, 1 + |y|p. By induction,

M,B|a < k by induction. Moving on, consider | K4 Mpgy|a
Mpy|p <k,
say k — 1, which implies that |y|s = k — 1 by definition. Therefore | Ky Mpy|s = 1+ (k — 1) = k. This
proves the case of M being K4. The case of M being N4 is analogous.

Suppose M, is Kp. Since | Kga|s = k, by definition |a|g = k — 1. By induction, for every subformula
Mpy in @ we have | Mpy|p < k — 1 and for every subformula M8 in @ we have |MuBJa < k —
1. To prove the claim, we look at lengthier subformulas in Kpa, i.e. KgMpy and KzM,f5. More
precisely, to prove the claim we need to show that the B-depth of Kz Mpy and KgM S is < k — 1.
So consider |KgMpy|p which equals, by definition,

Mpgy|p < k — 1 by induction. Moving on,
consider |KpM,B|p which equals, by definition, | M48|p which equals, by definition, 1 + |3|4. By
induction, |MB|a < k — 1, say k — 2. This implies that |8|4 = k — 2 by definition. Therefore
|KgMB|p =1+ (k— 2) = k — 1. This proves the case of M; being Kp. The case of M, being Np is

analogous. I

Lemma 3.2.8. Suppose « is a formula such that all subformulas Mg in a are of maximal A-depth k and all
subformulas Mpy in « are of maximal B-depth j. Then for k' >k, j > j:

Kooih K VA

€A ’eB’W |_ @ l.ﬁ‘ eA\Lk 9eB\Lj W |_ a.

Proof: The proof is by induction on a.

case atoms: since we have the same world in both the models, the argument is trivial.

, .
case —a: We have €X , e, w |
. ’ i’ ..
iff €k, el,,w £ a by definition
’ +
iff eAil,Z s eB¢§ ,w [# a by induction
’ v
iff eAil,z , egij. ,w |= —a by definition.

case Vxa: Straightforward.
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.
case a \ f3: We have eﬁl,eé,w =aVp
. 14 j’ ¥ j’
iff e} ,ep.wlEaore; ey, wl=p

’ o ! o
iff eAil,i , egij. ,WE aor eAil,z , egij. ,w [= B8 by induction

. k/ v
iff ealy ,egij. WwEaVB

case K, a: Suppose |Kja|s = k. Then, by definition, |@|s = k. We have eﬁl, eg, w = Kaa

e K K= ;oK1 14 s
iff e} ,ep W' |Eaforall(w,e, ') € e by definition

iff eall el 1w = o for all (W, epl¥ ) € eqlt by induction (since from Lemma 3.2.7 sub-
formulas Mg in o have maximal A-depth k and subformulas Mpy in o have maximal B-depth
k—1)

iff eAU,il, {},w | K4« by definition

’ ./
iff eAil,i , egii_l, w |= Kua since B’s epistemic state is irrelevant.

The cases of Naa, Kpa and Npa are analogous. I

Lemma 3.2.9. Let k' > k,j' > j. For all formulas a of A-depth of k and B-depth j:

© j/ . ¥ j/
ey e, wEa iff eAik,egij,w = a.

Proof: Suppose we are given a formula « of A-depth k. By Lemma 3.2.6, |a|p € {k — 1,k,k + 1}. That is,
Jj € {k—1,k,k + 1}. From Lemma 3.2.7, we know that all subformulas M,f in @ have maximal A-depth &

and all subformulas Mpy in @ have maximal A-depth < k, i.e. < k — 1. Then e{’f{, e{_,; Wl a
iff eAﬂ,i/, 63%{,1, w |= a by Lemma 3.2.8
iff eAif,eBH', w = a by Lemma 3.2.8, since (egij:/)%;I is 63\%;1 given j' > j>k— 1.1

Theorem 3.2.10. For all formulas « of A, B-depth of k, j, if « is true at all (k, j)-models, then « is true at all
(', j")-models, where k' > k and j > .

Proof: Suppose « is true at all (k, j)-models. Given any (k’, j)-model by assumption eAif, 83#/, w = a.

Then by way of Lemma 3.2.9 we have ef‘/, e'g, wl=a.l

3.2.4 A Limitation

Let us briefly reflect on the fact that k-structures have finite depth. So suppose A only knows X, of depth
k. Using k-structures alone allows us to reason about what is believed and what is not believed, up to depth
k. Moreover, as already observed in Example 3.2.4, the logic correctly captures that A is ignorant about
beliefs at depth greater than k. That is, using the simple example of an agent who only knows TruEg, which
of depth 1, we saw that both the sentences O4(TrugE) O — K- Kpa and O4(True) D — K Kpa are valid.
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So, although the KB has finite depth, we are able to ask queries « of any depth in the sense of determining
whether O;X O K« is valid.

For most purposes, this restriction of having a parameter k seems harmless in the sense that agents usually
have a finite knowledge base with sentences of some maximal depth k and they should not be able to conclude
anything about what is known at depths higher than k. But there is one aspect which previous approaches to
multiagent only knowing can handle, but we cannot: the property of simultaneously satisfying an infinite set
of sentences of unbounded depth. Indeed, k-structures cannot be used for this purpose simply because, for a
fixed k, the satisfaction relation is undefined for formulas beyond depth k.

One prominent application of such a property is the notion of common knowledge. To illustrate the idea
briefly, let us write E« to syntactically mean Kya A Kpae. The intuitive reading of E« is that both A and B
know a, that is, “everybody knows a”. Now, let E°a be an abbreviation for a, and let E¥*! be an abbreviation
for EE*a. Then « is said to be common knowledge, written C'a, if E*a for k = 1,2... While the nature
of C is infinitary, in the sense that it essentially corresponds to an infinite conjunction, it can nonetheless
be given a finite axiomatic characterization [Fagin et al., 1995], making it a useful operator for reasoning in
distributed systems and games.

Thus, if we were to include the notion of common knowledge in a logic, then we would get entailments
about what is believed at arbitrary depths. With our current model, however, this cannot be captured. While
this is certainly a restriction, we are willing to pay that price because in return we get, for the first time, a

very simple possible-world style account of only knowing for many agents.

3.2.5 Properties of Knowledge

Knowledge with k-structures satisfy K45, properties as well as the Barcan formula. That is, k-structures

exhibit the same properties as OL, generalized to many agents.

Lemma 3.2.11. If a is a formula, the following are valid wrt models of appropriate depth (M; denotes K;
or N;):

1. Ma N Mij(a D B) D M,
2. M;a D M;M;a,
3. “M;a D M;,—~M;aq,
4. VX Ma D M¥X«,
5. ¥ M D M;3x a.
Proof: The proofs are very similar. We demonstrate item 3 and item 4. Let M; = Kj.

3. Suppose eﬁ, eg, w |= =K. Then there is some (w/, eﬁ_l) IS eﬁ such that eﬁ, Pl

B
k-1 k—1 j
any world such that (w”,ej" ) € e/lj. Then ef‘, ey, w" | "Kya. Therefore eﬁ, epw = Ky~ Kja.

,w |E —a. Letw” be

4. Suppose e, el w |= VxKya. Then e, e}, w |= (Ka)} for every name n. That is, €X, e, w = Kaa;
k—1

for every n. Then for all (W, ef;l) IS ef‘, & e B w' |= a for every name n iff ef‘, e’;;l, w' |= Vxa by

definition. Therefore €, epw = KyVxa.
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The case of [Ny is analogous, where the argument ranges over all k-structures not in eﬁ. |

This concludes our presentation of a semantics for OL,,. We now return to the features of O L emphasized in

Section 3.2.1, and talk about their generalization.

3.2.6 Generalizing the Features of OL

In this section, we are concerned with arguing that the semantics for OL,, generalizes the features of OL in an
suitable manner. Perhaps the most appropriate way to begin is by reviewing how earlier approaches attempted
to capture and generalize OL’s features. Lakemeyer [1993] and Halpern [1993] independently attempted to
extend OL to the many agent case. Both approaches provide a semantics by means of multiagent Kripke
structures.® There are some subtle differences in these proposals, but the main restriction is that they only
allow a propositional language. Henceforth, to make the comparison feasible, we shall also speak of the
propositional subset of OL, with the understanding that the semantical framework is now defined over an
infinite number of propositions rather than ground atoms.’

Lakemeyer’s approach is based on a K45,, canonical model, which is a Kripke structure whose worlds are
all maximally consistent (wrt the axioms of the modal logic K45,)) subsets of basic formulas (cf. Definition
3.3.2 and Definition 3.3.3). Among its main criticisms is that canonical models cannot be used in a practical
way. Not only are there an infinite number of worlds, but each world is characterized by an infinite set of
formulas and so cannot be described easily. Therefore, this approach is only of theoretical interest, that is,
to clarify if a reasonable semantics for only knowing can be given in the multiagent case. Moreover, since
the semantics is based on proof-theoretic machinery, in the sense of being based on maximally consistent
sets of formulas, the approach is also not natural in the usual sense where a semantics independently justifies
truth in a logic. Following [Halpern and Lakemeyer, 2001], we refer to this approach as the canonical model
approach. Independently, Halpern proposed another Kripke structure approach. Although he did not restrict
his attention to canonical models, arguments can be provided as to why this approach also cannot be used
in a practical way [Halpern and Lakemeyer, 2001]. Therefore, yet again, the approach is only of theoretical
interest. Following [Halpern and Lakemeyer, 2001], we refer to Halpern’s approach as the i-set approach.

In both proposals, the fundamental concern is about the notion of an epistemic possibility. As discussed
earlier, the appropriate generalization of a possibility in the many agent case is a set of i-objective formulas.
The question, then, is which set of i-objective formulas represent the epistemic possibilities of the agent? To
answer that, Halpern and Lakemeyer proceed as follows. Given a Kripke structure M = (W, 7, K4, Kp) and a

world w € W, epistemic possibilities are obtained as the following set of formulas:
Obj(M,w) = {obj,(M,w") | w' € Ki(w)}

where obj,(M,w") is the set of i-objective formulas that are satisfied at (M, w’ ).8 With this in hand, Halpern
and Lakemeyer examine the faithfulness of their approaches wrt P1 — P3 in [Halpern and Lakemeyer, 2001].

%In his original formulation, Halpern [1993] uses a different but equivalent model theory. Our presentation is based on discussions in
[Halpern and Lakemeyer, 2001].

7Other than [Lakemeyer, 1993] and [Halpern, 1993], generalizations of OL are considered in [Halpern and Lakemeyer, 2001] and
[Waaler and Solhaug, 2005]. They are also propositional and based on Kripke structures, but since they are motivated by the proof theory
discussions on these approaches are deferred to after we review the axiomatization.

8Note that in the single agent case i-objective formulas are simply objective formulas, and so in this sense, Obj;(M, w) generalizes
the single agent case in the context of Kripke structures.
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We do not discuss this in detail here, but they find that the canonical model approach does not satisty P3 and
that the i-set approach does not satisfy P2. Consequently, these approaches show some peculiar properties,
which we will look at shortly.

Let us remark that while at first glance the definition of epistemic possibilities as represented by the set
Obj,(M,w) certainly seems intuitive, even for propositional OL,, a Kripke model is a completely different
entity from what Levesque supposes. Perhaps, one consequence is that the semantic proofs in earlier ap-
proaches are very involved. In contrast, our underlying possible worlds framework follows Levesque. Here

is how we capture the notion of a possibility (and epistemic possibilities):
Definition 3.2.12. Suppose M = (efpeé,w) is a (k, j)-model. Let

1. obj,(M) = {A-objective ¢ of B-depth < j | M |= ¢};

2. objz(M) = {B-objective ¢ of A-depth < k | M |= ¢};

3. Objy(e}) = {objs({}. € 'sw) | (w,ey ) € e}

4. Objg(el) = {objge™" , {},w) | el ) € el ).

To see the intuition behind the definition, suppose that we are interested in the set of A-objective formulas
true at the model M. Clearly, the objective formulas true at w are to be included in this set, as are the B-
subjective formulas that hold wrt the j-structure e{; in M. Note that these formulas do not actually capture
A’s possibilities, which is, in fact, determined strictly by the k-structure ef‘. Hence, we define Obj, (e/’;) as the
set of all A-objectives formulas that A considers possible, which is obtained from the set of all k-structures
(w, e’;*l) € eﬁ. With this cleared up, we now argue that an appropriate generalization of OL is satisfied in

our semantical framework by means of features P1, P2 and P3 from Section 3.2.1.

Generalizing P1:

When a single agent is involved, this property ensures that epistemic possibilities are not affected when
evaluating IN. To see why this idea holds for OL, in a straightforward manner, consider any model M =
(ek, eé, w). Then, A’s possibilities is given as Obj,(eX). Now, to evaluate formulas of the form Nya, we are
interested in the set of models

M= {( e W) | ey g eh.

Observe that A’s possibilities in every M’ € M is given also as Obj A(eﬁ). Therefore, epistemic possibilities

are not affected on evaluating IV;.

Generalizing P2:

Here we are concerned with the property that the evaluation of K;a and IN;a is wrt the set of all possibilities.
Moreover, the set of all possibilities is independent of the epistemic state.
To demonstrate this property, let o be any A-objective formula, say of maximal B-depth k, which repre-

sents a possibility in A’s view. Then let ef‘“ be any epistemic state satisfying K a. By analogy to the single
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agent case, the set of models used to interpret Nya must be the exact complement of ef;’l, in the sense that

these models together with ef\” is the full set of conceivable states. But since epistemic notions are defined
with regards to the depth of formulas, the set of conceivable states of depth k + 1 is E**!. This is precisely
what we establish with the following proposition, whose proof is a rather direct one by the definition of the

semantics. Moreover, EF*! is independent of eX*'.

Proposition 3.2.13. Let a be A-objective of B-depth k. Then, the set of (k + 1)-structures that evaluate Kaa
and Ny« is EF'. (Analogously stated for B.)

Generalizing P3:

The third property, by analogy to single agent case, must allow us to characterize epistemic states from any set
of i-objective formulas. Intuitively, given such a set of formulas, we must have a model where precisely this
set represents the beliefs of an epistemic state. Since every set of formulas can be extended to a maximally
consistent set of formulas, it suffices to show that there is an epistemic state corresponding to every set of
maximally consistent sets of formulas.

There are two problems, however. The first is regarding the depth of formulas in a maximally consistent
set. Usually, the notion of a maximally consistent set (see Definition 3.3.2) does not place restrictions on
the nesting of modal operators in a formula, i.e. the depth of the formula is unbounded. In the case of P2
above, we restricted our notion of possibility to A-objective formulas of a certain depth. In similar fashion,
it seems reasonable to restrict ourselves to maximally consistent sets of a certain depth. The second issue
is more significant, however. Consistency is implicitly coupled with an axiom system. The approach taken
by Lakemeyer [1993] is to appeal to the axiom system of K45,,, and he basically shows that epistemic states
corresponding to any set of basic maximally consistent sets of formulas can be constructed in his formalism.
But defining possibilities via K45, proof-theoretic machinery inevitably leads to some limitations, as we shall
see.

Instead of unnecessarily complicating matters at this point as to what the right notion of consistency
should look like, we define an equivalent notion of maximally satisfiable set of formulas. This is a purely
semantical notion, and should be seen a semantically characterized complete description of a possibility,
analogous to the proof-theoretically characterized notion of a maximally consistent set of formulas. The idea
is this: Let X be a satisfiable set of A-objective (not necessarily basic) formulas, say of maximal B-depth
k. Let y be a A-objective formula of maximal B-depth k. If £ U {y} is satisfiable, then let ¥, = X U {y}.
Otherwise, let £; = . By considering all A-objective formulas of maximal B-depth k, construct %,, ..., and
let Z* be the limit. We term a set of formulas constructed in this fashion as a maximally satisfiable A-objective
set of formulas. (There may be many maximally satisfiable A-objective sets corresponding to ¥ depending
on our choice of vy and the subsequent formulas added.)

We now show that given any set of maximally satisfiable i-objective sets, there is a model where precisely

this set characterizes the epistemic state.

Theorem 3.2.14. Let S; be a set of maximally satisfiable sets of i-objective formulas, and o a satisfiable
objective formula. Suppose S 4 is of maximal B-depth k and S p is of maximal A-depth j. Then there is a
model M* = (¢ e}, w*) such that M* |= o, S 5 = Objy(e*5"™) and S = Objg(e™y").
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Proof: Consider S4. Each S’ € S, is a maximally satisfiable A-objective set and thus by definition, there is
a (k + 1)-structure (w’, eg) such that {}, e’l‘.),, w =8’ Let

e = {0 e [ {}. e w £ S and S7 € 4},

wJ+1

sk+1
A B

It is immediate to verify that Obj,(e*, ") = S 4. In an analogous fashion construct e from S p. Finally by

assumption ¢ is satisfiable in some world, say w*. I

To summarize, arguably, a generalized variant of Levesque’s properties are satisfied in the semantical frame-
work. To add further support to this claim, we now present the unintuitive properties exhibited by the canon-
ical model and the i-set approaches. Meanwhile, we show that our approach does not suffer from these
problems.

Lakemeyer [1993] noted that certain types of epistemic states cannot be constructed in his approach. This

is a consequence of the approach not satisfying P3. More precisely,

Proposition 3.2.15. [Lakemeyer, 1993]

For any proposition p and i # j, ~O;—O)p is valid in the canonical model approach.

Intuitively, for i = A and j = B, it says that all that Alice knows is that Bob does not only know p, and as
Lakemeyer admits, the validity of ~O4—Opp is unintuitive. After all, Bob could honestly tell Alice that he
does not only know p.

In contrast, we first prove that the formula O;—O;p, which was not satisfiable in Lakemeyer’s approach,

is indeed satisfiable in our approach.’

Proposition 3.2.16. For any proposition p and i # j, O;=Op is satisfiable (in a model of appropriate depth).

Proof: Let i be A. (The argument is symmetric if i is B.) Let W, = {w | w £ p} and let E = 2"V — {W, }.
It is easy to see that if e}, € E, then {}, e}, w [# Opp for any world w. Now define 5 = W x E. Then
e, {},wE 0,-0sp. 1

From a technical viewpoint, as we noted when discussing our generalization of P3, Lakemeyer restricts the
notion of a i-objective possibility to a maximally K45, -consistent set of basic i-objective formulas. Unfortu-
nately, there is more to agent i’s possibility than just basic formulas. The restriction to basic formulas is an
artifact of a semantics based on the canonical model. This suggests that Lakemeyer makes an unavoidable
technical commitment. In contrast, Theorem 3.2.14 shows that we allow non-basic formulas and by using a
strictly semantic notion, we avoid problems that arise from K45,, proof-theoretic restrictions.

Let us turn to the problem with the i-set approach. We mentioned earlier that this approach does not

satisfy P2. In fact, it can be shown that:

Proposition 3.2.17. [Halpern and Lakemeyer, 2001 ]
For any proposition p and i # j, N;=O;p AN K;=Op is satisfiable in the i-set approach.

9We remark that because Halpern’s approach satisfies P3, Proposition 3.2.16 is also provable in his framework.
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Recall that this property requires the evaluation of K@ and IN;a to consider all conceivable states. So the
satisfiability of the above sentence leaves open the question as to why O;p is not considered since =Op is
true at all conceivable states.

We now prove that the formula IN;—O;p A K;—~O);p is not satisfiable wrt our semantics, in contrast to

Proposition 3.2.17, as should be the case.
Proposition 3.2.18. For any proposition p and i # j, Ni~O;p A K;—Op is not satisfiable.

Proof: Let i be A, with the other case being symmetric. Suppose €%, {},w [= Ks—Ogp for any w. Then for
all (w/, ef;l) € eﬁ, e, ell‘;l, w' |= =Opp. Since Opp is satisfiable, there is a e*g_l such that {}, e*’l‘;] W

Opgp for any w”. By assumption (w”’, e*];*l) ¢ e . Therefore ek, {},w | =INA—Ogp. I

With the i-set approach the problem seems to be that K; and IN; do not interact naturally, and that the full
complement of epistemic possibilities is not considered in interpreting IV;. In our case, however, since the
semantics faithfully complies with P2, the sentence N4—Opp A K,—Opgp is not satisfiable. Thus, it seems

that a semantics with k-structures satisfies our intuitions about only knowing.

3.3 Proof Theory

Naturally, the next question is if there are axioms that characterize the semantics. We show that the answer
is affirmative. However, obtaining that axiomatization is not entirely straightforward. We proceed as follows.
We begin with an axiomatization proposed by Lakemeyer [1993], which is sound and complete for both the
canonical model and the i-set approach, but for a restricted language. We then use Lakemeyer’s proof theory

to devise a new one for the complete language.

3.3.1 Lakemeyer’s Proof Theory for a fragment of OL,

Recall Levesque’s axiomatization from Section 3.1.5. It was clear that the most interesting axiom in his
proof theory is AS, which discusses the relationship between the at most and the at least belief operator.
From a technical perspective, however, it appeals to falsifiability in propositional logic. The idea is that the
axiom is applicable on any consistent propositional formula. But in the many agent case, since we go beyond
propositional formulas, i.e. since we have to establish the consistency of i-objective formulas, generalizing
AS is non-trivial, and even circular. To this end, Lakemeyer proposes to resolve this consistency by relying
on the existing logic K45,. As a consequence his proof theoretic formulation appropriately generalizes all of
Levesque’s axioms, except for A5 where its application is restricted to basic i-objective consistent formulas

only.

Axioms:
Al,. All instances of propositional logic
A2n K,‘(Q’ Dﬂ) D (K,a > K,ﬂ),

A3,. Ni(a D B) D (Nia D N),
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A4,. 0 O K;o A N;o for all i-subjective o,

AS,. N;a O ~K;a if ~a is a K45, -consistent i-objective basic formula.

Inference Rules:
MP. From « and @ D S infer .

NEC. From « infer K;« and IN;a.

We refer to the above set of schemas as AX,,. Lakemeyer proves that AX,, is sound and complete for the

canonical model approach when formulas are restricted to OL, ¢ OL,.

Definition 3.3.1. OL, consists of all formulas a in OL, such that no IN; may occur in the scope of a K; or
aN;, fori+ j. 1

Halpern shows that AX,, is also sound and complete for formulas in OL, wrt the semantics of the i-set

approach. We now prove that this is the case wrt our semantics as well.

AX, is sound and complete for OL,

The soundness of AS,, appeals to consistency wrt K45,,. But precisely because our semantics is not formulated
using Kripke structures, stating that K45, -consistent formulas are satisfiable is not immediate. Therefore we
propose a construction known as a correspondence model. Intuitively, a correspondence model is a (k, j)-
model obtained from a given Kripke structure. Since we will need to deal with worlds as considered by
Levesque on one hand, and Kripke worlds on the other we refer to the former as propositional valuations in
this section.

It is a well-known property in modal logic that every consistent formula is satisfiable at least in the
canonical model [Chellas, 1980]. Therefore our idea will be to show that if a formula (of a certain depth) is
satisfiable in the canonical model then it is also satisfiable in an appropriate correspondence model, and vice
versa.

To review the construction of a canonical model, we first need the notion of a maximally consistent set of

formulas.

Definition 3.3.2. (Consistency and Maximal Consistency.) Given an axiom system X, we say that a
formula « is consistent wrt X if it not the case that X F —a. A finite set of formulas «y, ..., @, is consistent
wrt X if its conjunction is consistent wrt X'. An infinite set of formulas is consistent wrt A" if every finite
subset of formulas is consistent wrt X.

Given a set of formulas S, a maximally consistent subset (wrt X) of S is a subset S’ which is consistent

wrt X, and any superset of S’ is not consistent wrt X I

A K45, canonical model is a Kripke structure whose worlds are all the maximally K45,-consistent sets of

basic formulas. Formally,

Definition 3.3.3. (Canonical models.) The K45, canonical model M¢ = V¢, n¢, K4, K5) is defined as

follows:
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1. W¢ = {w | w is a maximally consistent set of basic formulas wrt K45,};

2. for all propositions p and worlds w, 7°(w)(p) = TruUE iff p € w;

3. (w,w)) € K¢ iff w\K; € w', where w\K; = {a | K;a € w}. Il
Suppose that we have defined a canonical model M¢ as in Definition 3.3.3. We obtain propositional valuations
as follows:
Definition 3.3.4. Given M¢, define a set of propositional valuations WV such that for each world w € W¢,
there is a valuation ||w|| € W where ||w|| = {p is a proposition | p € w}. 1
That is, a valuation ||w]| is the set of all propositions that are true at the Kripke world w.

Definition 3.3.5. (Correspondence (k, j)-model.) Given M¢ and a world w € W€, construct a (k, j)-model

(e‘|w|‘i, eHW”é, |lw||) from valuations WV inductively:

1. eHWHj‘s = {(HW/H,{}) | w e ICX(W)}

2. ey = LWl LD 1w € Khom).

3. eHWH,IZ = {(”W’H,ellw/ulkgil) | w e ICZ(W)} fork > 1.

4. eHw”é = {(||w’|\,e||w/“fl) | w e K;(W)} fOI‘j > 1.
We refer to this model as the correspondence (k, j)-model of (M€, w). Il
That is, a correspondence model constructs epistemic states by appealing to the accessibility relations in the
canonical Kripke structure. For instance, a 1-structure for A has precisely those propositional valuations
corresponding to the worlds {w’ | w’ € K5 (w)}. Analogous, a k-structure is the set of all (||w’||, e~ 1), where
w' € KS(w) as before and €1 is constructed inductively (to the appropriate depth) from all w” € KC5w").

By an induction on the depth of a basic formula a, we obtain a theorem that @ of maximal A, B-depth &, j
is satisfiable at (M€, w) iff the correspondence (k, j)-model satisfies the formula.

Theorem 3.3.6. For all basic formulas « in OL,, and of maximal A, B-depth of k, j:
M w = a i ey e W = o

Proof: The proof is by induction on @. By the definition of propositional valuations the proof is trivial for
atoms. The case of disjunctions and negations is also easy. So let us consider modalities, say Ksa. The case
of Kpa is analogous. Suppose |K a4 = k, which, by definition, implies |a|4 = k.

We have M, w |= K«

iff forallw' € K{(w), M, W' |= a
iff forall w' € K5w), ejjur 5 euwlﬂg, [W'|| £ @ by induction, where j € {k — 1,k,k + 1} by Lemma 3.2.6

iff forallw' € Kq(w), eIIW’Hf«’ e”W'HB\Lifl’ IW'|| E @ by Lemma 3.2.7 and Lemma 3.2.8



56 MurriaGent ONLY KNowING

: . k k—1 — : Joog k—1
iff forallw’ e ’CZ(W), e”W/HA, e”W/HB , ||W’H |— @ S1Ince eHW/”B\l’k—l 18 eHW/HB

iff forallw' € K5(w), eHWHf{, eHW/HZ*I, Wl |= a since w* € KS(w) iff w* € K{(w') by the transitive and

Euclidean property in accessibility relations of K45, structures, it follows that e, 1’; = eHW’fo
iff for all (||w/||, e, %" € k k k=1 |w'|| = @ by construction
»Clwlip Clwlla> Cliwlla> €lwiip > IW @ by constructio
iff €%, {}. [wll E Kaa by definition

. k J _ . N . . . .
iff e’y €wip Wl [F Kaa since B’s epistemic state is irrelevant. i

Corollary 3.3.7. Every K45, -consistent basic formula « is satisfiable wrt some (k, j)-model.

Proof: It is a property of the canonical model that every K45,-consistent basic formula is satisfiable wrt the
canonical model [Chellas, 1980]. Supposing that the formula has a A, B-depth of %, j then from Theorem
3.3.6, there is a (k, j)-model that also satisfies the formula. |

With Corollary 3.3.7 in hand, establishing the soundness of AX, is relatively straightforward.

Theorem 3.3.8. Foralla € OL,, if AX, - « then |= a.

Proof: The soundness is easily shown to hold for A1, — A4,. To demonstrate the soundness of AS,, let
—a be any K45,-consistent basic A-objective formula. Suppose that @ has a maximal B-depth of k. By
Corollary 3.3.7 there is (w*, e*%), such that {},e*%, w* |= —a. Given an arbitrary ettt if (w*,e*h) € ekt
then eX*!, {},w £ =Ky« for any w. Otherwise eX*!, {},w = =INya. Therefore k™!, {},w £ Ny D ~ K.

n°

To show that AX,, is also complete for formulas in OL, , it is sufficient to show that every AX,,-consistent
formula is satisfiable. To see the argument suppose that @ is AX,,-consistent but not satisfiable. This must
mean that -« is valid. But by assumption AX,, ¥ —«. Therefore AX,, is not complete wrt the given semantics.
Thus, it suffices to show that every AX,,-consistent formula is satisfiable.

Halpern and Lakemeyer [2001] show that every formula @ € OL, can be reduced to a certain normal
form, which we call Onr. Our idea, then, will be to reduce every AX,,-consistent formula to one in ONF and

use its simple structure to prove that it is indeed satisfiable.'”

Lemma 3.3.9. (Onv.) [Halpern and Lakemeyer, 2001 ]
Every a € OL, is provably equivalent to disjunctions of formulas of the form:

o N Kapao NN\ ~Kapa, N Kpdpo A N\ 7 Kpdp, N
Nayao NN\ ~Napaz N Nppgo N N\ ~Npip,

where o is a propositional formula, ¢;;, and y;,, are i-objective. If « € OL, then ¢;,, and y;,, are basic.

101 akemeyer uses a similar technique to demonstrate that AX,, is sound and complete for formulas in O£, wrt his approach. See
[Halpern and Lakemeyer, 2001] for a proof.
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The normal form is significant because it allows us to simplify i-subjective formulas to ones of the form
K,a, where « is strictly i-objective. The proof involves equivalences based on K45, and AX,, such as
Ki(a vV ~Kup) = Kya V ~K4f. Before proceeding to the completeness result, the following notions from
[Halpern and Lakemeyer, 2001] will prove useful.

Definition 3.3.10. A formula y is said to be independent of the formula ¢ wrt an axiom system X, if neither
XE¢Dynor XHo¢ Dy ll

Lemma 3.3.11. [Halpern and Lakemeyer, 2001 ]
If ¢1,...,¢; are K45, -consistent basic i-objective formulas then there exists a basic i-objective formula ¥ of
the form K jy' for j # i that is independent of ¢y, ..., ¢; wrt Kd5,,.

Proof Sketch: Let i be B, and the other case is symmetric. Suppose ¢, z > 1, are B-objective formulas of
maximal A-depth k. Construct a formula y of the form (K4 Kp)**! p for any proposition p, that is, p is in the
scope of k + 1 sequences of K4 Kp. It is easy to show that the A-depth of y is 2k + 2. The formula ¢ can
be shown to be independent of ¢, via model-theoretic arguments [Halpern and Lakemeyer, 2001]. Briefly,
the idea is to show that a Kripke structure can be constructed that satisfies ¢, but falsifies ¢ and another that
satisfies both ¢, and y. Thus y is independent of ¢,. Il

Lemma 3.3.12. [Halpern and Lakemeyer, 2001 ]
If ¢ and  are i-objective basic formulas, and if K¢ N\ Ny is AX,-consistent, then |= ¢ \V .

We are now ready to prove the main result for OL, .

Theorem 3.3.13. For all formulas @ € OL,, if = a then AX,, |- «.

Proof: It is sufficient to prove that every AX,-consistent formula « is satisfiable. Let us reduce « to one in

ONF, as in Lemma 3.3.9, that is, to a disjunction of formulas of the form:
o N Kapao NN\ ~Kada, N Kpdpo A N\ 7 Kpdp,, N
Nayao NN\ ~Nabaz A Nppgo N N\ ~Npip,

where o is a propositional formula, and ¢;., y;; are basic i-objective formulas (since « € OL, ). The idea
will be to show that a in the normal form is satisfiable in some (k’, j')-model.

Suppose {Ba0, Y a0, Pazs Waz}> z > 1 are of maximal B-depth k. Let I'4 be the set of all consistent formulas
of the form g9 A Yag A —da; O dao A Yao N —a;, z > 1. Let y be a formula independent of all formulas
in 'y, which exists by way of Lemma 3.3.11. Since the formulas in I’y are of maximal B-depth &, then note
that the independent formula constructed in Lemma 3.3.11 is of B-depth 2k + 2. By only considering A-
objective basic formulas of maximal B-depth k, let X4 be the set of all consistent sets of formulas containing
Ga0 N (a0 V (a0 A y)).

Since each ¥’ € X, is basic and A-objective, they are satisfiable by Corollary 3.3.7. Let

A = {(w, ) | {12 w= T and T € 34}
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We now show that the A-subjective formulas in the normal form are satisfiable wrt ef‘k”. In an analogous

fashion, an epistemic state for B can be constructed that satisfies the B-subjective formulas in @. Finally,
since o is a propositionally consistent formula, there is a world that satisfies o. Clearly the resulting model

satisfies a.

case K pao: Forall X' € X4, we have ¢,9 € X’ by assumption. Therefore ef‘k”, {},w |5 Kspao for any w.

case " Kpda,, z > 1: Since Kaxpao A "Kada, is consistent it follows that ¢p49 A —¢4, is consistent. For
suppose not. Then —¢40 V ¢4, is provable. Therefore Kadao O Ky, is provable, which contradicts

the consistency of K ¢ao A ~Kada..

Given that ¢a9 A\ —¢4, is consistent, it follows that either gag A —a; A Wag OF dao A —Pa, A\ —ag 1S
consistent. When the former, by the choice of y, we also have that g9 A =¢a; A Yo A 7y is consistent.
Since X4 consists of all consistent sets containing ¢ag A (—¥a0 V (Yao A y)), it follows that there is a

¥/ € 3, containing —¢,.. Therefore &3, {}, w |5 ~Kada,, z > 1.

2+2) ¢ 23, One of the following must hold wrt the structure:

(1) a0 A ¥ao; (2) =Pao A ¥ao; 3) dao A —Wao; (4) a0 A —Wap.

It cannot be (4), because Kadao A Napao is consistent implying that |= ¢4 V a9 by way of Lemma
3.3.12. It cannot be (3), for it would be in some X’ € X4. This leaves us with (1) and (2), both of which
contain 49 Therefore €33, {}, w |= Nuwao.

case Njao: Consider any arbitrary (', e

case " Naa,, z > 1: Given that Nayao A “INaa, is consistent. This implies that 49 A -4, is consistent,
by the same argument made for the case " K ¢4,. In addition, either Yoo A ~Wa; A dao O Yag A —a; A
—¢40 must be consistent. If the former, then by the choice of y, Yag A —a; N ¢ag N\ —y is consistent.
Let ¢ be Y0 A —Wha; A —ag if it is consistent. Otherwise let £ be a9 A —Wha; A dag A —vy. Clearly
ef‘k”, {},w | K4—{. But ¢ is consistent by construction and basic by assumption, and therefore it
is satisfiable. This implies that there is some (W', e2*?) ¢ €2*3, such that {},eX*?,w' |= . Since {

contains —wy, it follows that {}, e2*%, w' = .. Therefore €33, {},w £ = INayiu., forz > 1.

This completes the proof for A-subjective formulas. il

AX,, is not complete for OL,

The soundness of AX,, in Theorem 3.3.8 is easily lifted for all formulas @ € OL,. The only interesting case
is with regards to the AS, schema. But because the application of the schema is restricted to basic formulas,
the argument given holds immediately also for OL,. To show that AX,, is not a complete axiomatization, we

simply need to a formula in OL, such that it is valid but not provable using AX,,.
Proposition 3.3.14. |= K;(FaLse) O ~IN;—O;=O;p.

Proof: Let i be A, with the other case being symmetric. Suppose eﬁ, {},w |= Ks(FaLsg) for any w € W.
Then for all (w’, e'l‘;l) € ek, el e’;*l, w’ |= FaLs, and this implies that ¢4 is empty. Assume now, contrary
to the proposition, ef\, {},w |E N4=Op—O,p. Then wrt all of (v, e’;;l) ¢ ef‘, i.e. all of EX, ~O3—Oyp is

satisfied. Equivalently “Op—O, p should be valid, contradicting Proposition 3.2.16. il
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However, it is not possible to prove this formula using AX,, [Halpern and Lakemeyer, 2001, see Theorem 4.7].
Therefore AX, is not complete for formulas in OL,. The validity of the non-provable formula ~O;=O;p €
OL, wrt the canonical model approach demonstrates in a similar spirit that AX,, is also not a complete
axiomatization in that approach.

Part of the problem is AS5,. It has to somehow go beyond basic formulas. But this is a problem of
circularity. On the one hand, we would N;& D —K;a to hold for any consistent i-objective @. On the other,
to deal with consistency we have to clarify and define an axiom system.

The approach taken by Halpern and Lakemeyer [2001] is introduce the semantic notion of validity, and
the dual notion of satisfiability, into the language as modal operators. The motivation is that is by syntactically
representing satisfiability, the notion of consistency can be inductively defined from propositional formulas
to modal ones. Not surprisingly, a new set of axioms are needed to characterize this feature, by way of which
the axiomatization is significantly different from Levesque’s formulation for the single agent case. We give
the details in the next section but for now let us refer to their axiomatic proposal as AX.

Halpern and Lakemeyer show that the axioms AX/, characterize an infinite model, very much in the spirit
of the canonical model from Definition 3.3.3. There are differences to Definition 3.3.3, however. First, the
worlds are defined as maximally consistent AX;-consistent formulas. Second, K; and IN; are treated as
separate modal operators, which results in two separate accessibility relations. Owing to this difference, the
model is referred to as the extended canonical model.

One approach towards an axiomatization for our semantics is to perhaps show that valid formulas wrt
our approach coincides with the extended canonical model. But axiomatizing validity is not natural. One of
the principal reasons for axiomatic formulations is to have an insightful view on valid formulas in a logic,
independent of semantic notions. Further, the proof theory is difficult to use. Lastly, we would still understand

the axioms to characterize a semantics bridged on proof-theoretic elements.

3.3.2 A Proof Theory for OL,

What is desired is a generalization of Levesque’s axiom AS, and nothing more. To this end, we propose a new
axiom system that is subtly related to the structure of formulas. Formally, we define a sequence of languages:

Definition 3.3.15. Let OL) = OL; . Let OL! be all Boolean combinations of formulas of OL." and
formulas of the form K;a and IN;a for a € Oﬁifl. |

Clearly OL! 2 Oﬁffl. Intuitively, each language adds another level of nesting of only knowing with varying
agent indices.
We remark that when 7 = 1 we have already established that AX,, characterize formulas in OL). The

axiom system that characterizes OL}, is defined as:

Axioms:

Al, — A4, from AX,,

A5,1l. N;a D = K,a if —a is a K45,-consistent i-objective basic formula.
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A5 Nia D -Kaif —a € OL" is i-objective,

and consistent wrt Al, — Ad,, A5) — A5"~!

Inference Rules:

MP and NEC.

We denote this set of schemas as AXf,. That is, for a given ¢, there are ¢ axioms in addition to A1, — A4,,.

Intuitively, we address the circularity of the consistency issue inductively:'!
o at the base level we appeal to consistency wrt K45,
e at the next level we appeal to consistency wrt AX,,,
e at the ¢ level, we appeal to consistency wrt AXffl.
Let us illustrate this idea with an example:
Example 3.3.16. Suppose p is a proposition. Then,
1. A5’ F Ny Kgp D ~K4Kpgp, fort > 1.
2. A5 = N,Ogp D —~K,Opp, fort > 2.

Consider that ~Kpp € OL, is a A-objective basic formula that is consistent wrt K45,,, which means that we
may apply A5/ to prove item 1. Naturally, then, for this example Lakemeyer’s proof theory is sufficient.

To see where we may need the full power of AX/, consider item 2. Let us denote NyOgp D ~K4Opp
with y. The formula Opp is not basic. As a result A5} is not applicable. However, Opp is A-objective and
Kpp AN Ng—p € OL, . Clearly —Opp is AX,-consistent since it is not the case that AX,, - =—Ogp. It
follows from this that vy is provable from A5,21. Further, if =Opp is AX,ll-consistent then clearly —-Opp is
AX! -consistent for # > 1. So for any # > 2, A5/ allows us to prove y. Thus, the use of A5, is straightforward
and requires us to inspect the belief operators occurring in the scope of the outermost IV;. il

‘We now turn to a soundness result:

Theorem 3.3.17. Forall @ € OL!, if AX,, I a then |= a.

Proof: The soundness of A1, — Ad, is straightforward. The proof for A5/, is by an induction on ¢. Theorem
3.3.8 proves the case for r = 1. Therefore assume that for all @ € OL.!, if AX'™" - @ then | a.

Let —a € OL" be a A-objective formula that is consistent wrt AX~'. Suppose that a has a maximal
B-depth of k. By induction, there is some (w*,e*§) such that {},e*5, w* |= —a. Now if &', {},w |= Nya
then for every (W', ) ¢ ek*!, {}, €k, w' |= . Of course this means (w*, ey e %1 Therefore &5, {},w |=

- K a implying 5!, {},w |= Nya D - K,e. 1

I'The idea was also suggested by a reviewer in [Halpern and Lakemeyer, 2001] for an axiomatic characterization of the extended
canonical model, although its completeness was left open.
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To illustrate that AX/, is also complete for formulas in OL],, the proof uses ideas similar to that considered
in Theorem 3.3.13. Therefore it is necessary to ensure that Lemma 3.3.11 and Lemma 3.3.12 also hold for

non-basic formulas.

Lemma 3.3.18. Let ¢y,...,d; be i-objective formulas that are consistent wrt AX.. Then there is a basic
formula y of the form K iy for j # i that is independent of ¢, ..., ¢ wrt AX,.

Proof: Let i be B, with the other case being symmetric. Suppose that ¢,, z > 1, are B-objective and of
maximal A-depth k. We will show that a formula  of the form (K K)**! p, where p is any proposition and
p is in the scope of k + 1 occurrences of K4 Kp, is independent of ¢,,. .., ¢;.

From Theorem 3.3.17, the axiom system is sound. So if AX] - ¢, D ¢ then |= ¢, D ¢. Likewise if
AX! ¢, D —y then |= ¢, D —. Therefore to prove the independence result, we only need to show there is
a model that satisfies ¢, and ¢, and one that satisfies ¢, but falsifies .

Let us begin with the observation that ¢, has a maximal A-depth of k whereas ¢ has a A-depth of 2k + 2.
Given a eﬁ (analogously for a eé), it is possible to construct a k’-structure, say eATf, for k' > k > 1 such that
it satisfies a formula @ of the form K, Kz K, Kj3...p of A-depth k’:

. eATll‘ = {(w, egk - | w € e} }, where egk ~1is an epistemic state that satisfies Kz K} . .. p of B-depth

K —1;
o eatt = {west ) | w, e e ek}

Now, since ¢, is consistent, B-objective and is of maximal A-depth k, it is satisfiable by the soundness prop-
erty, viz. Theorem 3.3.17. Let e/’j be a k-structure that satisfies ¢,. Next, construct eAT,%kJ'Z. By construction,
eATikJ'z satisfies . By Lemma 3.2.9, eATfk” satisfies ¢, iff (eAT,%kJ“z)iik” satisfies ¢., i.e. iff eﬁ satisfies ¢,
which it does by assumption.

Analogously, given a eﬁ, we can construct a k’-structure, k¥’ > k > 1, that satisfies ~K,Kp...p of
A-depth k’. By analogous arguments, then, it is possible to prove that there is ¢2**? that satisfies ¢. and

A
_‘(KAKB)ka, ie. _\lﬁ. I

Lemma 3.3.19. Suppose ¢ € (’)EL_I and y € (’),Cfl_l are i-objective formulas. If K¢ N\ Ny is consistent
wrt AX, then |= ¢ \V .

Proof: Assume to the contrary. Then —¢ A — is consistent wrt AX'~'. Let i be A. By A5’ we prove
Ny(dVy) D ~K(¢Vih). Therefore Ny D =K ¢ is provable, contradicting the consistency of K ¢ ANy.
1

Theorem 3.3.20. Forall @ € OL., if |= a then AX, |- a.

Proof: Proof by an induction on . It is sufficient to prove that every AX' -consistent formula « is satisfiable.
The base case, i.e. when ¢ is 1, is already established in Theorem 3.3.13. For the induction hypothesis, assume
that every AX'~'-consistent formula « € OL. " is satisfiable.

Suppose @ € OL!, is AX/,-consistent. Without any loss of generality, let us suppose that it is in ONF, as in

Lemma 3.3.9.'2 That is, a is equivalent to a disjunction of formulas of the form

12Recall that a reduction of a formula in O L,, to ONF only uses the axioms from K45, and AX,, [Halpern and Lakemeyer, 2001].
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o N Kapao NN\ ~Kapa, N Kpdppo A N\ 7 Kpdp, N

Napao NN\ ~Naag N Nppgo N N\ ~Npip,,

where o is a propositional formula and ¢;;, ;, for z > 1 are i-objective (not necessarily basic) formulas.
Further, by the definition of OL!, ., ;. € OL .

The remainder of the proof uses formal ideas similar to the ones used in Theorem 3.3.13, the only ex-
ception being that we do not restrict our attention to basic formulas. Suppose now {@a0, Y0, Paz, ¥ + are of
maximal B-depth k. Then, let 'y be the set of all AX;_I-consistent formulas of the form @49 A Wag A —pa, OF
da0 NWao A —az, 7 > 1. Let y be a formula that is independent of all formulas in I'4, which exists by way of
Lemma 3.3.18. As constructed in that lemma, there is a formula y whose maximal B-depth is 2k + 2.

Now, only using A-objective formulas of maximal B-depth k, let £4 be the set of all AX,’fl—consistent sets
of formulas containing ¢ao A (=40 V (W40 A v)). By the induction hypothesis, each ¥’ € X, is satisfiable.
Then let

& = {0, ) [ {1 el w2 and T € 4.

We claim that all the A-subjective formulas in @ (in ONF) are satisfied wrt ei"”. An analogous construction

of an epistemic state for B satisfies the B-subjective formulas in @. Finally, a world w* satisfies the consistent
propositional formula o by definition. Thus a model for @ is found. We only prove the case of K ¢4,

below, since the argument for the other cases is pursued in the same fashion as done in Theorem 3.3.13.

case K da,,z > 1: Since Kagpao A ~Kady, is consistent wrt AX, it follows that ¢4 A —¢4;, is consistent
wrt AX. Further, since ¢0, ¢a. € OL."", the formula must be consistent wrt AX’~'. For if not, they
cannot by definition be consistent wrt AX;. This means that either ¢a0 A —¢a; AYao OF dao APa; AW ao
is consistent. If the former is consistent, then so is ¢ag A ~da, Ahao Ay. Since X4 consists of all AX;_I-
consistent sets of formulas containing ¢49 A (—ya0 V (a0 A y)), there is clearly a £’ € X4 such that
—¢4, € ' Therefore &3, {},w = ~Ku¢a.. I

Thus, we have a sound and complete axiomatization for propositional OL,. In comparison to Lakemeyer’s
proof theory AX,, the current axiomatization goes beyond a language that restricts the nesting of IV;. In
contrast to Halpern and Lakemeyer [2001], the axiomatization does not necessitate the use of semantic notions
in the proof theory. In the next section, we consider examples of formal derivations with our proof theory.
As a closing remark, let us draw comparisons to one other attempt to capture multiagent only knowing.
An axiomatization by Waaler [2004] considers an interesting alternative to deal with the circularity in a
generalized AS. The idea is to first define consistency by formulating a fragment of the axiom system in the
sequent calculus. Quite analogous to having f-axioms, they allow us to apply the IN; vs. K; relationship on
i-objective formulas of a lower depth, thereby avoiding circularity without the need to appeal to satisfiability
as in [Halpern and Lakemeyer, 2001]. Waaler and Solhaug [2005] also define a semantics for multiagent only
knowing which does not appeal to canonical models. Instead, they define a class of Kripke structures which
need to satisfy certain constraints. Unfortunately, these constraints are quite involved and, as the authors

admit, the nature of these models “is complex and hard to penetrate”.
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3.3.3 Formal Derivations of Multiagent Reasoning

In this section, we provide examples of how the proof theory can be used for reasoning about multiagent
beliefs. Let g denote that D is a big block and p denote that D is located in the storage. We consider variant
examples involving Alice’s beliefs about Bob’s knowledge regarding p and g.

In what follows, we give justifications when outlining the proofs on the rhs often referring to a previous
line or axioms that are used to obtain the current line. We write PL to mean propositional reasoning. We

write Def to refer to the equivalence O;a = K;a A N;—a. We also freely reason with K45,,.

Example 3.3.21. While Alice knows both p and g, she assumes, however, that all that Bob knows is that D is
a big block. She, then, must clearly believe that Bob does not know where D is located. Formally, we show:

FKa(p A g N Opg) D Ky~ Kjpp.

Let us begin by observing that by using Levesque’s proof theory for OL, it is not hard to show

FOg D> -Kp.
We then prove our claim as follows:
1. (p AgqNOpqg) D —-Kpp see above
2. Kx((p Ag A Ogqg) D -Kpgp) 1, NEC
3. Kx(p AgNOpq) D Ky~ Kpp 2,A2,.

Thus, this example shows that Alice is able to reason about Bob’s non-beliefs when she makes assumptions
about all that he knows. I

Example 3.3.22. We can also capture Alice’s assumptions about Bob’s ignorance regarding D’s location by

means of the following remark:
Unless I know that Bob knows p assume that he does not know it.

We can prove that if this assumption is all that Alice knows, then she believes that Bob does not know D’s

location. Formally, we can show:
F OA(~KyKpp D ~Kpp) D Ky~ Kpp.

Let a denote the default ~ K, Kgp D - Kjpp.

1. Oqa D (K4~ K Kgp D Ky~ Kgp) Def, PL, A2,
2. Oqa D (N3~ K4 Kgp A NyKgp) Def, PL, K45,
3. NyKgp D ~K,Kpgp As)

4. ﬁKAKBp D) KA_‘KAKBP A4,
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5. Osa D Ky~ KsKpp 2,3,4,PL
6. Osa D KAﬁKBp 1,5, PL

Most of the steps involve standard propositional or K45, reasoning. In line 3, we invoke the relationship
between N, and K, with the axiom A5!. This axiom is applicable since ~Kzp € OL, is A-objective
and K45,-consistent. In fact, this example is provable using AX,, that is, the proof theory proposed in
[Lakemeyer, 1993]. 11

Example 3.3.23. In contrast to both Example 3.3.21 and Example 3.3.22, let us suppose that Alice makes
more modest assumptions about Bob. In particular, she considers that
If I do not believe Bob to only know g, then q is not all that he knows.

Then we are interested in proving:
F O (—K4Opqg D —~0pq) O K,—Ogq.

Let 8 denote the default ~K4,O0pqg O —Opq. Note that as far as the default goes, it differs from the one from
Example 3.3.22 in containing Opgq instead of Kjq. For this reason, we are not able to apply AS; from AX,
because Opq is not a basic formula. Nevertheless, it is provable using AX!,, and we see below that the proof

is quite similar:

1. 048> (K4s—K4Opq > Ks—Opq) Def, PL, A2,
2. 048 O (Nys—K,Opq A N1Ogq) Def, PL, K45,
3. N4Opg D> ~K,O3q A5?
4. =K,Opq O Ky~ K4Opq A4,
5. 048 > K4~K,Opqg 2,3,4,PL
6. 048 > K4—Osq 1,5, PL

The only difference is in line 3, where we make use of ASi. This axiom is applicable because ~Opg € Oﬁ,ll
is A-objective and consistent wrt AX!. We remark that this proof requires reasoning with the satisfiability

modal operator in [Halpern and Lakemeyer, 2001, see Example 6.1]. i

Example 3.3.24. For our last example, we suppose that Alice believes that Bob also knows of the big blocks

default. Formally, suppose Alice assumes the following:
Os(p N ~Kp—q O q) (3.1

We are now interested in showing that if A believes (3.1), then A believes that B believes that D is located in

the storage. That is, if we let y denote (3.1) then we prove:
l_ KA’)/ D) KAKB(].

Observe that by adding the agent index B in Example 3.1.12, we have shown y D Kpq. Then:
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1. Op(p AN =Kgp—=q D q) O Kpq see Example 3.1.12
2. Ks(Op(p N —~Kp—q D q) O Kpq) 1, NEC
3. Ky(Op(p AN —Kp—q D q)) D KyKpq 2,A2,

Intuitively, A attributes nonmonotonic reasoning abilities to B and therefore draws conclusions based on B’s

reasoning patterns. il

3.3.4 Axiomatizing Validity

We already discussed that both [Lakemeyer, 1993] and [Halpern, 1993] fail to capture the intuitions of mul-
tiagent only knowing. Besides, Lakemeyer’s proof theory is restricted to formulas in OL, . Extending this
work, Halpern and Lakemeyer [2001] proposed a multiagent only knowing logic that does handle the nesting
of IN; operators. However, as discussed, there are two undesirable features. The first is a semantics based on
canonical models, and the second is a proof theory that axiomatizes validity. Although such a construction is
far from natural, we show in this section that they do indeed capture the desired properties of only knowing.
More precisely, we show that the approaches agree on provable formulas. This mainly instructs us that our
axiomatization avoids such problems in a reasonable manner.

We begin by presenting the main formal features of their approach. More precisely, this involves enriching
OL, with a new modal operator V, for validity. We read V@ as “« is valid”. A modal operator S, for
satisfiability, is freely used such that S(e) syntactically denotes =V (—a). Let OL; be the addition of V to
OL,.

To handle the circularity of consistency, Halpern and Lakemeyer propose an axiom system, which we
will denote as AX;,, that has the following set of schemas:

Axioms:

Al, — A4,

AS5!. S(—a) D (N;a D —K;a) if a is i-objective,
VI.V(o)AV(eDpB) DV(P),

V2. S(e) if @ is a satisfiable propositional formula,

VINANS@ABIANANSHYANG)AV(@Vy) D
S(Kia N \ K=, AN Nyy AN N\ ~IN;=61)

if @, B;,y, 0, are i-objective formulas,

V4. S(e) A S(B) D S(a Ap) if a is i-objective and S is i-subjective.
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Inference Rules:

MP and NEC,

NECy . From a infer V ().

The axioms seem somewhat mysterious but intuitively, they allow us to extend the notion of consistency
from propositional formulas to modal ones. To see this, consider the axiom V2 which allows us to include
satisfiable propositional formulas in the scope of S. V3 then allows us to construct consistent i-subjective
formulas from i-objective ones. Note also that the generalized AS in this proof theory is AS,. This then
allows us to invoke the IN; vs. K relationship on all falsifiable i-objective formulas, that is, the formulas «
for which S(—) is provable from the given premises. The axiom V1 and the inference rule NECy, make the
modality V' a normal modal operator [Chellas, 1980].

We mentioned in Section 3.3.2 that AX], characterizes the extended canonical model. We do not present
the details of this structure here since we will not directly make use of it.

In order to enable comparisons with the AX/, approach, it seems obvious that we need to extend our logic
to handle the enriched language OL;.!3 However, it turns out that there is a much simpler alternative, which

rests on the following result proved by Halpern and Lakemeyer:

Theorem 3.3.25. [Halpern and Lakemeyer, 2001 ]
Every formula « € OL], is provably equivalent (wrt AX),) to some formula o' € OL,.

The theorem essentially tells us that as far as we are concerned regarding derivations of AX/, it suffices to
restrict our attention to the language OL,. Now, to obtain a correspondence between the two axiom systems,
we first demonstrate that S(@), where @ € OL,, is provable by AX] iff « is consistent wrt AX,. This will
then allow us to use Theorem 3.3.25 to establish the agreement on provable formulas.

We begin by proving the following variant of Lemma 3.3.19, and a corollary thereof.

Lemma 3.3.26. Suppose ¢,y € Oﬁﬁfl are i-objective formulas. If they are consistent wrt AX!, and |= ¢ V
then K;¢ \ Ny is consistent wrt AX,.

Proof: Let i be A. Assume the contrary. That is, AX!, = = K¢ V =Nay. Then by Theorem 3.3.17, |=
K¢V = INayp. Further, |= ~ K (¢ V ) V 2 Ny(p V ¢).

Suppose that |¢p V|4 < k. Let ef‘ be any structure, and clearly e/’i must satisfy K4 (¢ Vi)V N4 (¢ V ¥).
But ek, {},w [# =Ka(¢ V ¢) because there cannot be any (W', e}, ') € ek such that ek, 5!, w' [ =(¢ V ¥).

For similar reasons, €%, {},w £ = INo(¢ V ¢). Therefore =K 4(¢ V ) V = INa(¢ V ¥) is not valid. I

Corollary 3.3.27. Suppose ¢o, b1, ..., 01,80, Y1, ...,y are i-objective formulas from (’)ﬁfq_l. Suppose that
B0 N\ ¢, is consistent wrt AX!, for every z > 1. Similarly, suppose that o A\, is consistent wrt AX., for every
2> 1 If|E ¢o \V W then the following formula is also consistent wrt AX:

Kigo A /\ ~Ki=¢. N Niyg \ /\ N~y

13This is indeed the direction pursued in [Belle and Lakemeyer, 2010a]. But the methodology considered in the sequel is cleaner and
more direct.
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Proof: We claim that K;¢pg A ~K;—¢,, z > 1, is consistent. Suppose not. Then —(K;pg A ~K;—¢,) is
provable. That is, K;¢y9 D K;—¢, is provable. By standard modal reasoning, it follows that K;(¢9 D —¢,) is
provable. By way of the soundness result from Theorem 3.3.17, it follows that K;(¢9 D —¢;,) is valid, which
also means that ¢y O —¢, is valid. This contradicts the consistency of ¢y A ¢,. A similar argument establishes
the consistency of N9 A ~IN;—r,, z > 1. Lemma 3.3.26 establishes the consistency of K;¢y A Nig. It

then follows that the formula of interest is also consistent. il

Theorem 3.3.28. Forall @ € OL!,, AX), - S() iff @ is consistent wrt AX],.

Proof: The proof is by induction on the structure of the formula for both the directions.

For the only-if direction, suppose « is a satisfiable propositional formula. Then, by an application of V2,
AX), - S(a). But a is clearly AX -consistent, since it is a propositional consistent formula. Assume that the
hypothesis holds for i-objective formulas.

Suppose that we have proved S(¢g A ¢;) for z > 1 and Sy A /) for z > 1, where ¢; € OE,’;I
and y; € O,Cfl_l are i-objective formulas. Suppose also that we have proven =S(—¢y A —yg). Using V3,
AX/  S(¢) where ¢ is the formula:

Kigo A [\ ~Ki~¢- A Nuto A [\ ~Ni~. (32)

Using the hypothesis, both ¢y A ¢, and ¥ A ¥, are consistent wrt AX!,. Further, =¢o A = is not AX! -
consistent allowing us to prove = ¢g V . By Theorem 3.3.17, |= ¢ V ¢o. Therefore, by way of Corollary
3.3.27, the consistency of ¢ is implied.

Finally, suppose that we have proved S(a) and S(8) where « is i-objective and S is i-subjective. By an
application of V4, AX!  S(a A ). By the induction hypothesis, @ is AX-consistent and therefore it is
satisfiable. Without any loss of generality, let i be A. So suppose that ({}, e'é, w) is a model for a. By the
induction hypothesis, 3 is satisfiable. Then let (¢X, {}, w) be a model for 8. Then clearly €%, e, w |= @ A B.

Conversely, suppose «a is a propositionally consistent formula. Then it is also consistent wrt AX},. This
implies that « is satisfiable, allowing us to use V2 to derive S(a). Assume that the hypothesis holds for
i-objective formulas.

Now given an arbitrary formula « that is consistent wrt AX},, by means of Lemma 3.3.9, it suffices to

consider it in ONF. That is, « is a disjunction of formulas ’ of the form: o A £ A &, where
¢ is Kagao N N\ 7 Kada: A Nawao A N\ Napar, and
£ is Kpopo N N\ ~Kpdpn N Npppo N\ Nppp

and ¢;, ¢; are i-objective formulas and o is a propositional formula. If @ is consistent wrt AX,, then there is
some @’ which is consistent.

We proceed as follows. In Proposition 5.1 in [Halpern and Lakemeyer, 2001] it is shown that AX/,
S(y V 6) = S(y) V S(6). Therefore, given any disjunct o’ that is consistent wrt AX/, if we are able to show
that AX] - S(a’) then it follows that AX! - S(a).

So consider @’ that is is consistent wrt AX/,. By the induction hypothesis, AX/, - S(c"). We proceed to
show that AX/, I S(£). Analogously, AX/, - S(&). Then by the use of V4, we first establish AX/, = S(o A &),
since o is B-objective and & is B-subjective. Next, by applying the same axiom, we prove AX), - S(cAEAQ),
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since o A € is A-objective and ¢ is A-subjective, which allows us to prove AX], F S(a’). Thus, AX - S(a)
by the argument above.

So to prove AX/, = S(), we can assume that ¢a9 A ¢, z > 1 is consistent. For suppose not. Then
= —¢a0 V da;. This means that Kx¢ao A 7K s, is not satisfiable, contradicting the consistency of Kx¢ao A
K44, due to the soundness result, viz. Theorem 3.3.17. On the same lines, it is easy to show that @490 Ay,
z > 1, is also consistent. Lastly, owing to the consistency of Kx¢ao A INa@ao, by means of Lemma 3.3.19
it follows that |= ¢a0 V @ao. Thus, by means of the induction hypothesis, we have AX;, F S(¢ao N —@az),
AX) F S(pao A —@a) and AX) = =S(—=da0 A —pao) and so by V3, AX) + S(0). 11

This allows us to obtain the main result of the section:

Theorem 3.3.29. Forall @ € OL, AX, + a if AX F «.

Proof: For the if direction, we prove by contradiction. Suppose AX/, - a and AX/, ¥ a. Proposition 5.1 in
[Halpern and Lakemeyer, 2001] states that if a is not provable from AX/, then AX/ - =V (), i.e. AX -
S(—a). But by assumption, —a is not consistent wrt AX'.. Then AX! ¥ S(—a) because of Theorem 3.3.28.
This is a contradiction.

Conversely, suppose AX I a. Then by NECy, it follows that AX! - V(«a), or AX], - —S(—a), or
AX! ¥ S(—a). Thus, -« is not consistent wrt AX!, by Theorem 3.3.28. Therefore, AX/, - a. 11

Recall the main message of Theorem 3.3.25: it is sufficient to restrict ourselves to formulas from OL, with
regards to the Halpern and Lakemeyer approach. Therefore, Theorem 3.3.29 establishes an exact correspon-

dence between the Halpern and Lakemeyer approach and our approach.

3.4 Concluding Remarks

In this chapter, we were concerned with multiagent only knowing. We reviewed the logic of only knowing
OL, and then presented a semantics for multiagent only knowing. Unlike previous attempts, our semantics
was proposed for the full first-order language. We also showed, by means of various arguments, to have ap-
propriately generalized OL to the many agent case. We then proved that for the propositional fragment, the
semantics is characterized by an axiomatization with which we are able to derive certain kinds of nonmono-
tonic conclusions. In the process, we drew comparisons to earlier attempts that reason about only knowing
with many agents. We also briefly mentioned Levesque’s result regarding the relationship between AEL and
OL. For those interested, a generalization of this characterization to the many agent case appears in [Belle
and Lakemeyer, 2011a]. This concludes our work for the static case.

In the next chapter, we review an amalgamation of OL and actions by [Lakemeyer and Levesque, 2004].
Then based on the results established in this chapter, we consider an amalgamation of OL, and a theory of

actions.
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Projection with Many Agents by

Regression

In the previous chapter, we were concerned with obtaining a suitable semantical basis for multiagent only
knowing, but our attention was limited to the static case. In the remainder, we will be concerned with
reasoning about action and the problem of projection.

The first approach to projection we consider in this thesis is based on the idea of transforming queries
about the future to a query about the initial KB. We begin by reviewing the logic £S which is an amalgamation
of OL and the situation calculus by Lakemeyer and Levesque [2004; 2011]. Briefly, £S is a situation-
suppressed reconstruction of the situation calculus as considered in Section 2.3.1 which captures much of the
expressive power of the original but while being amenable to more straightforward semantic proofs. More
importantly, £S allows for the same style of semantic arguments and analysis that we are familiar with
from the previous chapter. The regression property, as considered by Reiter [2001] and Scherl and Levesque
[2003], is also obtained for the logic, allowing us to reduce both subjective and objective queries about the
future to a query about the initial situation. By an application of the representation theorem (Section 3.1.3),
epistemic queries can be reduced further to objective ones and therefore, no modal reasoning is necessary.

Based on this formal theory and the results on multiagent only knowing from the previous chapter, we
extend £S (and its features) to the multiagent case. It is worth noting that a number of conceptual difficulties
arise when multiple agents are involved. For instance, the beliefs that agents hold about the dynamics of the
world may differ arbitrarily. Nevertheless, we show that a regression property is still provable in a generalized
framework which allows us to reduce multiagent beliefs after actions to what is believed initially. Finally, we
also extend the representation theorem to the many agent case, which allows us to reduce multiagent beliefs

about the initial situation to pure first-order reasoning.

4.1 The Logic £S = OL + Actions

An early proposal that integrates the situation calculus and only knowing was considered in [Lakemeyer,

1996] and later refined in [Lakemeyer and Levesque, 1998]. We remark that only knowing cannot be inte-

69
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grated in a simple fashion into the epistemic situation calculus of Scherl and Levesque [2003], say by means
of a companion fluent to Know, mainly because the notion of only knowing requires the existence of “enough”
worlds, as noted in the previous chapter. Thus, Lakemeyer and Levesque appeal to a possible-worlds treat-
ment, where a world is a tree of situations. In a sense, this closely follows the models for the foundational
axioms. Similar to the situation calculus, the early proposals reify situations in the object language allowing
us to quantify over situations, among other things. However, unlike OL, they are not able interpret quanti-
fiers substitutionally. Part of this problem is the reification of situations, which is to say that the foundational
axioms required them to consider an uncountable number of situations. The definition of knowledge turned
out to be also complex, involving second-order quantifiers.

The logic £S is a much cleaner amalgamation of actions with QL. Situations are no longer included in
the language, but the main features of the situation calculus such as the successor state axioms (incorporating
the solution to the frame problem) and a regression property are a part of the formalism. More importantly,
as in OL, first-order variables are understood substitutionally in £S.

To reason about actions, a dynamic logic like syntax is used [Harel et al., 2000]. For example,
[forward]distance # 1

is a well-formed formula in £S and says that performing a forward action results in the robot not being 1
unit away. Moreover, in order to recast a notion of basic action theories in £S, the quantification of actions is
an essential prerequisite to formulate Reiter-style successor state axioms. To this end, the language includes
action variables and action names, which then also allows a substitutional interpretation of quantifiers over
actions.

Before presenting the formal details, here are the main ingredients:

1. Fluents and Rigids: Like in the situation calculus, we will have rigids, whose value does not change
over actions, and fluents whose values do change over actions. However, since situations are not
present in the object language, fluents and rigids will have to be differentiated both syntactically and
semantically.

2. Standard names: As hinted above, we will have two (countably infinite) sets of standard names, one of
the action sort and the other of the object sort. In other words, we could imagine the language of OL

augmented with a new set of names for actions.

3. Knowledge: Unlike the situation calculus, we will not represent knowledge in terms of a fluent. We
will instead include the familiar modal operators K and O. The agents can obtain more knowledge by

means of sensing.

Let us be clear on the fact that although at first glance £S seems somewhat different from the situation calculus
considered in Section 2.3.1, a result in [Lakemeyer and Levesque, 2011] establishes that when restricted to
the projection problem in the context of basic action theories, £S is only a notational variant. That is, under
reasonable assumptions, the valid sentences of £S can be reformulated as entailments in the original one. It
is also worth noting that since the language is defined semantically a number of mathematical proofs about
the formalism, such as Reiter’s regression property and properties about knowledge, are considerably simpler

to establish in £S owing to its simple model theory [Lakemeyer and Levesque, 2004].
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The Language

Symbols are taken from the following vocabulary:
o first-order variables of the object sort: x,y,4,...;
e first-order variables of the action sort: v, vy, .. .;
o fluent function symbols of arity k: flk , fzk, ...; e.g. distance, teacher,
e rigid function symbols of arity &: g’l‘, g’é, ...; e.g. forward, bestAction,
e connectives and other symbols: =,V, -, V, K, O, [v], O, parenthesis, period and comma;
e a countable infinite set of standard names N, of the object sort: #0,%1,%2,.. ., objs, .. A
o standard names of the action sort, which are constructed from N

A={A(ny,...,m) | n; € N, and A is a (rigid) function of the action sort};?

e.g. drop(obj5), forward,

We let @ = N U A be the set of all standard names. We let n and m (possibly decorated with subscripts
and superscripts) schematically denote elements of Q. We let r (possibly decorated with subscripts and

superscripts) schematically denote elements of .A.

Two Simplifying Assumptions

In the interest of simplifying the presentation, we have made the following two inessential assumptions about

the underlying language:

1. The language does not include predicates. This is not a definitive restriction, since it is possible to
model predicates using functions. The approach we take in this thesis is by letting the name 1 denote
truth, while every other assignment denotes falsity. More precisely, if we are capturing a predicate P(X)
by means of a function f(%), then f(¥) = 1 denotes that the predicate is TrUE and f(¥) # 1 (as well
as f(X) = n for every name n other than 1) denotes that the predicate is FaLse.?> In this sense, we are
allowing full first-order expressivity.

2. There are no rigids of the object sort. In Section 4.1.1, we show how fluents can be used to capture
properties that remain unchanged over any sequence of actions.

We reiterate that none of the technical results hinge on these assumptions. Now, since we are not including

predicates, Poss and SF will be distinguished functional fluents assumed to be part of our vocabulary.

I'We assume that the set of rational numbers Q, closed under standard mathematical operators X, +, —, -, is included in the set of
names N.

That is, as is standard in the situation calculus, we assume that all action function symbols are rigid.

3This is similar in spirit to how predicates are captured in Common Lisp [Steele, 1984], except that there is a single false value nil,
and every non-nil value is evaluated as true.
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Terms

Terms are of the sort action or object, and they are the least set of expressions such that:

1. Every name and first-order variable is a term of the corresponding sort. We follow the notational
convention of writing 7' to denote a vector of terms and ¢ to denote any term from 7. We follow the

same notation for variables and names also.
2. If F'are terms of the object sort and A is a k-ary function of the action sort, then A(f) is a term.
3. If #'are terms (of any sort) and f is a k-ary function of the object sort, then f(7) is a term.

By primitive action term, we mean any element of A. By primitive object term, we mean one of the form
f(i), where f is a function of the object sort and n; € Q.

We remark that we are restricting the parameters of action functions to be of the object sort. On the
one hand, this greatly simplifies the readability of technical results to follow. On the other, our treatment of
primitive actions as standard names has the added feature that the unique name assumption for actions is built
into the logic.* Moreover, it is hard to imagine applications where this restriction leads to any conceptual
difficulties.

Formulas

The well-formed formulas of £S form the least set such that
1. If r and ¢ are terms, then ¢ = ¢ is an (atomic) formula.
2. If tis an action term and « is a formula, then [f]a is a formula.

3. If @ and B are formulas, and x is a first-order variable then the following are also formulas: —a, a V
B, Vxa, 0o, Ka, Oa.

We read [t]a as “a@ holds after the action 7’. We read O« as “a holds after any sequence of actions”.
A formula without any free variables is called a sentence. We also refer to certain kinds of formulas with

the following terminology:
e A formula with no O operators is called bounded.
e A formula with no [¢] or O operators is called static.
e Asin OL, a formula with no K or O, i.e. no epistemic operators, is called objective.

e A formula with no K, O, [t], Poss or SF is called fluent.

4The variant of £S presented in the sequel differs in precisely this manner from the ones appearing in literature [Lakemeyer and
Levesque, 2004, 2011]. That is to say, in [Lakemeyer and Levesque, 2011] primitive actions are handled in a more general manner, but
then the unique name assumption needs to be additionally axiomatized as part of the background theory.



CHAPTER 4 73

The Semantics

In OL we were concerned with providing meaning to static formulas. In £S, the semantics has to clarify how
fluents are to be handled after any given sequence of actions. We extend our idea of a model, which consisted
earlier of an epistemic state and a world, to the tuple (e, w,z) where z denotes some (finite) sequence of
actions. The idea is that the world determines the truth of objective formulas, both initially and after any
sequence of actions.

More precisely, let Z denote all finite sequences of action names from .4, including () which is the empty
sequence (corresponding to the initial situation). Then,

e aworld w € W is a function from primitive object terms and Z to \/;
e an epistemic state e is any set of worlds.

The intuition is that each world is a tree of situations, very much in the spirit of the Tarskian models for the
foundational axioms of the situation calculus. Figure 4.1 depicts a world.

Figure 4.1: This figure depicts a world, where as many as k actions are depicted. Here, p and g denote atomic

formulas.

The epistemic state e essentially represents the agent’s initial beliefs, that is, the initial state of knowledge.
But when actions occur, perhaps an agent acquires new information and as a result of this, some of the worlds
present in e will no longer be considered possible. We capture this feature by means of a compatibility
relation ~,. The idea is to verify the truth (wrt the sensing results) for all the worlds in e against the real
world, and discard those that disagree on the sensing results. In this way, the agent learns more over the

course of actions and can supplement its knowledge with what is true in the real world. Formally,

e w' >~ wfor all worlds w and w';

o w~_  wiff w ~, w, and w[SF(r), z] = w[SF(r), z].
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Note that ~ is an equivalence relation.’
Finally, we interpret arbitrary terms in the language as follows. As in OL, names are rigid designators.
Now, given a term ¢ without variables, a world w, and an action sequence z, we define |t|fV (to be read as “the

coreferring standard name for ¢ given w and 7”) by:
z _ . .
L i, =tifre Q;

2. |f@I,, = wlf (@), 2], where |t;

¢ =n; and f is a function of the object sort;
3. \A(f)\fv = A(i?), where |;|;, = n; and A is a function of the action sort.

We are now ready to define the meaning of truth. Given a sentence @ € £S, an epistemic e, a world

w € W and an action sequence z, a semantics is as follows:
l. e,w,z |z t; =1, iff ny and n, are identical, where |,[; = n;;
2. e,w,z |Faiffe,w,z £ a;
3. eew,zl=aVBiffe,w,zEaorew,z |=B;
4. e,w,z |= Vxa iff e, w, z |= a; for every name n of the appropriate sort;
5. e,w,z E[tleiff e,w,z-r |= @, where r = 1]} ;
6. e,w,z [ Daiffe,w,z-7 |= aforevery 7 € Z;
7. e,w,z |= Kaiff forall w' ~, w, ifw € ethene,w',z | a;
8. e,w,z |E Ociff forallw' ~ w,w' € eiffe,w,z = ab

Note that first-order variables are understood substitutionally as before. We say that @ is true wrt a model
(e,w,2) if e,w,z |= . We write e,w |= @ to mean e, w, () |= a. Given a set of sentences X and a sentence a,
we write £ |= @ to mean that for every e and w, if e, w |= @' for every @’ € X, then e, w |= a. Finally, we write

= @ to mean {} = a.

Properties

Given the similarity to the semantical framework of OL, it is perhaps not surprising that knowledge satisfies
K45 properties and the Barcan property (see Section 3.1.1). Observe that these properties are provable for all

sequence of actions, that is, they hold in the scope of the O operator. Formally,
Theorem 4.1.1. [Lakemeyer and Levesque, 2004]

I. Ea(KaAK(Dp) D Kp),

5Qur definition of world-compatibility follows Lakemeyer and Levesque [2004]. In later versions of £S [Lakemeyer and Levesque,
2011], and as originally intended by Scherl and Levesque [2003], the compatibility relation is strengthened by enforcing that r is
additionally executable in w (by means of Poss(r) holding at w). This has the unintended effect of making ~ a non-equivalence relation.
But as pointed out by Lakemeyer and Levesque, an alternate account that would state that the agent learns the value of Poss (analogous
to SF) would allow ~~ to be a full equivalence relation. We ignore these issues for simplicity.

%As in OL, the semantics for the O operator differs from the one for K in containing an “iff” instead of an “if”.
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2. Fo(Ke D KKa),

3. Eo-Ka > K-Ka),
4. Fo(vViKa D K(Viw)),
5. Fo@xKa > K(3xa)).

It is also possible to show that the converse of the Barcan existential property is not valid, as in OL.

4.1.1 Basic Action Theories

We now turn to the equivalent of basic action theories of the situation calculus. Since £S does not mention
situations explicitly, it turns out that basic action theories in £S5 do not require the foundational axioms, such

as the second-order induction axiom for situations (Section 2.3.1; [Reiter, 2001]).”

Definition 4.1.2. (Basic action theories.) Given a set of fluents F, a set 2 C £S of sentences is called a
basic action theory (BAT) over F iff X' = 2 U X, U 205 U Zense Where X only mentions fluents from F
and®

1. 2y is any set of fluent sentences;
2. X, is a singleton sentence of the form OPoss(v) = 1 = &, where 7 is a fluent formula;®

3. 2o 1s a set of sentences of the form

Ovlf() =y =Xy, )V f(X) =y A (=3h) yp(X, h,v),
one for each fluent f, where y/ is a fluent formula; '

4. Xi.nse 18 @ sentence similar to the one for Poss of the form OSF(v) = x = ¢, where ¢ is a fluent formula.

The idea is that X expresses what is true initially, 2, is one large precondition axiom, 2, are the successor
state axioms, one per fluent, which are formulated so as to incorporate Reiter’s solution the frame problem.
Xsense> like X, s one large sensing axiom, and we follow the convention [Scherl and Levesque, 2003]
that every action returns a sensing result. For actions such as forward, which do not return any sensing
information, SF is defined to return a special standard name 1.

Knowledge about the initial situation may be incomplete, of course. In order to account for false beliefs,
the simplest way perhaps is to have two basic action theories 2 and 7: we let 2" denote the agent’s beliefs,

and let 7" denote what is true in the real world. The two may differ arbitrarily.

Example 4.1.3. (The simple robot domain.) To illustrate the idea of an action theory, we adapt an example
from [Lakemeyer and Levesque, 2011]. Imagine a robot navigating itself in a 1-dimensional world, as shown

in Figure 4.2.

"Indeed, as readers may have noticed, no second-order features were considered in the presentation of £S.

8We follow the usual situation calculus convention that free variables are universally quantified from the outside.

9We assume that O has lower syntactic precedence than the logical connectives, so that OPoss(v) = 1 = & stands for Vv.O(Poss(v) =
1 = m). Also, let us again clarify that Poss is a function, and throughout we interpret Poss(r) = 1 to mean that r is executable.

10The [v] construct has higher precedence than the logical connectives. So O[v]f(¥) = y = 7y abbreviates Vv.O([vV] f(¥) = y = yy).
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(0

Figure 4.2: A simple robot.

We imagine that the robot can move towards a fixed location and is equipped with a sonar sensor that tells
the robot its actual distance to the door. So we might imagine two actions forward and sonar that does the
moving and sensing respectively. We have a single fluent function distance which gives the actual distance
between the robot and the door. Figure 4.3 axiomatizes the successor state axiom for the fluent.!!

We imagine that moving forward is only possible when the robot is not already at the fixed location.
We will also assume that sonar is always executable. Figure 4.3 then illustrates the formalization of the
precondition and sensing conditions. The formalization also stipulates that sensing on forward simply returns
1 which, as mentioned earlier, is a trivial sensing result.

Suppose that the robot is 4 units away from the door. Suppose also that the robot is uncertain about
the distance and believes that it is either 4 or 5 meters away. This uncertainty is captured by differentiating

between 7 and 2y in Figure 4.3. Putting this together, we let 7" and 2 be:

e X=2)U Z:1)re ) Zpost U Zense-

e I=2UTy). 1
Before concluding our presentation on basic action theories, we show how not allowing rigids of the object
sort does not lead to any loss of expressivity, as claimed earlier. In order to capture properties that remain

unchanged over any sequence of actions, such as title(x), which returns the title of a book, the modeler is

required to use an axiom of the following form as part of the background theory:
o(vx, y, v. ([v]title(x) = y) = title(x) = y).

This can be understood as saying that the title of x is the same for all sequences of actions.

4.1.2 The Problem of Projection

As discussed earlier, in the context of basic action theories, projection is the task of determining what holds
after a number of actions have occurred. For example, after moving forward twice, does it follow that the
robot is 4 units away? Formally, this corresponds to the following entailment:

2 [ [forward][forward]distance = 4.

111t is perhaps of interest to the readers to contrast this formulation of the successor state axiom with the one for Reiter’s version of
the situation calculus from Section 2.3.1.
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Zost = {0[v]distance = x =

v = forward A\ x = distance — 1 V

v # forward A\ x = distance}.

Zpre = {OPoss(v) = 1

v = forward A distance > 0}.
Lsense = {DSF(V) =r=

v =forward N\r =1V

v = sonar A r = distance}.
2y = {distance = 4 V distance = 5}.

Yo = {distance = 4}.

Figure 4.3: The simple robot domain.

In general, the projection task involves determining if
2En]...[nla

where 7y, ..., r; are primitive actions and « is an arbitrary objective sentence.

In the context of knowledge or beliefs, projection can be extended in the sense of determining what
beliefs hold after a number of actions have occurred. In particular, assuming that all that an agent believes is
a basic action theory 2, and letting 7" denote the action theory that is true in the world, we are interested in
determining whether

TANOX |=[n]...[rnla

where 7, ..., ry are as above and « is an arbitrary sentence.

We illustrate projection queries using Example 4.1.3.

Example 4.1.3 continued. Let 7" and 2 be basic action theories from the example. Then the projection

queries in Figure 4.4 are logical consequences of " A O(2).

Proof: The proofs are similar, and so we consider item 3. Let z = (forward - sonar). Suppose that e,w |=
T A O(2). We need to show that e, w, z | K (distance = 3).

First, consider that e,w |= [forward](distance = 3). That is, since w satisfies distance = 4 initially and
the basic action theory updates this to distance = 3, it follows that ¢’, w, forward |= (distance = 3) for any ¢’.
Note that w[SF(forward), ()] = 1.
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1. Vx. =K ((distance # x).
2. [forward)K (distance = 3 V distance = 4).

3. [forward][sonar]| K (distance = 3).

Figure 4.4: Sample projection queries in £S.

Second, consider that e, w |= [forward| K (distance = 3 V distance = 4). This is because all worlds in
e satisty either distance = 4 or distance = 5 initially, and the basic action theory updates these values to
distance = 3 and distance = 4 respectively. Further, since w'[SF(forward), ()] = 1 for all worlds w'" € e, it
follows that W' ~f,nuama .

However, observe that w[SF(sonar), forward] = 3. So it follows that only the worlds
{W' | W' [ [forward](distance = 3),w' € e}

remain compatible with w after z. Therefore e, w, z | K (distance = 3). 11

4.1.3 Regression

Reiter [2001] developed an important solution to the projection problem in the situation calculus called regres-
sion. The idea is to reduce a query a about the future to a query @’ about the initial situation by successively
replacing fluents in « by the rhs of the successor state axioms until the resulting sentence @’ contains no more
actions. We then need to only verify whether o' is entailed by the initial theory. The class of formulas which
are amenable to regression are called regressable formulas. These roughly correspond to bounded objective
sentences in £S. Regression was later defined for the epistemic situation calculus in [Scherl and Levesque,
2003]. The class of formulas that Scherl and Levesque consider roughly correspond to bounded basic sen-
tences. Lakemeyer and Levesque [2011] define the regression of bounded basic sentences in £S, which we

summarize below.

Regressing Objective Formulas

Suppose T [ @, where « is a bounded objective sentence and 7 is a basic action theory. In order to evaluate
this entailment via regression, let us assume without any loss of generality that the query « is syntactically

reformulated as follows:
1. quantifiers use distinct variables, and we say such formulas are rectified;
2. formulas are in a certain normal form called Fnr (defined below).

After applying these transformations, the query becomes amenable to regression. The first syntactic manipu-
lation is required because of the way regression handles quantifiers, which can lead to incorrect transforma-

tions if the variables are not distinct. The second is required for giving a simple formulation of regression.
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Definition 4.1.4. A formula « is in FxF if every function symbol f in @ occurs only in equality expressions

of the form f(f) = ¢, where ¢; and ¢’ are either variables or names. Il

It is immediate to verify that every formula can be rewritten to one in Fnr, and this transformation is linear in
the size of the formula. For instance, f(g(x)) = f'(x) is equivalent to Iy, h. f(y) = h A f/(x) = h A g(x) = y.
Further, by this definition, if a term ¢ appears either as an argument for a function or as an action operator
[#], then it follows that it is either an (action) name or a variable. In the following we will use o to denote
sequences that consist of action variables or action names.

Lakemeyer and Levesque [2011] define the regression operator R, which is applicable to any bounded
objective formula. If such a formula is not rectified or not in Fnr, it is transformed to a formula satisfying

these conditions.

Definition 4.1.5. (Regression.) Define R[a], the regression of @ wrt T, to be the fluent formula R[(), a].

For any sequence of action names or variables o, R[o, @] is defined inductively:
1. Rlo,t; =] = (t; = 1) if t; and 1, do not mention fluents;
2. Rlo,Vxa] = VxR[o, al;
3. Rlo,aVB] =Rlo,a] V Rlo,B];
4. Rlo,—a] = =R, al;
5. Rlo, [tla] = Rlo - ¢, a];
6. Rlo, Poss(t) = 1] = R[o, ='];
7. Rlo, f() = '] for fluents is defined inductively by:

@ RIO, @ =11=fD =1
(b) Rlo-t*, f(@ = 1 = Rlo 3y. (yp)r Ay =1'];

8. Rlo,SF(t) =11 =Rlo, ¢ 51. 1

Note that this definition includes 7, ¢ and y; which are the rhs of the precondition axioms, sensing axioms
and the successor state axioms from 7.

The main result regarding Definition 4.1.5 is that the evaluation of objective bounded sentences reduces
to a query about the initial theory.

Theorem 4.1.6. [Lakemeyer and Levesque, 2004 ]
Let T be a basic action theory, whose initial theory is T, and let a be an objective bounded sentence. Then

Rla] is a fluent sentence and satisfies:

T=Ea iff Yol=Rlal
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Regressing Subjective Formulas

We now turn to the more general case of regressing bounded sentences that may refer to the agent’s knowl-
edge. This needs an equivalent of a successor state axiom for knowledge, which roughly tells us how knowl-

edge can be regressed wrt an action [Scherl and Levesque, 2003]. Lakemeyer and Levesque prove the fol-

lowing theorem:'?

Theorem 4.1.7. [Lakemeyer and Levesque, 2004]
= oOWvlK (@) = 3x. SF(v) = x A K(SF(v) = x D [v]a).

This theorem essentially says that knowledge after an action depends on what was known before, and what
the future would look like contingent of the sensing result. Note that this theorem is not a stipulation of the
action theory, but a theorem of the logic.

We mentioned earlier that in the general case, we will need two basic action theories 17" and 2. The
idea behind regression is to transform objective formulas wrt 7°, while subjective ones are regressed wrt 2.
Consequently, R is defined wrt both 7" and 2.

Definition 4.1.5 continued. R[7,2, o, a] is defined inductively as:
1.-8. as before, except for the arguments 7" and 2
9. RIY,2, 0, K] is defined inductively on o by:

(@) RIT,2,(), Ka]l = K(R[Z,Z2, (), al);
(b) RIY,2,0-t, Ka] =RI[T,2,0,6;], where § is the rhs of Theorem 4.1.7. i1

That is, regressing K« wrt the initial situation is equivalent to believing the regression of a wrt the theory
believed by the agent, viz. 2. More generally, regressing K « after an action ¢ is equivalent to regressing the
rhs of Theorem 4.1.7.

As an analogue to Theorem 4.1.6, Lakemeyer and Levesque prove the following:

Theorem 4.1.8. [Lakemeyer and Levesque, 2004 ]

Let @ be a bounded basic sentence. Then R[Y, %, (), a] is a static sentence and satisfies:
TANOX =a if YoNOZ =RIT,Z,(),al.

That is, we solve projection which is the task of verifying whether « is entailed by regressing a and verifying

that it is an entailment of the conjunction of what is true initially and the agent only knowing its initial beliefs.

Example 4.1.9. Suppose 7" and 2 are basic action theories from Example 4.1.3. Consider the projection
query (3) from Figure 4.4 wrt T A OX. We now verify this entailment by means of regression. Pursue as

follows

RIY, 2, forward - sonar, K (distance = 3)]

121 akemeyer and Levesque [2004] consider a binary sensing function, which means that they only sense truth values. We generalize
their account to sense arbitrary values based on [Scherl and Levesque, 2003].
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RIY, 2, forward, Ix distance = x A\ K (distance = x D [sonar]distance = 3)]

dx. distance = x + 1 A R[Y, 2, forward, K (distance = x O [sonar]distance = 3)]

dx. distance = x + 1 A K(distance = x + 1 D distance = 4).

The regressed query is easily shown to be entailed by 1y A OZ), and so we are done. I

Readers will have noticed that we are restricting the regression operator to bounded basic sentences. There
are at least two reasons for this limitation. First, note that the language is not expressive enough to refer to
only knowing in non-initial situations. So if we begin by only knowing a basic action theory, one presumes
that after an action the agent only knows another basic action theory. Regressing the latter should intuitively
lead to a sentence that talks about what was only known before the action was executed, and this currently
cannot be expressed in the language. Second, note that a basic action theory contains sentences such as the
successor state axioms which are not bounded. So, if after an action we are left with a formula of the form
O(a), where a by the above argument would contain sentences that are not bounded, then this @ would not
be regressable. This is because Theorem 4.1.6 is limited to regressing bounded formulas.

Nevertheless, as we mentioned earlier, the regression operator covers the same class of formulas as con-
sidered by [Scherl and Levesque, 2003], and seems sufficient for most practical purposes. However, be that as
it may, investigating what is only known after an action seems interesting in its own right. This is addressed
in the next chapter.

4.1.4 Applying the Representation Theorem

If we restrict ourselves to static formulas that do not mention Poss or SF then we are essentially left with the
language of OL. For this fragment, Lakemeyer and Levesque show that £S and OL agree precisely in terms

of valid sentences.

Theorem 4.1.10. [Lakemeyer and Levesque, 2004]
Suppose @ € OL. Then « is valid in OL iff « is valid in £S.

Where this pays off is that results proved in OL, such as the representation theorem (Section 3.1.3), can be
imported when doing non-dynamic analysis in £S. That is, by way of the regression property, we are able
to reduce bounded basic sentences after actions to static basic fluent formulas about the initial theory, which
clearly do not mention Poss and SF. Then, by way of the representation theorem, we can further restrict our
attention to first-order reasoning. Formally, we can couple the representation theorem with the regression
property as follows:

Theorem 4.1.11. [Lakemeyer and Levesque, 2004]

Given basic action theories T and X, and a basic bounded sentence «,
YTANOX |=a if =7y D|RITY.2, <>,oz]\|20.

Note that this is a well-defined statement only if R[Y,2, (), @] is a sentence in OL, which the following

lemma establishes:
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Lemma 4.1.12. [Lakemeyer and Levesque, 2004]
Suppose « is a bounded basic sentence. Then R[T,Z, (), a] is a (basic) sentence in OL.

Example 4.1.13. We illustrate the application of Theorem 4.1.11. Suppose 7" and 2 are basic action theories
from Example 4.1.3. Consider the projection query (2) from Figure 4.4 wrt T AOZX. First pursue the regression
of the query:

RIY, 2, forward, K (distance = 3 V distance = 4)]
= K(distance = 4 V distance = 5).
Next, pursue resolving this epistemic query wrt the initial KB 2

| K (distance = 4 V distance = 5)||20

= Res[||distance = 4 V distance = 5”20,20] by (5) of Definition 3.1.10
= REs[Z2), 2] by (1) of Definition 3.1.10
= TRUE because = 2y D 2.

Since 1y [= || K (distance = 4 V distance = 5)|| 5, the query is indeed entailed by 7" A O2' 1

4.2 Multiagent Only Knowing in the Situation Calculus

We now propose an amalgamation of O L, and the situation calculus. The idea will be to recast the semantical
framework of multiagent only knowing against the action models of £S. The resulting formalism, among
other things, allows us to reason about de re and de dicto distinctions after actions in a multiagent setting.
This is illustrated using a simple example involving two robots. In order to maintain the benefits of both the
solution to the projection problem in £S as well as the reduction of basic queries, we will be proving some
generalizations of those properties for the resulting multiagent formalism.

We first present a semantics and then turn to basic action theories. A number of conceptual differences
arise in the many agent case. Earlier we accounted for incomplete knowledge by means of a basic action
theory for what is true in the real world and another for what the agent believes to be true. But now, besides
providing an account about the real world and the beliefs of A and B, one may need to also consider differences
in the subsequent levels of belief, such as A’s beliefs about B’s knowledge of the world. We show that
a regression property can indeed be obtained for certain epistemic states of that form, which allows us to
reduce multiagent beliefs after actions to multiagent beliefs about the initial situation. In other words, we
generalize Theorem 4.1.8 to the many agent case. Finally, we prove a representation theorem for OL,,, which
further allows us to reduce reasoning about multiagent beliefs about the initial situation to pure first-order

reasoning in a manner similar to Theorem 4.1.11.

The Language

Following our convention for naming modal languages, we let £S,, be the non-modal fragment of £S enriched

with modal operators K; and O, for i € {A,B}. Terms and formulas are understood as in the previous
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section, generalized to the many agent case in an obvious way. For example, if M« is a well-formed formula
of £S (where M is either K or O) then M;a is a well-formed formula of £S,. Analogously, objective,
bounded, static and fluent fluent formulas are defined.

The language also includes a distinguished fluent Poss that handles the conditions under which an action
is executable, and sensing functions SF; for i’s sensing capabilities.

A Semantics

The semantical account is provided using the notion of k-structures. Following OL,, the satisfaction relation
will be defined wrt the depth of formulas, where as before, our idea of depth will be to lump together con-
secutive nestings of epistemic operators for the same agent. Formally, the notion of i-depth gets extended for
formulas in £S,, in the following way:

Definition 4.2.1. (i-depth.) The i-depth of a formula a € £S,,, which is denoted |a/;, is defined inductively

as:
1.-6. as in Definition 3.2.1;
7. |vleli = |els;
8. |oal; = |a|;.

A formula @ has a depth & if max(|@|a, |a|p) = k. 11

It is easy to see that the i-depth of a £S,, formula is simply the i-depth of the corresponding OL, formula,
obtained by ignoring all the mentioned action operators. To illustrate this, consider the following example in
relation to Example 3.2.2.

Example 4.2.2. Consider the formula 0K, Kz K p V Kjp[t]q. Here:

1. oKy KpKsp V Kpgltlgla = max(|0K s KpKap|a, | Kpltlgla) = 3 because
(@) [OKsKpKap|a = |KaKgKspla = |KgKapla =1+ |Kaplp =2+ |pla =3,
(b) [K3ltlgla = 1+ [[tlq|s = 1+ |q|p = 2.

2. oK) KpKap V Kgltlgls = max(|0 Ky KpKapl|s, | Kpltlq|p) = 4 because
(a) DK KpgKaplg = | KaKpKap|lp =1+ |KpKap|a =1+ 3 (as shown above) = 4,
(b) |K3ltlg|s = |[1lq|s = gl = 1.

3. Therefore, the depth of the formula is 4.

The analysis is almost identical to Example 3.2.2, and the presence of action operators is just an extra step

that does not complicate any calculation. il
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Suppose now W is the set of all possible worlds."> The beliefs of an agent are captured by means of a
k-structure (Definition 3.2.3) defined over the set V. Such a structure essentially represents the initial beliefs
of the agent, whose elements may be discarded over the course of executing actions. This is formalized by
means of an equivalence relation :2 that looks for truth in the real world by means of sensing. We define

w' >~ w inductively by the following:

~

° W z"< w for all worlds w' and w;

)

o W~ wiffw ~ wand w[SF(r),z] = w[SF(r),z].

Now, by a (k, j)-model, we mean the tuple (eﬁ, e{;, w) where e’;‘ is a k-structure for A, e{; is a j-structure for
B and w € W is a world. Only formulas of maximal A, B-depth of k, j are interpreted wrt (k, j)-models. To
determine whether a formula of maximal A, B-depth of k, j is true or not after a sequence of actions z given a

(k, j)-model, we write eﬁ, e{g, w, z |= a. The complete definition is:

1. ef‘, e'l’g, w,z |= i = t iff ny and n; are the same standard names, where |t,\W =n;,

2. &L ep w2 = aiff b, e, w £ o

3. & ehwzEaVpBiff e, el wzlEaore, ep w2z = pB;

4. ef‘, ep W, 2 |= Vxa iff ef‘, ey, W, Z |= ) for every name n of the appropriate sort;

5. eﬁ,eé,w,z = [fa iﬂ?eﬁ,eé,w,z -1 |= @ where |t = r;

6. eﬁ,eé,w,z = Oa iff eﬁ,eé,w,z -7 Eaforevery 7 € Z;

7. ek el w,z | Kyaiff for all w' ~4 w, for all ¢! for B, if (W', ¢}, ') € € then

kK k—1 / _ .
enep Wi

8. eﬁ, eé,w,z I= O« iff for all w :? w, for all ¢! for B, (w’,e’l‘;l) € ef‘ iff

ko k—1

/
enep Wzl a.

In an analogous fashion, the semantics for Kpa and Opa are specified.

Given a sentence of maximal A, B-depth k, j, we write eﬁ,eé, w [ @ to mean ef\, e{;, w, () E a. We
say that a sentence a of maximal A, B-depth k, j is satisfiable if there is a (k, j)-model (eﬁ, e{g, w) such that

eﬁ, e-},, w |= a. If £ is any set of sentences of maximal A, B-depth of k, j and « is as above, we write T |= «

(read: “X entails «”) iff for every (k, j)-model such that ef‘, eé, w = & for every @’ € X then e/’j, eé, w = a.
We write |= « (read: “a is valid”) to mean {} |= a.
To assert that the validity of £S, formulas is not affected when considering structures of a higher depth,

as we have done so for OL,,, we first establish the following lemma:

Lemma 4.2.3. Let k' >k, j > j. For all formulas a« € £S,, of maximal A, B-depth k, j:

& J . 1% J-/
ey epwEa iff eAik,egij,w = a.

13Henceforth, unless specified otherwise, by worlds we will mean £S-worlds, defined as in Section 4.1.
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Proof: The proof is by induction on @. It follows the steps involved in proving Lemma 3.2.9. The only
additional step in the base case are formulas of the form [f]e. Note that for formulas of this form, w |= [f]a
iff w,r = @ by definition where |t|v(v> = r. Since we have the same world in both models, the proof for the

base case is immediate. il

From this, we get (see proof of Theorem 3.2.10):

Theorem 4.2.4. For all « € £S,, of maximal A, B-depth of k, j, if « is true at all (k, j)-models then « is true
at all (K', j')-models where k' >k, j’ > j.

As a closing remark to this section, let us note that the usual properties of knowledge regarding introspection
and quantifying-in apply here as well (by analogy to £S and OL,):

Lemma 4.2.5. The following are valid wrt models of appropriate depth:
1. o(K,a AN Ki(a D B) D KB,
2. o(K;a O K;K;a),
3. o(-K;a D Ki~Ka),
4. o(vx¥ K;a D K;(V¥ @),
5. 0@3¥ K;a D K;,(3%a)).

Proof: The proofs are very similar and so, we only show item 3. Let i be A. Suppose eﬁ, e{?, w,z E K.

k—1 A
B Z

w" | =K. Therefore ef‘,eg, wl= KiK. ll

Then there is some (w’, elg,_l) € ef‘ (where w' z? w) such that ef‘, e

world and (w”, egk_l) € eX. Then clearly €, el’gk_l,

W,z |= —a. Suppose w” ~2 w is any

4.2.1 Basic Action Theories and Projection

In the many agent case the notion of a basic action theory is essentially identical to what one defines in £S.
Except, one has to specify the sensing axioms for each agent that may differ. For example, when B senses

that A is reading a letter, we would not expect B to learn the contents of that letter.

Definition 4.2.6. (Basic action theory.) Given a set of fluents F, a set 2 C £S,, is called a basic action

theory over F iff 2' = 2y U 2}, U 2,05 U Ziense Where 2 only mentions fluents from F and
1. 2,2 and 2, are specified as in Definition 4.1.2;

2. Zense 18 a set of sentences of the form OSF;(v) = x = ¢;, one for each agent i and where ¢; is a fluent

formula. il
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Modeling Incomplete Information

When dealing with initial knowledge in the multiagent case, we have to distinguish between what is true in
the real world and what the agents know or believe about the world. Of course, what A believes about the
world may differ from B’s knowledge. Moreover, what A believes B to know may differ from what B actually
believes. Perhaps the simplest way to capture such generality is to have multiple basic action theories for

subsequent levels of beliefs, as illustrated by (say) the following background theory:'#
TAOAZ NOpE*) A Op(Z' N Op2*) 4.1

where 7" and X' (with superscripts) are basic action theories that may differ arbitrarily. Here, 1" represents what
is true in the real world, and 2 (with superscripts) represent the agent’s beliefs. For example, 2* represents
what A believes B to know.

More often than not, however, we imagine that if i has certain beliefs about the world, then she at least
considers other agents to hold similar beliefs. Think of having agents play a game with imperfect information,
such as Poker [Osborne and Rubinstein, 1994; Belle and Lakemeyer, 2010b]. It is safe to assume that, in a
fair situation, all that i knows initially are the rules of the game. Reasonably enough, i also expects that all
that j knows initially are these rules. Similarly, think of having two robots coordinate among themselves to
deliver a heavy package. We imagine that both i and j are given an initial specification, which determines
(say) where the package is located and is to be delivered. In this domain, it is reasonable to assume that both
agents consider that the other robot also has access to the same domain knowledge. In sum, the assumption
is that if i believes a basic action theory 2, then i also believes that j believes 2. A background theory, then,

is a special case of (4.1), as illustrated by the following sentence:
T AOLE NOpZE) A Op(Z' N OLE") 4.2)

where 7', 2 and 2’ may differ arbitrarily. For ease of exposition, we prove properties for background theories
of this form. Extensions to more general case of (4.1) is straightforward but tedious.

Be that as it may, notice a crucial stipulation made in (4.1) and (4.2). We are assuming that initial
knowledge can be represented by sentences of the form O;(¢ A O;¥). In a sense, we are generalizing the
assumption we made about background theories in the single agent case, where we stipulated that the basic

action theory was all that was known. There are other possibilities, of course. Examples include
o Oi(¢p N (K Vv K '), where all that i knows besides ¢ is that j believes ¢ or y/';
e Oi(¢ V K jyy), where all that i knows is that ¢ may be true or that j believes .

While perhaps some of the results proved in the remainder of the chapter could be adapted to cover cases such
as these, we believe that it would be at the cost of a considerably more complex formal theory. Moreover,
initial knowledge of the form O;(¢ A O ;i) is both reasonable and natural in many applications, as in the cases
of the game and delivery domains taken up above. Of course, as actions occur, one imagines that the beliefs
of the agents diverge, but at least initially we can imagine the agents starting off with the very same set of

facts. Under this premise, we settle for a stipulation that takes the form of (4.2).

14For the sake of the following discussion, assume agents have beliefs of two levels.
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The Problem of Projection

In what follows, we will prove properties for sentences such as (4.2). In order to prepare for agents that may
have beliefs to some arbitrary (but finite) depth, we introduce the following inductive definition over a basic
action theory 2

e let OKnows[A, 1] = Oy
e let OKnows|[B, 1] = O
e fork > 1, let OKnows[A, k] = Oo(2Z N OKnows[B, k — 1]);
o for j > 1, let OKnows[B, jl = Op(Z N OKnowsl[A, j — 1]).

Given basic action theories 7,2 and 2’, in the remainder of the chapter we will be interested in theories of
the form
T A OKnowslA, k] A OKnows:[B, j] “4.3)

which says that A believes the basic action theory 2 to k levels, i.e. he believes B to also believe 2" and so on,
while B believes the basic action theory 2’ to j levels. The problem of projection, then, is that of effectively
reasoning about entailments about (4.3). That is, we are interested in determining what follows after a number
of actions have occurred:

4.3) = nl...[nla
where ry, ..., r; are primitive actions and « is an arbitrary formula.

We now illustrate a basic action theory and projection queries in the multiagent case. We follow the
convention that all actions, including sensing actions, are publicly observable while the information obtained
via sensing is private [Kelly and Pearce, 2008]. For the kind of applications we have in mind, this assumption
seems reasonable. We will shortly see examples that demonstrates this asymmetry in the information as

actions occur.

Example 4.2.7. (The cooperating robots domain.) Imagine two simple robots, say A and B, coordinating
among themselves to deliver a heavy package, say the block C, as illustrated in Figure 4.5. The destination of
the delivery is also provided, which A reads first, and then B does the same. We assume that the two robots
should start moving only after they believe that the other agent also knows the location. However, since the
specification of the agent programs is orthogonal to the analysis of the entailments of a background theory,
we do not go over the actual nature of the coordination protocol for the sake of simplicity.

Let us suppose that the fluent goal(x) specifies the delivery location of package x. The agent i senses
the location specified for x by means of the action seegoal;(x). Informally, sensing should work as follows.
When seegoal  (x) is executed, A learns the location of x. In the meantime, since we assume that all actions
are public, B also observes that seegoal, (x) is executed. However, B does not learn anything of interest from
that observation. Symmetric arguments hold wrt B’s sensing action seegoalg(x).

Let us now make this precise by formalizing the sensing axioms 2., in Figure 4.6. There we stipulate
that when B senses on seegoal, (x), irrespective of which x, the standard name 1 is always returned. This is
another way of saying that B does not obtain any useful information when he senses on seegoal, (x).

For simplicity’s sake, physical and other sensing actions that may be necessary for a coordinated delivery

are ignored in the example. Now, assuming that block C is to be delivered to roomC, let
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A A

PACKAGE

Figure 4.5: Two simple robots coordinating for a delivery.

Zsense = {OSFa(seegoal,(x)) =y = goal(x) =y
OSFp(seegoal,(x)) =y =y =1,
OSF(seegoalg(x)) =y =1,
OSFp(seegoaly(x)) =y = goal(x) = y}.

2y = {Trug}.

Yo = 29 U {goal(C) = roomC}.

Figure 4.6: A basic action theory for two cooperating robots.

o X = 2nse Npre NEpost N2 be the basic action theory that A and B believe to levels k and j respectively,
and

e 7 =2 U7, be what is true in the real world.
This leads to the following background theory:
T A OKnowslA, k] AN OKnows[B, j] “4.4)

Before analyzing the entailments of (4.4), it is convenient to state a lemma regarding how a model of (4.4)
can be constructed. Let us denote the set of worlds {w | w |= £} as Ws. Further, let ex! = Wx x {{}}. Let
es* = {(w,ei™") | w € Wr} be defined inductively. Then,

Lemma 4.2.8. Suppose w is any world such that w = 7T, er‘ and e;{g are constructed as above. Then

esk,esh w = (4.4).
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Proof: Since w |= 7" by assumption, we can restrict ourselves to the subjective formulas in (4.4). Moreover,
since OKnowjxli, *] is interpreted wrt i’s epistemic state, we will prove the lemma by doing a simple induction
on the modal depth of the background theory, where the modal depth of a formula @, denoted modal(a), is
defined inductively:

e modal(a) = 0 for primitive atoms;

e modal(a V ) = max(modal(a), modal(B));

o modal(—a) = modal(@);

o modal(M;«@) = 1 + modal(a) where M; € {K;, O;}.

That is, when the modal depth of the background theory is /, then we have a sentence of the form OKnows[A, k]
OKnows|B, jl suchthatk < [,j<land kor jisl

The base case is for theories of modal depth 1, where we are considering background theories of the form
042 NOgX (or O42 or OpZ'.) To prove the base case, consider any world w’. Clearly w’ ~, w by definition.

By construction, (W', {}) € ex} iff w' = 2. Therefore ex), {}, w |= O4(2). Analogously for exp.

k—1
A

OKnows[A,k — 1]. (This is analogously stated for B.) Let (w’ ,e;gfl) be any k-structure in 621];. By con-

Suppose that the lemma holds for background theories of modal depth £ — 1, that is, ey satisfies

struction w’' | X. By induction hypothesis, {},e;'l‘;l,w’ I= OKnows[B,k — 1]. That is, by construction,
W' esh) € esk iff {},es ' W' |= XAOKnows[B, k—1]. Therefore ek, {},w £ Oa(EAOKnows[B, k—1),
ie. egff‘, {},w |= OKnowsl[A,k]. 1
Proposition 4.2.9. Let M be any model of (4.4). Then, the following holds:
1. M £ ~Ks(goal(C) = roomC).
Initially A does not know the location.
2. M |= [seegoal ,(C)] K a(goal(C) = roomC).
After sensing, A knows where the package is to be delivered.
3. M £ [seegoal ,(C)]3x K p(goal(C) = x).

But it is not the case that B knows the location when he observes A sensing. That is, B does not

have de re knowledge about the location.
4. M |= [seegoal ,(C)] Kp—IxKg(goal(C) = x).

Moreover, A knows that B does not know the location as of now.
5. M = [seegoal ,(C)]1 Kp3xKa(goal(C) = x).

Nevertheless, B knows that A knows the location. That is, B has de dicto knowledge about A’s
beliefs.
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6. M = [seegoal,(C)][seegoaly(C)1G(goal(C) = roomC), where G € { KyKp, KgK4}.

After both A and B do the sensing, each robot knows that the other knows where the package is to
be delivered.

Proof: Let M = (efl, e{}, w) be a model of (4.4). Below, we abbreviate goal(C) = roomC as «, seegoal,(C) as

r and seegoaly(C) as r'.

1. Assume the contrary. Suppose that ef\, e{g, w |= Kx(a@). Then for all (w/, ell‘;l) € eﬁ, ek, el;;l, w = a.
Now, note that 2 leaves the value of goal(C) unspecified. Thus, by construction (and definition of W),

A /! |=

there are worlds w” € Ws such that w'” ~ o W W goal(C) # roomC and where (w" ,e’;;l) € ek

This is a contradiction.

2. After A executes r, it follows that only those worlds w' € Wy such that w/[SF4(r), ()] = w[SFA(r), ()] =

roomC are considered when evaluating A-subjective formulas. (These are worlds that agree on the

delivery location with the real world.) Therefore eﬁ, e’

B
such that w' =~ w, €k, e’l‘;l, w', r |= a by the definition of the sensing axioms X,

.w,r = Ka(a) since for every (W', el ') € ek

3. Observe that for every w' € Ws, W[SFp(r),()] = 1 = w[SF(r),()]. So, while evaluating B-
subjective formulas every (w/, ei_l) € e{; is considered, including ones where —a holds at w’. There-

fore ef‘, eé, w,r £ Kp(a).
4. Consider any (w/, ell‘;l) € eﬁ such that w' ~4 w. By the same arguments from item 3, it follows that
ek, e]l;_l,w', r £ IxKp(goal(C) = x).
Therefore, eﬁ, eé, w,r |E Ky—3xKg(goal(C) = x).
5. Consider any (w/, ef:l) € eé. By the same arguments from item 2, it follows that

efrl,eé, w,r |E 3xK4(goal(C) = x).

That is, if w/[SFa(r), )] = n then e/ ' el,w',r | Ka(goal(C) = n). Therefore ek, el w,r |
KgixK(goal(C) = x).

To see what is happening here, suppose that B only considered j-structures (w, ef\_l) possible, where w

is the real world. Then he would know what A knows about the location. But since his epistemic state
is {(w, ef(l), w”, efl), ...} he believes at each of the worlds w’ that A knows the location as well as
what this is, but he does not know of which of these is the real world.

6. We consider the case G = K4 K. The other case is symmetric.

Assume the contrary. Then eﬁ, e{;, w,r [ [r'1K4Kpa. This implies that there is some (w/, elé_l) € ef‘
A k—1

such that w' ~, w, i.e. such that w' |= @, and e/’j, ey »w' [# Kpa. This then implies that there is
some (w”,e/]j*z) € e’l‘;l such that w"’ :f,,r w', and eﬁfz,e]l‘;l,w” E —a. Thatis, w” |= —a. However,

B

w" =% w' means that w’[SFp(r'), r] = w'[SFp(r'), r] = roomC, i.e. w' |= a, which is a contradiction.

/! |_
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4.2.2 Regression

We now consider a solution to the projection problem in £S,, by means of regression. By analogy to the
single agent case, the class of regressable formulas in £S,, consists of all bounded basic formulas. Naturally,
the regression of bounded objective formulas receives an identical treatment as before, formalized in terms
of Theorem 4.1.6. To handle the subjective case, let us consider the generalization of the successor state
axiom for knowledge to the multiagent case. We remark, again, that this is a theorem of the logic and not a

stipulation of the basic action theory.
Theorem 4.2.10. (Successor State Axiom for Knowledge.)
F oK) =

dx. SF;(v) = x A K;(SF;(v) = x D [v]a).

Proof: Let i be A, with the other case being symmetric. For the only-if direction, suppose that ef‘, ep W,z =
[r]1 K@) for an action name r € A. Abbreviate @) as o’. Suppose that eﬁ,eé, w,z |= SFa(r) = n. It then

suffices to show that eﬁ, e{;,w,z E KA(SFA(r) = n D [r]d).

So suppose (w',eﬁfl) € €k and W/[SFu(r),z] = n. Since w'

k—1 . k—1 k—1
eﬁ,eB wWz-orE A, e ek,eB W,z |E [rle. Thus eﬁ,eB

then that e’;‘,e{;,w’,z = KA(SFA(r) = n D [r]d).

~A

~7 . w, it follows by assumption that

W,z |= SF4(r) = n D [r]d/, and it follows

Conversely, suppose that eﬁ, eé, w,z |= SFA(r) = n A [r]KA(SF4(r) = n D @’). We now need to show that

ek, ep W,z |= Ka([r]e), ie. for all (w/, eg_l) € ¢k such that w' ~% w, eﬁ,eg_l,w’,z rEda.
Suppose W' ~2 . w, i.e. W/[SF4(r),z] = n and (W' ,ell‘;l) € eﬁ for some e’l‘;l. Then by assumption,

e, e’;;l,w’,z - r |z @ Therefore €, e’éﬁl,w’,z = [rla, from which it follows that €%, e}, w, z |= Ka([r]a’).

Observe that this generalizes Theorem 4.1.7 in an obvious way. It roughly says that what i knows after an
action depends on what was known before and what the future would look like contingent on i’s sensing
result. With this in hand, we are now ready to generalize regression to multiple agents.

We define a regression operator R[T,2, 2", o, ] wrt a basic action theory T for what is true in the real
world, a basic action theory 2 for what A believes at all levels, and a basic action theory 2’ for what B believes

at all levels, as considered in (4.3).

Definition 4.2.11. (Regression.) We define R[7,2,2", a], the regression of a wrt 1,2 and 2’, to be
RIT,2,2, (),a]. For a given sequence of action names or variables o, we define R[7, X, 2", o, a] induc-

tively by:

1.-7. See Definition 4.1.5. (Note that this definition uses the rhs of the precondition, successor state axiom,

and sense axioms from 7°.)
8. RIT, 2, %,z SFi(t) = /1= RIT, 2,2, 2, ¢} }1;
9. R[T,2,2,z, Kxa] is defined inductively on z by:

(@) RIT, 22", (), Kaal = Ka(R[Z, 2, 2, (), a]);
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(b) RIT,2,2 .z 1, Ksa] = R[T, 2,2, z,8], where B is rhs of the equivalence in Theorem 4.2.10
for the agent index A.

10. R[Y,2,2",z, Kpa] is defined inductively on z by:

(a) R[Y,2.2,(), Kpa]l = Kp(R[2",2", 2", (), al);

(b) RIT,2,2,z-r, Kpa] = R[T, 2,2, z,B8)], where B is rhs of the equivalence in Theorem 4.2.10
for the agent index B. I

The regression operator in the multiagent case works as follows. At the initial situation, regressing K a is
equivalent to regressing @ wrt the basic action theory 2’ that A believes at all levels. Similarly, at the initial
situation, regressing Kpa is equivalent to regressing a wrt the basic action theory 2’ that B believes at all
levels. More generally, if we are regressing K@ wrt an action sequence z - 7, then this is equivalent to
regressing the rhs of Theorem 4.2.10 wrt z by first substituting the ground action r. Readers may observe
that this is analogous to the single agent case with the exception that depending on the index of the epistemic
operator, we regress the remainder formula wrt the basic action theory that the corresponding agent believes.

For simplicity, we often write R[z, @] instead of R[T,2,2",z,a]. We are now ready to prove the main

result of this section:

Theorem 4.2.12. Suppose a is a bounded basic sentence of maximal A, B-depth k, j. Let ', 2 and X' be BATs.

Then R[(), a] is a static sentence and satisfies:
YAy Ea iff ToNygoERI)al

where ¢ = OKnows[A, k] N OKnows[B, j]
Yo = OKnows,[A, k] N OKnow;O/[B, Jjl.

That is, we solve projection which is the task of verifying whether « is entailed by regressing a and verifying
that is an entailment of the conjunction of what is true initially and each agent only knowing their initial
beliefs. The proof for this theorem is provided in the appendix.

Readers will have noticed that the theorem assumes a background theory where A has beliefs to level k and
B has beliefs to level j, given a query whose maximal A, B-depth is k, j. This syntactic restriction is essential
for our relatively simple regression operator to be well-defined. To see that, suppose we are interested in
verifying whether K4 Kp[r]a is entailed by O4(2), where 2 is a basic action theory. By the definition of
the regression operator given above, evaluating the query reduces to regressing [r]a wrt X, but this is not a
correct transformation because A does not have any beliefs about B’s knowledge of the world. In fact, the
formula K4 Kpg[r]a does not seem amenable to regression wrt O4(X) since it is simply not clear how one
should regress the subformula Kg[r]a. But now note that the formula K4 Kg[r]a is of depth 2 and that the

transformation is indeed correct wrt initial knowledge for A of at least depth 2, such as O4 (2 A Op2).

Example 4.2.13. We illustrate regression by means of Example 4.2.7. Let 7" and 2 be basic action theories
from Example 4.2.7. Pursue the sample projection query from Figure 4.7 wrt the background theory X2 A
Op2 N\ OpX A goal(C) = roomC via regression. We use I' as an abbreviation for the background theory, «
abbreviates goal(C) = roomC and r abbreviates seegoal ,(C).

Regressing the first conjunct in the query:



CHAPTER 4 93

Let a denote goal(C) = roomC and r denote seegoal,(C).
e Background theory I': 2 A a A Os2 A Op2.
e Sample query: [r]K a A [r]~Kpa.

e Regressed query: Jx.goal(C) = x A Ka(goal(C) = x D a) A = Kpa.

Figure 4.7: Sample projection query and regression in £S,,.

RI(), Ix.SFA(r) = x AN Ko(SFa(r) = x D [rl@)]

= Jx.goal(C) = x A R[(), Ka(SFa(r) = x D [rla)]

= dx.goal(C) = x AN K(goal(C) = x D a).

In an analogous manner, regress the second conjunct
—Rlr, Kpa]
= =(dy.y =1 A Kg(y =1 D a)), which is equivalent to = Kpa.

The regressed query 3x.goal(C) = x A K4(goal(C) = x D a) A—Kpa is easily shown to be a consequence of
a A2y A Op2y AN OpXy. Therefore, we are allowed to conclude that the projection query is entailed as well. il

4.3 A Representation Theorem

In this section, we complement the regression theorem by generalizing the representation theorem to the
multiagent case which reduces the evaluation of a basic query in OL, to first-order reasoning.

Recall that the representation theorem in O L has two fundamental parts. The first is the operator Res[a, ¢]
formulated in Definition 3.1.9 where « is an objective formula perhaps with free variables and ¢ is an ob-
jective sentence. The Res operator resolves to a formula not mentioning any function symbols such that on
substituting its free variables with names, it is either valid or its negation is valid. Second, one defines a
reduction operator ||| 4> Where @ € OL is any basic sentence and ¢ is an objective sentence that is taken
to be all that the agent knows, which transforms « to an objective formula and thereby appealing to REs to
answer the query. When extending the result to the multiagent case, the Res operator is not modified since
it is about asking an objective query to an objective KB. However, the reduction operator which now has to

somehow consider the sentences that A and B believe to the appropriate depths is modified as follows.

Definition 4.3.1. Let ¢ and ¢’ be objective sentences, and @ and S be basic OL,, sentences. Then we define

the objective sentence [|a]|, 5 by:

L ||el,, = @ if @ is objective;
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2. |Imellyy = —llallygs

3. Ml v Bllyg = llallyy v IBl4g:
4. ||Vxally s = V[l 4

5. [[Kaallyy = Res[[al], 4, 41

6. [[Kgal,, = Res[[la|, 4. ¢'1. 1

Intuitively, given an objective KB ¢ that A believes at all levels and an objective KB ¢’ that B believes at
all levels, a conceptually simple reduction operator can be obtained. The reader may notice some similarity
to the regression operator, viz. whenever K« is encountered then the reduction is continued wrt the KB ¢.
Analogously, the reduction is continued wrt ¢’ whenever Kpa is encountered.

By analogy to Theorem 4.1.11, the representation theorem is coupled with the regression operator as

follows.

Theorem 4.3.2. Let 7,2 and X' be basic action theories. Suppose « is a basic bounded sentence of maximal
A, B-depth k, j, then

TAVEa i E Yoo [RIO.ally, s,
where y = OKnowyl[A, k] A OKnows: B, j].

That is, a query « perhaps with action operators is entailed by the background theory iff the regressed query
reduced by the representation theorem wrt X and X’ is entailed by the set of sentences that are true initially.
Thus, no modal reasoning is necessary.

The following example illustrates the representation theorem in action. We reconsider Example 4.2.13
where regression was applied to reduce a basic query after actions to a static basic query. Below, we resolve

this static query containing epistemic operators.

Example 4.3.3. Let 7" and 2 be basic action theories from Example 4.2.7. Consider the background theory
from Figure 4.7. We let I abbreviate X' A goal(C) = roomC N Op2 N\ OgX, a abbreviates goal(C) = roomC

and r abbreviates seegoal ,(C). For this example, we will verify that
[ |= [r]1-Kpa.

We first pursue the regression of the query. We know from Figure 4.7 that this is equivalent to " Kpa. We

now resolve the regressed query by means of the representation theorem. That is:

||“K3a||20,20

= —|REs[Haf||2020,20] by (2) and (6) of Definition 4.3.1
= —REes[a, 2] by (1) of Definition 4.3.1
= —(FALSE) because 2y [ @
= TRUE.

Since, trivially, T’y |= Trug, Theorem 4.3.2 proves that the projection query is indeed entailed by the back-
ground theory. I
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4.4 Concluding Remarks

This chapter proposes a solution to the projection problem for arbitrary BATs in multiagent knowledge bases
with incomplete information by extending the notion of regression to the new framework. Moreover, by gen-
eralizing the representation theorem, we have shown that ordinary first-order reasoning is all that is required
when reasoning about action.

In comparison to the early work of Reiter [1991], £S lifts the benefits of regression to the case of epistemic
queries involving perhaps introspection and quantifying-in. However, while the representation theorem does
reduce the problem to a first-order reasoning task, note that there is a price to pay. In contrast to classical
theorem proving, the operator Res (Definition 3.1.9) is not recursively enumerable because it appeals to
provability, when returning TRUE, and it appeals to non-provability, when returning FALsE. Nevertheless, in
this chapter, by leveraging both the regression property and the representation theorem to the multiagent
case, we have demonstrated that, under reasonable assumptions, reasoning in the multiagent case is not much
harder than in the single agent case.

In practice, of course, we would like to reduce query evaluation (which also lies at the heart of Res) to a
much more tractable problem that ordinary logical entailment. Therefore, it is quite common for applications
to assume initial theories in the form of a closed database, for which query evaluation is tractable [Abiteboul
et al., 1995], or propose ways to model and reason about incomplete information. One notable effort in
this direction is the work of De Giacomo and Levesque [1999]. Although they do not consider knowledge
and restrict themselves to a single agent, their work allows for open databases that are locally complete.
Basically, they present an intuitively plausible requirement called the just-in-time property that rely on a
robot’s sensor data to fill in the gaps with incomplete knowledge. The idea is that whenever the truth of a
sentence needs to be evaluated, they provide the conditions under which the suitable information necessary
to evaluate the sentence is obtained by the means of sensing. This work has been extended further into a
just-in-time regression algorithm in [De Giacomo et al., 2001]. In a nutshell, these results presents a general
methodology that could be incorporated into regression-based formalisms such as ours.

Projection by regression in the presence of multiple agents has been addressed in the literature. For in-
stance, the epistemic situation calculus [Scherl and Levesque, 2003] has been extended to the many agent
case in earlier work [Shapiro et al., 2002]. Recently, Kelly and Pearce [2008] consider evaluating epistemic
queries, including queries about common knowledge [Fagin et al., 1995], by means of a meta-level operator
using regression. In contrast to these strands of work, we are mainly concerned with identifying how regres-
sion works in the presence of multiagent only knowing operators. As we have argued earlier, by being able
to define initial knowledge in terms what is only known one obtains a natural means of reasoning about both
beliefs and non-beliefs. Moreover, the epistemic situation calculus of Scherl and Levesque does not have an
equivalent of the representation theorem. Therefore, the other approaches require a form of modal reasoning
about the initial situation.

In some aspects, however, the formalisms are not comparable. On the one hand, in contrast to Kelly and
Pearce we observed in Section 3.2.4 that common knowledge cannot be captured with our semantics. On the
other hand, we mentioned that integrating only knowing in the situation calculus when the situation terms are
explicit is very problematic [Lakemeyer, 1996; Lakemeyer and Levesque, 1998].

While regression is indeed a complete solution wrt arbitrary basic action theories, it is not without its prob-
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lems. Complex projection tasks, especially open-ended ones involving a long sequence of actions, becomes
unmanageable by regression. More precisely, reducing queries to the initial database becomes computation-
ally expensive, at least linear in the number of actions and in the worst case, exponential [Reiter, 2001]. In

the next chapter, we consider an important alternative called progression.



Chapter 5

Projection by Progression

Regression, which was investigated in the previous chapter, is not an effective choice for agents functioning
autonomously for extended periods of time, involving, say, open-ended tasks. In these cases, it becomes
essential to periodically update the initial knowledge base to one that reflects the changes due to actions that
have already occurred. Equivalently, we are interested in updating what is only known after an action is
performed. This has been identified as the problem of progression of basic action theories [Lin and Reiter,
1997].

As far as the computational feasibility of a progression mechanism is concerned, especially in practice,
Liu and Levesque [2005a] observe that it must satisfy three main computational requirements. The first is
that the progressed KB should be efficiently computable. The second requirement is that the new theory must
be linear in the size of the initial one, so that progression can iterate. If this requirement is not satisfied, then
the size of the KB grows after executing actions and it becomes unmanageable after many actions. The last
requirement is that query evaluation, as in the case of regression, must be efficient against the KB.

Conceptually, regression and progression are natural duals of each other. One might except, therefore,
that regression and progression have analogous logical foundations. But this is not the case. In the context
of basic action theories, Lin and Reiter [1997] show that progression is not even computationally feasible in
general, in the sense that it appeals to second-order logic. However, they identify two simple cases, based on
syntactic restrictions on basic action theories, where progression is efficient. Based on that early work, Vassos
et al. [2008] investigated first-order definable progression for so-called local-effect basic action theories [Liu
and Levesque, 2005a], which are a generalization of one of the cases studied by Lin and Reiter. For a
slightly smaller class of action theories, they also proved that progression is computable, in the sense that the
resulting theory is finite. This work was generalized in [Liu and Lakemeyer, 2009], where it was proven that
the progression of an arbitrary finite first-order theory wrt local-effect basic action theories is both first-order
definable as well as computable. In addition, Liu and Lakemeyer [2009] proved that the progression of certain
kinds of first-order theories wrt so-called normal actions, which are not local-effect, is first-order definable
and computable. However, the size of the progressed knowledge base may blow-up exponentially. To that
end, for certain kinds of first-order disjunctive information, called proper* knowledge bases [Lakemeyer
and Levesque, 2002], Liu and Lakemeyer prove that progression wrt local-effect and normal actions is also

efficient, under reasonable assumptions. Meanwhile, Vassos et al. [2009] considered another class of non-

97
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local basic action theories, called range-restricted theories, and proved that progression for a certain kind of
possible-values database is first-order definable and computable. All of these results are limited to the case
of relational fluents.

In this chapter, we are concerned with identifying conditions under which progression becomes first-order
definable, and proposing methodologies under which it can be efficiently computed. Note that, in contrast
to earlier results, our representation language has functional fluents. To that end, we will be proving that in
the presence of functional fluents, progression remains first-order definable for local-effect and normal action
theories. Moreover, for a functional variant of proper* KBs, we will be proposing procedures for computing
progression efficiently. Then, for a functional variant of proper* KBs, we will prove that progression wrt
range-restricted action theories is both first-order definable as well as efficiently computable, under reasonable
assumptions. Finally, to address the requirement that reasoning about the initial knowledge base should be
efficient, we propose a decidable query evaluation mechanism for a large class of queries against our variant
of proper* KBs.!

The remainder of the chapter is organized as follows. We first review a semantics by Lakemeyer and
Levesque [2009] that explains how progression works in the context of only knowing. Then we turn to the
computational requirements of progression, and present results in the order indicated above. Owing to the
additional technical subtleties when dealing with an account of progression, we will restrict our attention to
the single agent case. We leave the multiagent case for future work.

5.1 The Logic £S5,

The notion of progression dealt in this chapter is very closely related to the work of Lin and Reiter.

5.1.1 Background

In a seminal paper, Lin and Reiter [1997] introduce the progression of situation calculus basic action theories.
Given a basic action theory 2, a one-step progression wrt a ground action r consists of replacing the initial
theory %) in X by an appropriate set of sentences X" such that the original theory X and (X — Xp) U Xy’
agree on the future after doing r. The idea is that X’ represents the successor to the initial situation, which
intuitively means that those sentences that were true initially but no longer hold now are “forgotten”.

Lin and Reiter define the concept of progression in terms of certain properties that the (Tarskian) models
of the initial and the progressed theories show. The intuitive idea is this: 2’ is the progression of 2 iff
for every (Tarskian) model M of X', there is a model M’ of X such that they agree on all future situations.
Equivalently, we say that 2" is the progression of X wrt an action r if 2’ entails the same sentences about
the future after r as 2’ does. Lin and Reiter also show that when the initial theory is a finite one, then its
progression is always representable using a second-order formula.? Since the two views are equivalent for

finite theories, we will not present the formal aspects of the model-theoretic definition but only use a (variant)

'While decidability alone does not guarantee efficiency, it is a crucial step since in general the query evaluation problem for the
considered fragment is undecidable.

2In recent work, Vassos and Levesque [2008] show that progression indeed cannot be captured by a first-order theory, even an infinite
one.
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of the syntactic representation in this chapter instead. But before going into that, let us intuitively see why

ES cannot capture progression.

5.1.2 Why not £5?

The semantics for the only knowing operator O as given in the logic £S does not have the desired properties.
Roughly speaking, the problem is that the semantics for £S is in some sense “static”. To see this, reconsider
Example 4.1.3. If T and 2 denotes the basic action theories developed in the example corresponding to the
real world and what the agent believes is true, then the following sentence in valid in £S, as should be the
case:

T N OX D [forward][sonar) K (distance = 3). 5.1

In other words, £S has reasonable properties regarding basic beliefs. But now, following the progression
methodology, where the KB is updated after actions, consider what should be only known after forward
and sonar. One expects that the distance fluent is now set to 3 units, but everything else remains the same.
Formally,

T AN O) D [forward][sonar|O(distance = 3 A\ (X — X)) 5.2)

should be valid. But it can be shown by means of the semantical definition of £S that this is not the case.
Roughly speaking, the reason is that what is known initially is not forgotten, which contrasts with what is
required for progression. Therefore, doing an action (sensing or otherwise) always leads to an expansion of
belief, that is, more ends up being known. To this end, Lakemeyer and Levesque [2009] introduce the logic
ES,, which differs from £S only in its treatment of the epistemic operators, which are handled by a notion of

progressing the world states.

5.1.3 A Semantics

Syntactically, £S, and £S are identical. Due to the second-order nature of progression, however, we extend

the language in the following manner:
e Let us assume an infinite supply of rigid second-order function variables of arity k: X¥, X’z‘, -

e We only need to include one extra formation rule for terms: if 7 are terms and X is a k-ary second-
order function variable, then X(#) is a term. By analogy to primitive (first-order) terms, by primitive
second-order term, we mean one of the form X(7) where X is a second-order function variable and

i’l,‘GQ.

e We only need to include one extra formation rule for formulas: if @ is a formula and X is a second-order
variable, then VX« is a formula.

For the purposes of this thesis, we will make the restriction (and assume henceforth) that second-order quan-
tifiers are only applied to formulas that do not mention { K, O}. For instance, KVPa and O3Pa, where «
does not mention { K, O}, are allowed, but VPO« and 3PK « are not.

Now, we define a set of possible worlds W as before, except that in addition to interpreting primitive

object terms, worlds will also interpret primitive second-order terms. That is:
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e aworld w € W is a function

— from primitive object terms and Z to N

— from primitive second-order terms to .

When interpreting formulas with free variables, first-order variables are handled substitutionally, as before.
To interpret second-order variables, we introduce the notation w~xw’ to mean that w and w’ agree on every-
thing except assignments involving X.

Finally, we interpret arbitrary terms in the language as follows. As in OL, names are rigid designators.
Now, given a term ¢ without variables, a world w, and an action sequence z, we define |t|fv (to be read as “the

coreferring standard name for ¢ given w and 7”) by:

L |t} =tift € Q;

[\

- |F@];, = wif(i@), z1, where |1;[, = n; and f is a function of the object sort;

w

4 —
,» = A1), where |t;

- 1A®

fv = n; and A is a function of the action sort;
4. |X(@|;, = wIX ()], where |t;|, = n; and X is a second-order variable.

We are now ready to give the meaning of truth. Given a sentence @ € £S,, an epistemic state e C W, and

world w and an action sequence z, a semantics is given inductively:
1.-6. as in Section 4.1;
7. e,w,z |=VXaiffe,w’, z |= a for every w'~xw;3

But to give the meaning of epistemic operators, we define the progression of worlds and epistemic states as
follows:

Definition 5.1.1. Let w be a world, z a sequence of actions and e any set of worlds. Then
1. w;, is a world such that w,[d, 7'] = w(d, z - Z'] for all primitive terms d and action sequences 7’;

2. e ={w.

w €eandw ~, w}. 1

Intuitively, one “clips” the world w after z and the resulting tree is the world w,. Figure 5.1 illustrates the
progression of the world w wrt a primitive action ry.

Thus, w, is exactly like w after z has occurred. In this sense, w, is the progression of w after z. The
epistemic state ¢}’ then contains all the worlds in e which are progressed wrt z and are compatible with the
real world w with regards to the sensing results until z. Of course when z is empty, e = e by the definition of
~,. With this in hand, we give a semantics for subjective formulas as follows:

8. e,w,z|= Kaiffforallw’ €e’, e, w, () = a;

3In [Lakemeyer and Levesque, 2011], second-order variables are semantically evaluated by means of variable maps. Our (much
simpler) account is due to Jens Clalen [personal communication, 2011]. But observe that our semantics for second-order quantifiers
works as intended only when « is syntactically restricted to not mention K and O, in which case it suffices to look at worlds w’ differing
from w wrt X. We thank Hector Levesque [personal communication, 2012] for bringing this our attention.
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Figure 5.1: The progression of w wrt 7.
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9. e,w,z |= Ociff forallw',w' € el iff e, W', () = .

That is, knowing « in e and w after z means that « is true at all the progressed worlds of e that are compatible
with w. Only knowing « has the same relationship to knowing as before, that is, the “if” is replaced by an
“iff””. In other words, e}’ must contain every world that satisfies a.

Satisfiability and validity are then defined in an obvious way.

5.1.4 Properties

Let us first draw comparisons to the notion of only knowing in £S. To disambiguate between the two
semantics, let us denote the only knowing operator of £S as O’. From the observation made earlier that

e’ = e when z = (), it follows that the two operators coincide when no actions have been performed:

Proposition 5.1.2. [Lakemeyer and Levesque, 2009]
= Oa =0«

However, this is no longer the case after actions are performed. For instance, as we observed in (5.2), the
older only knowing interpretation does not have desirable properties regarding what should be only known
after actions. As we shall see shortly, the modified version, however, does capture the desiderata.

Moving to the usual K45 properties, it is not hard to show that they also hold in £S,,.
Proposition 5.1.3. [Lakemeyer and Levesque, 2009]
1. =o(0Oa D> Ka);

2. Fo(Ke > KKa);

[9%)

. Fo(-Ka D> K-Ka);

4. Eo(VXKa D K(VXa)).

Proof: Showing item 3, let e, w,z |= =K a. Then for some w' € eV, e, w', () |£ . It then follows that for

any w” € e, e, w",() F ~Ka. Therefore ¢!, w, () |z K- K« as needed. Il

5.1.5 Progression = Only Knowing after Actions

In this section, we show that the semantics of only knowing is compatible with Lin and Reiter’s notion of
progression. In the following, for a given basic action theory 2, we often write ¢ for the initial theory 2 and
write Of for the rest of the action theory 2, UZ)5UZsense. We assume that ¢ refers to the rhs of the definition
of SF in X, and 7y is the rhs of the successor state axiom for the fluent f. Also, let fi,..., fi, denoted F R
consist of all the fluent symbols appearing in 2, and let P be corresponding second-order variables, where
each P; has the same arity as f;. Then af; denotes the formula @ with every occurrence of f; replaced by P;.

The following result characterizes in general terms all that is known after performing an action:
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Theorem 5.1.4. [Lakemeyer and Levesque, 2009]

Let r be a action standard name, then

= O(¢ A OB) ASF(r) = x D [r]O(Prog(¢) A OB),

vl‘j]

where Prog(9) = 3P.[(¢ A @) A AVEy. f(D) =y = y,/5).

The intuition behind Prog(¢) is as follows. Observe that ¢ determines the initial values of fluents and the
successor state axioms decide what these values look like after actions. Therefore, to obtain the progression
of a given basic action theory wrt » we need to consider the union of the initial theory and the instantiations
of the successor state axioms wrt » but while taking care to eliminate the initial values of fluent atoms that
have changed on doing r. To accomplish this, the trick is to use second-order variables to represent the initial
values of fluents which are then to be eliminated.

The above theorem essentially says that if all that is known initially is a basic action theory, then after
doing an action r the agent knows another basic action theory but with the initial theory ¢ replaced by
the progressed one Prog(¢). Given that the agent knows another basic action theory after an action, the

progression procedure can iterate. The proof of this theorem relies on two intermediate lemmas.

Lemma 5.1.5. [Lakemeyer and Levesque, 2009]
Suppose w' |= ¢ AOB and w' ~, w. Then w!. |= Prog(¢) A\ OB.

Lemma 5.1.6. [Lakemeyer and Levesque, 2009]

Suppose w' |= Prog(¢) A OB. Then there exists a world "' such that w/! = w', w' ~, wand w" |= ¢ A OB.

The idea behind these lemmas is to show that worlds satisfy ¢ A OB iff their progressed versions satisfy
Prog(¢) A OB, provided that they are compatible with the real world. In later sections, when we turn to cases
where progression is first-order definable, an important step will be to adapt these lemmas in the sense of
proving that Prog(¢) is equivalent to a first-order formula.

Theorem 5.1.4 is very close to Lin and Reiter’s concept in the sense that what is only known after an
action is nothing but what Lin and Reiter define as the progression of an initial theory, with the exception
of two differences. In Lin and Reiter’s definition, the new theory is additionally conjoined with the unique
name axioms for actions. We do not need that, mainly because, as we have remarked earlier, the unique name
assumption is built into the logic. Secondly, their definition does not consider sensing, essentially, because
they do not consider knowledge. On the other hand, with the above theorem, the basic action theory can

include non-trivial sensing results which become part of the progressed theory after actions.

Example 5.1.7. Let us illustrate how the result captures our desiderata regarding progression. Consider

Example 4.1.3 yet again. We now have
E 7 AO(p AOB) D [forward|O(Prog(¢) A OB)
where Prog(¢) = Prog(distance = 4 V distance = 5) =
JP.[(P =4V P =5) Ndistance =y =

forward = forwmard Ny = P — 1V
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forward # forward Ny = P].

Using the fact that two primitive terms are equal only when they are identical, it is easy to see that Prog(¢) =

[distance = 3 V distance = 4]. By means of similar steps, after sensing it is not too hard to show

=7 A OQ) D [forward][sonar]O(distance = 3 A OB). 1

We had remarked earlier that the progression of a basic action theory wrt a ground action, say r, and the
original theory are equivalent in how they describe the future of r. This view is formally justified in £S, as
follows:

Theorem 5.1.8. [Lakemeyer and Levesque, 2009]
= O(¢ AOB) ASF(r) = x D [r]1K e iff = O(Prog(¢) AOB) D Ka.

That is, it follows from the agent’s initial knowledge base that a is known after executing the action r iff
knowing « follows from the progressed knowledge base. In this way, progression addresses projection.

5.2 First-Order Definability of Progression

In this section, we examine two cases where progression is first-order definable. We extend previous results
by Liu and Lakemeyer [2009], where first-order progression was proved for theories not mentioning function
symbols. The results make use of the concept of forgetting, which we address first and review a few simple

results.

5.2.1 Forgetting

In order to prepare for our results regarding first-order definable progression, we first consider forgetting.
Lin and Reiter [1994] defined a notion of forgetting a ground atom or a predicate from a logical theory. The
idea is to remove all the information that is no longer true. For example, if John is a student of physics
and he is removed from the university, then a database maintaining the information needs to forget that fact
about John. Now, if the university is not offering physics anymore, then the database may need to forget the
relation denoting students of physics. Intuitively, after forgetting, the resultant theory should be weaker than
the original, but nevertheless entail all the sentences as the original which are “irrelevant” to the atom or the
predicate that is forgotten.

Lin and Reiter show that while forgetting a ground atom is first-order definable, forgetting a predicate
requires second-order logic. We adapt their ideas below for a language with functions. Note that while their
definitions are given for standard FOL, we consider analogous notions for our semantical framework.

We begin with a few preliminaries. In what follows, abusing notation somewhat, we write w' ~; w to
mean that w' and w agree on everything, except maybe the value to the primitive term d initially. Going
further, we write w' ~ w to mean that w’ and w agree on everything, except maybe on all the primitive terms

which are instances of f initially. Formally:

e We write w ~; w to mean that:
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— for all primitive terms d’ except d, w'[d’, (}] = w[d', {)1;

— for all primitive terms d’, w'[d’, z] = w[d',z] forallz € Z — {()}.
o We write w' ~ r w to mean that:

— for all primitive terms d’ which are not instances of f, w'[d’, ()] = wld’, {)1;

— for all primitive terms d’, w'[d’, z] = w[d',z] forallz € Z — {()}.
We now define the notion of forgetting.

Definition 5.2.1. (Forgetting.) Let 6 denote either a primitive term, or a function symbol. Given a fluent
formula ¢, we say any fluent formula ¢’ is the result of forgetting & from ¢, denoted forget(¢, 6), if for any
world w, w |= ¢’ iff there is a world w' such that w' |= ¢ and w ~s w'.

Inductively define forget(¢, {51, ...,k }), i.e. the forgetting of 61, ..., & from ¢, as

forget(forget(¢, 61),...,0,). 1

We proceed to show that forgetting a primitive term d is first-order definable. It then follows that forgetting a
finite set of primitive terms is also first-order definable. We will assume henceforth that every fluent formula
is in FnF, as formulated in Definition 4.1.4, where functions appear only in the form f(f) = ' where ; and ¢’

are either variables of names.

Definition 5.2.2. Let ¢ be a fluent sentence, f(#2) a primitive term, and x a variable not appearing in ¢. We

write ¢[ f(71) = x] to denote the result of replacing every occurrence of f(7) = ¢’ in ¢ with

F=mAl =x)VE+mAfO=1). 1
Proposition 5.2.3. Let ¢ be a fluent formula, x a variable not appearing in ¢ and d a primitive term. Suppose
wlEd=nandw ~gw.Thenw |= ¢ iff w' |= (¢[d = x])2.

Proof: Let d denote f(711). By induction on ¢. We only show the base case since the case of logical connectives

is straightforward.

e Suppose ¢ is d = n. Then ¢[d = x]is (=M A x = n) V (7 # i A f(7i) = n). Therefore, ¢[d = x]} is
equivalent to TrRUE.* Since w |= d = n, it follows that w |= ¢. Thus w |= ¢ iff W’ |= ¢[d = x]2.

e The argument is similar if ¢ is d # n’ where n is distinct from n’. Here too ¢[d = x]} is equivalent to

TRUE, and since w |= d = n, it follows that w |= ¢. Thus w |= ¢ iff w |= ¢[d = x].
e Suppose ¢ is d = n’ or d # n, where ' is distinct from z. In both cases, #[d = x]} is equivalent to

FaLse. Moreover, since w |=d = n, w [# d = n’ and w [£ d # n. Therefore, w |= ¢ iff ' |= ¢[d = x]3. |

Theorem 5.2.4. Let ¢ be a fluent sentence, x a variable that is not mentioned in ¢ and d a primitive term.
Then |= forget(¢,d) = Ixp[d = x].

“4Recall that FALsE is equivalent to any sentence 4 that is always-false, i.e. 8 does not hold at any world, such as —V(x = x) or n = n’
where n and n’ are distinct names. TRUE is the negation of that sentence.
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Proof: Let w be a world and let us denote ¢[d = x] with ¢’. We need to show that w |= Ix¢’ iff there is a
world w/,w' |= ¢ and w' ~; w.

Suppose the latter. Suppose also that w' |= d = n. By Proposition 5.2.3, w |= ¢/¥, or w |= Jx¢/'.

Now, suppose w |= Jx¢’, say w |= ¢*. Pick any world w' ~; w such that w' |= d = n. By Proposition
523w E 6.1

Example 5.2.5. We illustrate forgetting of primitive terms with a few examples:

e Let D be a block,” and let ¢; = [at(D) = roomC V at(D) = roomD]. Suppose d = {at(D)}. Then
¢1ld = x] is

(D =DAx=roomC)V (D # D A at(D) = roomC) V
(D =DAx=roomD)V (D # D A at(D) = roomD).

Then, 3x¢,[d = x] is equivalent to
dx((D = D A x = roomC) V (D = D A x = roomD))

i.e. Ix(x = roomC V x = roomD), which is equivalent to TRUE. Therefore forgetting d from ¢; is

equivalent to TRUE.
e Let C and D be blocks, and let d = {a#(D)} and ¢, be the following theory.
{¥y.y = roomC D at(D) # y, Jy. in(y) # roomA, at(C) = roomD D at(D) + roomD}.
Then ¢,[d = x] simplifies to
{Vy.y = roomC D x #y, Jy. in(y) # roomA, at(C) = roomD D x # roomD}.
Then forget(¢,, d) simplifies to {3y. in(y) # roomA}.
e Let ¢3 be Vxf(x) = 1 and let d denote f(1). Then, ¢3[d = y] simplifies to
Vx((x=1Ay=1DVx+1A f(x)=1)).
Then Jy¢s[d = y] is equivalent to
IVx(x=1Ay=1DVx#1Af(x)=1))

which is equivalent to
Vix(x=1V(x#1A f(x)=1)).

Therefore forget(¢s, d) is equivalent to Vx(x # 1 D f(x) = 1).11

We remark that forgetting can always be expressed using second-order logic.

Theorem 5.2.6. |= forget(¢, f) = 3P4,

SRecall the convention we have of treating proper names as object standard names.
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Proof: We are asked to show that forgetting f from ¢ is equivalent to 3P¢JIZ. That is, we have to prove that
for any world w that satisfies EIP¢{,, there is a world w' such that w' ~ w such that w’ |= ¢.

Suppose the latter. Let w” be a world w” ~p w’ such that w”[P(i), ()] = w/[f(1), ()]. Tt is easy to show
(by induction) that w" |= qﬁ{,. Therefore, w' |= 3P¢£. Since w' ~rw, w = 3P¢‘;.

Suppose w = IP¢., or w |= ¢)J1§. Construct a world w' ~; w such that w'[ (i), ()] = w[P(@m), ()]. It is
easy to show (by induction) that w’ |= ¢. 1

Example 5.2.7. Consider ¢; from Example 5.2.5. Forgetting at from ¢, is, by Theorem 5.2.6, 3P. P(D) =
roomC \ P(D) = roomD and this is equivalent to TrRut. Il

Lin and Reiter [1994] show that forgetting a function (or a relation) is not first-order definable in general.
However, forgetting a function f from a fluent sentence ¢ is first-order definable in the following special
case.

Suppose ¢ entails that the values of two functions f and g of the same arity differ only at a finite number
of known instances, then forgetting f from ¢ can be obtained by forgetting those instances where the two
functions differ and replacing f everywhere in the resultant by g.

Let Q = {my,..., M} denote a finite set of name vectors, of the same arity as f and g. Now, define

A={f(m) | me Q}, and let f ~q g denote the sentence VX.X ¢ Q O f(¥) = g(¥). Then

Proposition 5.2.8. Ler ¢, Q and A be as above. Suppose w |= f =~q g. Then w |= forget(¢,A) iff w |=
forget(o, A)£ .

Proof: For ease of exposition, let A be a singleton, say {f(77)}, which means that Q = {#}. If A is not a
singleton, say A = {f(@#,),..., f(i#)}, then the argument is the same as the one given below except that
instead of forget(¢, f(ni)) we do forget(p, { (1), ..., f(I)}).

The proof is by induction on ¢. We only consider the base case since other cases are straightforward.

Suppose ¢ is f(77i) o n, where o € {=,#}. It is easy to see, then, that Ix¢[d = x] is equivalent to TRUE.
Therefore w |= forget(¢, d) iff w |= forget(, d)g .

Suppose ¢ is f(i')on where i’ # 1. Then ¢[d = x] simplifies to [(7' = mAx = n)V(R = mAf(i') = n)]
ifois=,orto =[(M =mAx=n)V @ #mA f(i') = n)] otherwise. Basically, Ixp[d = x] simplifies
to f(i') o n. Since w[f(i'), ()] = wlg(@’), ()1, we have that w |= g(@’) o n iff w |= f(') o n. Therefore,
w |= forget(¢p, d) iff w |= forget(, d)g N |

Theorem 5.2.9. Let ¢, Q and A be as above. Then |= forget(¢p N f =q g, f) = forget(, A)'};.

Proof: For ease of exposition, let A be a singleton, say {f(7%)}, denoted d, which means that Q = {m}. If A
is not a singleton, say A = {f(7;),. .., f(7)}, then the argument is the same as the one given below except
that instead of forget(¢, f (1)) we do forget(p, { f(i1), ..., f(F) ).

From Theorem 5.2.4, we know that forget(¢, d) is equivalent to Ix¢[d = x]. We show that w |= Ixg[d =
x]g iff there exist a world w' such that w' |= ¢ A f ~q g and w' ~ w.

OThis is inspired by an analogous result on forgetting predicates for a special case from [Liu and Lakemeyer, 2009].
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Suppose the latter. Suppose w’' |= d = n. Since w' |= ¢ from Proposition 5.2.3, it follows that w' |=
dld = xI%, i.e. w |5 Axpld = x], i.e. W |5 forget(¢,d). Since w' | f mq g, from Proposition 5.2.8,
w = fOrget(qﬁ,d)g. Since w' ~; w, w |= forget(¢, d)g.

For the other direction, suppose w |= (Ix¢[d = x])f ,say w |= (¢ld = x]j)g . Since that formula does not
mention f, let w’ be a world that agrees with w on everything except f, i.e. w' ~ ¢ w, such that for every vector
of names /i’ # m, let w'[ f(ii), ()] = wlg(it’), ()], and let w/[f(111), ()] = n. Since w' ~y w,w' |= (¢[d = x]jl‘)'g.
Now since w' |= f ~q g, by means of Proposition 5.2.8, w' |= (¢[d = x]}). Finally since w = d = n, by

Proposition 5.2.3 we have that w’ |= ¢. I

5.2.2 Progression for Local-Effect Actions

In many domains, actions have a locality property in the sense that they only affect those objects that are
explicitly mentioned as arguments of the action. For example, moving an object to some location, say the
object C to the location roomC by means of the primitive action move(C, roomC) clearly mentions the object
itself. This class of action theories are, for that reason, called local-effect and were first introduced in [Liu
and Levesque, 2005a]. In general, if a local-effect action A(J) affects a fluent term f(72), then 7 is contained
in . This contrasts with actions such as an exploding bomb, say by means of the primitive action explode,
that results in the destruction of all other objects in the vicinity of the bomb, none of which are mentioned in

the action.

Definition 5.2.10. (Local-effect action theories.) Let the successor state axiom for the fluent f be of the
form:

avlf(®) =y = yp(&y,v) V f(X) = y A ~3hyp(X, h,v).

The successor state axiom is local-effect if y (X, y,v) is a disjunction of formulas of the form:

Jillv = AD) A ud)]

where 7 contains variables from ¥ and y, i corresponds to the remaining variables in Z, and u(?) is called
the context formula. A basic action theory is local-effect iff each of the successor state axioms in 2, is
local-effect. il

In their paper, Lin and Reiter [1997] identified a class of action theories they call strictly context-free where
progression is first-order definable. Essentially, however, strictly context-free theories are a subset of local-
effect action theories where the context formula is simply TrRue. Thus, local-effect action theories are a proper
generalization of strictly context-free action theories.

An illustration of a local-effect action theory follows.

Example 5.2.11. (The office robot domain.) For illustration, we consider the simple example of a robot
moving blocks in an office environment. In particular, assume the delivery of blocks from roomA to other
locations, and let the action move(x, y) capture the moving of x from roomA to y. The basic action theory is
presented in Figure 5.2, where a#(x) gives the current location of x. For simplicity, we assume throughout

that actions are always executable and that they return trivial sensing results.
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2p={Vx.x=CV x=D D at(x) = roomA}.
Zpost = {OlV]ar(x) =y =

v = move(x,y) A\ at(x) = roomA V

at(x) = y A —=3h. (v = move(x, h) A at(x) = roomA)}.
Zypre = {0OPoss(v) = 1 = TRUE};

Zsense = {DSF(V) =1= TRUE}.

Figure 5.2: The office robot domain.

Observe that the successor state axiom is local-effect according to Definition 5.2.10, and therefore, the

basic action theory of the office robot domain is local-effect. ll

The instantiation of a local-effect successor state axiom on a primitive action can be significantly simplified,

as the following proposition shows:

Proposition 5.2.12. Let A(3) be any primitive action. Suppose that the successor state axiom for fluent f is
local-effect. Then there exists a formula 6(%,y) of the form:

X=mAy=m A V.. V=i ANy =n A

where m and n are name vectors contained in ¢ and y; do not contain free variables such that the following
holds:

E VX, y. vi(X y,A0) = 6(X,y).

Proof: Since the successor state axiom for f is local-effect, yf()?, v, v) is a disjunction of formulas of a certain
form (Definition 5.2.10). Then, for any world w, w |= y¢(¥, y, A(®)) iff w |= Til. [A() = A(2) A u(2)] for some
disjunction iff (by uniqueness of actions) w |= Jii. [0 = ZA u@)] iff w |= ¥ = Ay = n A u(0), where ¥ and y

are contained in 7 and corresponds to 77 and n in &. il

Example 5.2.13. Let y,(x,y,v) be v = move(x,y) A at(x) = roomA. Then the instantiation of y, wrt
move(C, roomC) simplifies to x = C Ay = roomC A at(C) = roomA. 1

Without loss of generality, we assume henceforth that after performing an action, every successor state axiom
is simplified to a form as indicated by Proposition 5.2.12. Of course, the simplified formula may look different
for every primitive action. The motivation behind this simplification is that it now becomes possible to
identify a finite number of fluent terms that are affected after a primitive action is performed. Following

[Vassos et al., 2008; Liu and Lakemeyer, 2009], we make this precise:



110 ProJECTION BY PROGRESSION

Definition 5.2.14. Let 2 be a basic action theory, defined over the set of fluents F, that is local-effect and
suppose that A(J) is a primitive action. Without loss of generality, let the instantiation of the successor state
axioms for each f € F, viz. y(X, y, A(0)), be simplified as indicated by Proposition 5.2.12, i.e. to the formula
0(%,y). Now, define the argument set of f wrt A(0) as the following set Q of name vectors:

Qp = {m | X = m appears in 6(¥,y)}.
Then, define the characteristic set of A(3) as the following set of primitive fluent terms:

A = {f(m) | m € Q for fluent f € F}. I

It is worth noting that since F is finite, both Q; and A are also finite.

Example 5.2.15. Consider the basic action theory of the office robot domain from Example 5.2.11, and
suppose move(C, roomC) has occurred. Then, by way of Example 5.2.13, we have Q, = {C}. Therefore the

characteristic set of move(C, roomC) is {ar(C)}.1

The argument set Q essentially identifies all primitive terms from f(¥) which are affected after the action.
Equivalently, for every vector of names i not in Q, it follows that the value of f(77) remains the same after

the action. The following proposition proves this property:

Proposition 5.2.16. Let X be a basic action theory that is local-effect, let r denote the primitive action A(3),
and let Q; be the argument set of a fluent f € F wrt r. Then

Z‘po.vr |: V. )_C)i Qf > [l’]f()?) =y= f()?) =y.

Proof: Consider any 77 ¢ Q. Now, without loss of generality, assume that y (¥, y, r) is simplified to obtain
disjunctions of the form ¥ = m Ay = n A u. It then follows that 2., = ([r1f(#') = y) = (f(') =
y A =3hy (', h,r)) for i’ ¢ Q. By Proposition 5.2.12, y (i, h, r) is logically equivalent to disjunctions of
formulas of the form ¥ = 7 A h = n A u. This implies that there is no world such that w |= —3h.y (¥, h, r).
Therefore 2, [= Vy[([r1f (A1) = y) = f(i) = y]. K

Example 5.2.17. Continuing the office robot domain from Example 5.2.11, let r denote move(C, roomC).
We identified in Example 5.2.15 that the argument set of az wrt r is the singleton {C}. So, now, consider the

fluent term a#(D), where of course {D} ¢ Q. Then, as Proposition 5.2.16 indicates, it is easy to verify
Zost = Vx[at(D) = x = [rlat(D) = x].
That is, the location of D does not change after C is delivered. il
We now proceed to show that progression of a local-effect basic action theory wrt a primitive action essentially

corresponds to forgetting all fluent terms in the characteristic set. By formulating this property in terms of

Theorem 5.2.9, progression becomes first-order definable.
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Theorem 5.2.18. Let X be local-effect, and r any primitive action. Let Pbea fresh set of functions. Then
= O(¢ A OB) A SF(r) = x D [r]O(Prog(¢) A OB)
where
Prog(¢) = forget((¢ A <px)§ A Qy, A[’;j)?, and
Qy = {f0i) =y =y, y, 1) | 11 € Qg for fluent f € F}.

Intuitively, the set of sentences (), denotes the instantiations of the successor state axioms wrt the character-

istic set. The proof is as follows. We first note the following property regarding progressed worlds.

Proposition 5.2.19. [Lakemeyer and Levesque, 2009]
If ¢ is a fluent sentence then w,z -7’ |= ¢ iff w,, 7' |= ¢.

We now prove that if a world satisfies a basic action theory then its progressed counterpart satisfies the pro-
gression of the basic action theory, which is first-order definable for local-effects. This result is an extension
of Lemma 5.1.5, which formulates the general (second-order) definition of the progressed theory.

Let us use ¢ to denote the sentence (¢ A (pﬁ)g A Q.

Lemma 5.2.20. Suppose w' |= ¢ A OB and w' ~, w. Then w'. |= forget(y, Ag)‘; A OB.

Proof: Let us start by noting that if w' |= OB then w' |= [r]OB, i.e. w,r | OB. By Proposition 5.2.19,
wl = OB.

Next consider that w' |= [r]f(X) = y = y¢(X,y,r) V f(X) = y A ~3hy (%, h,r) for every f € F because
w' |= OB. Observe that for 7t € Qy, it is easy to see that w' |= [r] (7)) =y = y;(i, y, r). In contrast, by means
of Proposition 5.2.16, we have that w’ |= VX.X ¢ Qf D ([r]f(X) = y) = f(X) = y. Thus we obtain

w E VX € Qp D (F1f(D) = y) = v (Ey, NI A VEX ¢ Q7 D ([11f(X) = y) = () = y].

Now construct a world w” ~ 3 w' such that w”[P;(111)] = w'[f;(i11), ()]. It is easy to show (by induction) that
w'rE VXX € Qp D (f(D) =y =y, (Xy, V);:)] ANIVEREQp D (f(X) =y = P(X) =y,

for every f € F. Equivalently:

W QA A\IVEZ ¢ Q) O (@) = y) = Pi(D) = ).

That is, w”,r = Q4 A A, fi =a Pi.

In an analogous manner, since w' |= ¢ A ¢ by assumption (recall that w' ~, w), w”’,r = (¢ A (,05)1’;
Putting this together, w’ |= [rl(y A A; fi =q P)). Since w’ ~p W', w' |5 Elﬁ[r](z,b AN fi o P)), or
w,r|= 3Py A A, f; ~q Pi]. By Proposition 5.2.19, /. |= 3P[y A A, f; ~q P;.

Given that we have w'. |= forget(y A \; f; ~a Pi, P), we simply apply Theorem 5.2.9 to obtain w’. |=
Sforget(y, A?)’;. |

We now consider the reverse direction:
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Lemma 5.2.21. Suppose w' |= forget(y, A;)?/\ OB. Then there exists a world w" such that w! = w', w' ~, w
and w" |= ¢ A OB.

Proof: From Theorem 5.2.9, we infer that w' |= forger(y A \ f ~q P, ﬁ) A OB. That is,
W'l PG A DS N QA N\ f ma PLL
Expanding our abbreviations, we have
W= PG A DA N £l = y =y, 00y, NEA [\ VEZ ¢ Qp D (F(D =y = PE) = y)].
Equivalently,

w' = 3P[($ A 90‘;)113, A /\V)E’,y. J®=y= w,’il-

That is, w’ |= Prog(¢) A OB. It is now not hard to see by way of Lemma 5.1.6 that there is indeed a world w"’
such that w”/ = w/, w” ~, wand w"” | ¢ A OB. 11

The proof for Theorem 5.2.18 makes use of the above lemmas and goes as follows:

Proof: Suppose e,w |= O(¢p A OB) A SF(r) = n. We will need to show that for all w', w' € €V iff w' =

Prog(¢) A OB.
For the if direction, suppose w’ |= Prog(¢) AOB. By Lemma 5.2.21, there is a world w"’ such that w// = w/,
/! |:

w” ~, wand w” = ¢ A OB. By assumption, "’ € e and therefore w// € €”, orw’ € €.

w /

Conversely, suppose w' € e?. That is, by construction of €Y, there is a world w' € e such that w// = w

and w” ~, w. By assumption, w” |= ¢ A OB and therefore, by Lemma 5.2.20, w’ |= Prog(¢) A OB. 11

Example 5.2.22. We will pursue the progression of the basic action theory from Example 5.2.11 wrt the
action move(C, roomC). From Theorem 5.2.18, we first identify the components of the progressed theory,
which is obtained by forgetting A? from (¢ A (,D‘r))g A Qq, and replacing P with F in the end. Let us use Q as

a second-order function variable for at.
o The initial KB, the sensing results and the instantiated successor state axioms:
1. ¢§ =[Vx.x=CVx=D>D Q) = roomAl.
2. goﬁ? = {Trug}.

3. Recall from Example 5.2.15 that the characteristic set A is {a#(C)}. Therefore, the instantiated
successor state axioms wrt A is equivalent to a#(C) = roomC = Q(C) = roomA.

e The atom to be forgotten is A’; ={0(O)}.

Pursue forgetting { Q(C)} from {(1), (2), (3)}. This can be shown to be equivalent to { Q(D) = roomA, at(C) =
roomC}. Finally, replace Q with at to obtain the new knowledge base:

at(C) = roomC A at(D) = roomA.

In short, the location of C changes to roomC. 1
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5.2.3 Progression for Normal Actions

The locality assumption made in the previous section covers a broad range of applications, but it is still
quite limited. To that end, Liu and Lakemeyer [2009] first observed that in many cases, non-local actions
seldom depend on the fluents on which they have non-local effects. Put differently, the actions generally
have local-effects on the fluents appearing in the rhs of successor state axioms. For example, in the delivery
domain, moving a container of objects not only changes the location of the container but also the location
of the objects in the container. This observation led them to introduce the notion of normal actions that
captures such examples. In this section, as an extension of their work to functional fluents, we show that
if the initial theory is in a so-called semi-Horn form (see below), then progression wrt normal actions is
first-order definable and computable. It is based on an early quantifier elimination technique by Ackermann
[1935].

Quantifier elimination is an active area of research where one of the main objectives is to reduce higher-
order logic formulas to equivalent first-order or propositional ones [Nonnengart et al., 1999]. This work
is generally motivated by the fact that automated reasoning in higher-order logic, such as second-order or
fixed-point logic, is much more difficult than reasoning in predicate or propositional logic. Of course, such
reductions are not always possible. Gabbay and Ohlbach [1992] consider techniques that guarantee correct-
ness whenever reductions from second-order logic formulas to predicate logic ones exist. In the sequel, we
are concerned with one particular result where a first-order equivalent formula always exists.

We say a formula ¢ is positive wrt a predicate P if =P does not occur in the negation normal form of ¢.

The idea behind Ackermann’s quantifier elimination result is that if one can bring a sentence to the form:
IP. VX (=P(X) V ¢(X)) A A[P]

where ¢ is a first-order formula not mentioning the predicate P and A[P] is a first-order formula that is
positive wrt P, then the sentence is equivalent to A[¢] which denotes the result of replacing P(X) everywhere
in A with ¢(X). Note that by Theorem 5.2.6, this result is also applicable to forgetting predicates from a theory
satisfying the above form.

We now consider a simple case of this result for our logical framework. We first introduce the notion
of a semi-Horn formula, which intuitively means that the formula can be brought to the form required for
Ackermann’s result. Then we prove a theorem regarding the elimination of function symbols from semi-Horn

formulas.

Definition 5.2.23. (Semi-Horn, SNc and Wsc.) We say that a fluent sentence ¢ is semi-Horn wrt a function

f if the only appearance of f in ¢ is
(a) in the form f(¥) = y D N(X,y), where we call N a necessary condition of f;
(b) or, in the form S (¥,y) D f(X) = y, where we call S a sufficient condition of f.

We let Snc; denote the conjunction of all N(X, y) such that f D N is in ¢. We call Snc the strongest necessary
condition of f wrt ¢. We let Wsc, denote the disjunction of all S (¥,y) such that S O f is in ¢. We call Wsc;
the weakest sufficient condition of f wrt ¢. Il
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Theorem 5.2.24. Let ¢ be a sentence that is semi-Horn wrt the function f. Let ¢’ be the set of sentences in

¢ that contain no occurrences of f. Then

= forget(¢, f) = ¢’ AVRy. Wscs(Xy) D SNes(X, y).

Proof: Let us first note that ¢ is equivalent to

¢ A f(X) =y D SNCH(X,y) A Wscr(X,y) D f() =y

by assumption.

Suppose w is any world such that w |= forget(¢, f), that is, w |= IPVX, y.(¢' A P(X) =y D SNCs(X,y) A
Wscy(X,y) D P(X) = y). Let w' ~p wand then w' |= VX, y.(¢' A P(X) =y D SNcp(X,y) A Wscp(X,y) D
P(X) = y). Clearly then w' |= ¢/ A VX, y. Wscy(X,y) D Sncs(X,y) which does not mention P. Since w' ~p w,
w = ¢ AVX,y. Wscs(X,y) D SNcs(X,y). Therefore, forget(¢, f) = ¢’ AVX,y. Wscy(X,y) D SNcp(X, y).

Conversely, suppose w |= ¢’ A VX, y. Wscr(X,y) D Sncy(X,y). Let w' ~p w such that w'[P(m)] = n iff
w |= Wsc(@it, n). Then w' |= VX, y. Wscy(¥,y) = P(X) = y. Moreover, w' |= VX, y. P(X) =y D SNcy(¥,y) by
assumption. Since w' ~p w, w' |= ¢/. Then we have w |= IP(¢' A VX, y. Wscy(X,y) D P(X) =y AP(X) =y D
SNc(X,y)). In other words, we have w |= 3P¢{, which is essentially the forgetting of f from ¢ by Theorem
5.26.1

Example 5.2.25. Suppose f is a 1-ary function and let g, ¢ and g’ be 0-ary functions. Then,

o Letg) =Vx,y. (g=xD f() =y N f() =y Dg=y).
The sentence ¢, is semi-Horn wrt f. Here g = x is both a sufficient condition as well as the weakest
sufficient condition of f. Similarly, ¢ = y is both a necessary condition as well as the strongest
necessary condition of f. Now, by Theorem 5.2.24, forgetting f from ¢, is equivalent to Vx,y. g = x D
q=y.

o Letgrbe Vx,y. [(g=xD f() =) A(f)=yDg=nA(f(x)=yDg # 1l
The sentence ¢, is semi-Horn wrt f. The weakest sufficient condition is as above. However, both ¢ = y
and g’ # 1 are necessary conditions of f, and thus, the strongest necessary conditionis g = y A g’ # 1.
By Theorem 5.2.24 the forgetting of f from ¢, is Vx,y.g=xD(g=yA g # 1).

o Letgs =Vx,y. (f()=yV ) =1Vg=0)A(fM =1V ) #yVg=y).
Then ¢5 is not semi-Horn wrt f. Therefore, the forgetting technique from Theorem 5.2.24 is not

applicable. 1

The intuition behind normal actions is that if it has a non-local effect on a fluent f”, then all fluents appearing
in v, must be local-effect. To capture this property, we first adapt the notion of local-effects from Definition
5.2.10 and the simplification pursued in Proposition 5.2.12, in terms of primitive actions:

Definition 5.2.26. Let the successor state axiom for the fluent f € F be of the form:

avlf@ =y = yp(&y,v) V f(D = y A ~Fhy (b, v).
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2y ={in(C) = boxA,
in(D) # boxB V in(D) # boxC,
at(boxA) = roomA,
Vx,y. in(x) = boxA D at(x) = roomA}.
Zhost = {OV]at(x) =y =

3b. v = move(b,y) A\ (x = bV in(x) = b) V
at(x) = y A =3b, h. (v = move(b, h) A\ (x = bV in(x) = b)),

O[v]in(x) =y = in(x) = y A v # remove(x,y)}.

Figure 5.3: Delivering boxes.

We say that a primitive action A(J), denoted r, has local-effects on f if yf()?, y,7) is equivalent to a disjunction
of formulas of the form

X=mAy=nAu,

where 7 and n are vectors of names contained in &, and u does not contain free variables and is called the

context formula. We denote by LE(r) the set of all fluents on which r has local-effects. Il

Definition 5.2.27. (Normal action.) We say that a primitive action r is normal if for each fluent f, all fluents

appearing in y¢(¥, y,v) are in LE(r). I

In other words, normal actions always have local-effects on every fluent appearing in the rhs of successor

state axioms. We now illustrate normal actions by adapting a previous example:

Example 5.2.28. (The office robot domain with box delivery.) We reconsider the office robot domain from
Example 5.2.11, with two modifications. First, we assume that the blocks from before are found in one of
many boxes, labeled boxA, boxB . ..,boxK. Second, the robot may also deliver boxes to desired locations
instead of, say, individual blocks.

We formalize the domain in Figure 5.3. We suppose that initially, C is in the first box, and D is not in
the second box or not in the third one. The first box is located in roomA and so, by extension, every object
in the first box is also located in roomA. Moreover, if the box is relocated, then so are all the objects in it.
The location of an object is represented by the fluent az. An object may also be removed from a box. For
simplicity, (yet again) we assume that actions are always executable and that actions return trivial sensing
results.

To enable an illustration of normal actions, consider the primitive action move(boxA, roomC), which we

will denote by r. Clearly, r has local-effects on the fluent in. Thus, in € LE(r). Regarding the only other
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fluent ar observe that y,, mentions a single fluent in, on which r has local-effect, and thus, r is a normal action.
Observe also that y,, is not a local-effect successor state axiom since the variables of the action move(b, y)

do not include the free variable x appearing in the context formula of . I

The intuition behind the concept of a normal action is that we can lump fluents into two categories wrt a
primitive action r: fluents f € LE(r) and fluents f ¢ LE(r). Now, on executing the action r, forgetting
fluents from LE(r) is done by adopting the methodology of the previous section. That is, only a finite number
of fluent terms of each f € LE(r) are affected after r is executed and therefore forgetting these fluents is
first-order definable by an application of Theorem 5.2.9. For forgetting fluents not in LE(r), we make use of
Theorem 5.2.24. Therefore, for the latter set of fluents we insist that the initial theory is semi-Horn wrt all
J & LE().

Definition 5.2.29. We say that a fluent sentence ¢ is normal wrt a primitive normal action r if for each
f ¢ LE(r), ¢ is semi-Horn wrt f.

We reiterate that this constraint applies only to fluents not in LE(#). The fluents in LE(r) can appear in an

arbitrary way in the initial theory.

Theorem 5.2.30. Let 2 = ¢ A OB be a basic action theory. Let the initial theory ¢ and the sensing result
@) be normal wrt a primitive normal action r. Then the progression of X2 wrt r is first-order definable and

computable.

Proof: Let us recall from Theorem 5.1.4 that progression wrt a primitive action r is Prog(¢) together with
0B, where Prog(¢) is

3P. (¢ A goﬁ)g A /\Vf,y. f@=y=vs f

We now show that under the conditions of the theorem, Prog(¢) is a first-order sentence. The idea will be to
eliminate all the predicates from P based on whether the corresponding fluents are in LE(r).

Below, we write P € LE(r) to mean that the second-order variable P corresponds to a function f € LE(r).
We understand P ¢ LE(r) analogously.

case P ¢ LE(r):

First, by assumption, (¢ A go,v.)f; is semi-Horn wrt P. We now note that the instantiation of the successor
state axioms in Prog(¢):
VEY. f(E) =y = @y, )V @ =y A =3h yp (3 h ) (5.3)

is also semi-Horn wrt P. This can be seen as follows. Consider that (5.3) can be rewritten in a logically

equivalent form &, where £ is a conjunction of

L. VX y. f(X) =y A —yp(X,y, r)§ D P(X) =y,
2. P =y 2 3hy (X A5V F(3) =,

3. vy, r)§ D f(® =y,

4. —yp(Ry, r);j A 3h. y (%, h, r)f; D f(X) #y.
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(The rewriting is straightforward: we convert (5.3), which is of the form ¢ =g,to@ D BA S D @ and
then simplify the latter.) Given that all fluents appearing in yff; are also in LE(r) by definition, both

Yr(E,y, r)g and y¢(¥, h, r)g do not mention P. Then each of the items from 1 to 4 are clearly semi-Horn
wrt P. Thus, & is semi-Horn wrt P. Therefore eliminating the predicate P from & A (¢ A gof); is a
first-order sentence by Theorem 5.2.24.

case P € LE(r):

Since r has local-effect on P, we obtain the argument set and then apply Theorem 5.2.18 to eliminate
P.1

Corollary 5.2.31. Let 2 = ¢ A OB and r be as in Theorem 5.2.30. Then,
= O A OB) ASF(r) = x D [r]O(Prog(¢) A OB)
where Prog(¢) is first-order definable and computable.

Proof: The formal arguments follow the proof of Theorem 5.2.18 closely with a simple extra step needed to

forget all fluents not in LE(r), as pursued in Theorem 5.2.30. I

Example 5.2.32. We pursue the progression of the basic action theory of the box delivery domain, i.e. Exam-
ple 5.2.28, wrt move(boxA, roomC). From Theorem 5.2.30, we first identify the components of the progressed
theory, which is obtained by forgetting P from (2 gof); ANf@D)=y= yfﬁg. Let us use P as a second-order

function variable for the fluent in and Q as a variable for at.

o The initial KB, the sensing results and the instantiated successor state axioms:

1. Noting that ¢} is equivalent to TRUE, (¢ A gaﬁ)l‘j is a conjunction of
(a) P(C) = boxA N\ P(D) # boxB N P(D) # boxC,
(b) QboxA) = roomA ANVx. P(x) = boxA D Q(x) = roomA.
2. The successor state axioms are instantiated as
(@) at(x) =y =y =roomC A (x = boxA V P(x) = boxA).
(b) in(x) =y = P(x) =y.
e P and Q are to be forgotten from {(1), (2)}.

Begin by eliminating Q from {(1), (2)}. Mainly, observe that {(1a), (2a), (2b)} does not mention Q. Second,
by converting {(1)} to a semi-Horn form wrt Q, it is easy to see that forgetting Q from {(1), (2)} is simply
{(a), 2a), (2D)}.

Next, consider eliminating P from the resultant. Since in(x) = y = P(x) =y, the result can be shown to

be equivalent to
in(C) = boxA A (in(D) # boxB V in(D) # boxC) N\
at(x) =y =y = roomC A (x = boxA V (in(x) = boxA)),

which is the progression of the basic action theory wrt move(boxA, roomC). il
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5.3 Computability Results

Earlier, we proved that the progression of first-order sentences for local-effect is first-order definable. How-
ever, depending on the size of the characteristic set, it may lead to an exponential blow-up in the size of the
KB because of the number of new sentences added to the KB. Similarly, we proved that the progression of
finite first-order theories wrt normal actions is first-order definable, but this does not imply that it is efficiently
computable. In this section, we prove that the progression of certain kinds of first-order theories, which allow
us to capture disjunctive information, wrt local-effect and normal actions is not only first-order definable but
also efficient (throughout this thesis, by “efficient” we mean that progression is computable in linear time),
under reasonable assumptions.

Our result regarding efficient progression wrt local-effects generalizes a previous result by Liu and Lake-
meyer [2009] to a language with functions. Since the notion of forgetting a primitive term is quite different
from forgetting a primitive atom, there are considerable differences between the two methodologies. Our
result regarding efficient progression wrt normal actions also extends a previous result by Liu and Lakemeyer
[2009] to a language with functions, but here the methodologies are similar because forgetting a predicate or

a function from a semi-Horn theory works in the same fashion.

5.3.1 Proper* Knowledge Bases

In the sequel we consider progression wrt syntactically normalized first-order disjunctive information called
proper* knowledge bases. Proper” KBs were introduced in [Lakemeyer and Levesque, 2002], and in general,
they correspond to a (possibly) infinite set of function-free ground clauses. We now generalize the idea behind
proper® KBs to include function symbols.

Let & denote a ewff by which we mean Boolean combinations of formulas of the form r = ¢/, where ¢ and
t" are either variables or names. Let ¢ denote a clause by which we mean disjunctions of equalities of the
form f(#) o n, where f is any function, £ contains either variables or names, 7 is any name, and o € {=, #}.

Let Va denote the universal closure of . We refer to formulas of the form V(e D ¢) as V-clauses.
Definition 5.3.1. (Proper® KBs.) A proper™ KB is any finite and satisfiable set of V-clauses. Il
Example 5.3.2. To illustrate the expressiveness of propert KBs, we do some examples. Let us consider two

functions at and in, such that a#(x) gives the location of x and in(x) specifies the enclosing body for the object

x. Then the conjunction of the following sentences is a propert KB:
e in(D) # roomC
o at(C) = roomC V at(C) # roomD
e V(x=DAy=C D at(x) = roomDV at(y) # roomD)
e Y(x # D A at(x) = hallway O in(x) # boxE)

e V(x=boxD Ny +# z/\z=>boxB D at(x) # roomC V at(y) # hallway). i

Example 5.3.3. In contrast to the above example, the following sentences are not V-clauses.
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e Y(f(¥) =y D g(¥) = y) is not a V-clause because the clauses that appear in V-clause are of the form
f (#) o n, where £ may mention either variables or names, but the value of the function n has to be a

name. But in this example, the value of the two functions is the variable y.

o VXIy[f(y) =2 D g(¥) = 2] is not a V-clause because y is existentially quantified.

Our idea of a proper® KB can be contrasted to the original one in [Lakemeyer and Levesque, 2002], where a

proper* KB is a finite set of sentences of the form
¥(e D Pi(f) V...V Pu(ii).

where ¢ is a ewff, P; is a predicate and 7; is a vector containing either names or variables.” To disambiguate
our notion of proper* KBs from the one that appeared in [Lakemeyer and Levesque, 2002], we refer to the
latter as function-free proper* KBs.

Note that while our logical language does not include predicates, expressing predicates is straightforward,
as explained in Section 4.1. But on the other hand, it is not possible to express functions with function-free
propert KBs because it is not possible to express the existence of the value of a function. For instance,
suppose that we are capturing a k-ary function, say f, with a (k + 1)-ary predicate, say P. While it is possible
to express the possible values of f(¥) by means of say P(¥,n;) V ...V P(¥, n;), we cannot express that there
must be a value to f(X) as a V-clause, i.e. VX¥JyP(X,y), because here y is existentially quantified. Thus,
proper* KBs strictly generalize function-free proper* KBs.

Before moving on, let us reiterate that by allowing an infinite domain of discourse, a V-clause such as
{Vx. smallObject(x) = 1 D object(x) = 1}
is essentially equivalent to an infinite set of primitive clauses:
smallObject(n) = 1 D object(n;) = 1, smallObject(ny) = 1 D object(ny) = 1,...

So reasoning with proper* KBs is not trivial. In fact, deductive reasoning with function-free proper* KBs
is already undecidable [Lakemeyer and Levesque, 2002]. It is for this reason that we will also be proposing
a query evaluation mechanism for proper* KBs for a restricted class of queries. But for now, we consider

procedures for progressing propert KBs.

5.3.2 Efficient Progression for Local-Effect Actions

Before proposing a computability procedure for the progression of proper™ KBs, we cover a preliminary
result regarding the conditions under which we are entitled to inferring the validity of an existential from the
validity of a finite number of substitution instances. More precisely, we prove that if we are able to bring a
sentence, which is existentially quantified wrt a variable x, to what we call the definitional form wrt x then
the sentence is equivalent to another sentence without the quantifier.

7Strictly speaking, they do not consider standard names. Instead they consider an infinite set of distinct constants, where equality is
interpreted as identity and behaves as an equivalence relation for a substitution of arguments (see Section 3.1.1). These are essentially
what we mean by standard names [Levesque, 1998].
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Definition 5.3.4. (Definitional wrt x.) We say that a quantifier-free fluent formula ¢ is definitional wrt the
variable x if it is of the form (@ V x oy ny V...V x o ny), where o; € {=, #}, such that & does not mention x.
We say that a fluent formula ¢ is definitional wrt x if it of the form (¢ A ... A ¢;), where ¢; is a quantifier-

free formula that is definitional wrt x. il

Given a fluent formula ¢ that is definitional wrt x, let H,(¢) denote all the names such that x o n appears in ¢.

Let H}(¢) denote the union of the names in H,(¢) plus an arbitrary extra one.

Proposition 5.3.5. Let a denote the formula x oy ny V ...V x o ny. Let n* be any name apart from the ones

in{ni,...,ni}. Then either |= a. or = —a..

Proof: Proof by induction on a. The base case is a single literal of the form x o n. We consider only the base
case here, since it is straightforward to prove the result for a disjunction of literals using the base case.
Suppose x = n. Then, because n* and n are distinct we have w |= -, for any w. Now, suppose x # n.

Then w |= . for any w since n* and n are distinct and so n* # n is true at all worlds. il

Corollary 5.3.6. Suppose ¢ is the quantifier-free fluent formula (aV xo1ny V...V xony), whose free variables
are in ¥ and where a does not mention x. Suppose n* is any name apart from the ones in H.(¢). Then either

E VY@l or = Wlg. = al.

Proof: By Proposition 5.3.5, either |= (\/ x o; n))}. or = —~(\/ x o; n;)7... Clearly, if the former then |= V7.
and otherwise, V. is equivalent to Vya. il

Corollary 5.3.7. Suppose ¢ is a fluent formula that is definitional wrt x, and whose free variables are in ¥.

Then VY. ¢* is logically equivalent to VY. ¢, for every n,m ¢ H,(¢).

Proof: By Definition 5.3.4, suppose ¢ is of the form {¢, ..., ¢} where ¢; is @; V x 01 ny V...V x o ng. By
Corollary 5.3.6, V¥. 7. is either valid or equivalent to V¥. @ regardless of whether n* is n or m since they are
both not the names in H,(¢). Clearly, then, V¥. A(g)); is equivalent to Vy. A(g,)%,. 1

Theorem 5.3.8. Suppose ¢ is a fluent formula, whose free variables are in ¥, that is definitional wrt x. Then
JxVyg is logically equivalent 0 \/ ,c s g) VY-

Proof: By Corollary 5.3.7, V¢, is logically equivalent to V¢;, for every n,m ¢ H,(¢). In other words, if n* is

the name appearing in H;(¢) but not in H,(¢) then V¢, is logically equivalent to V¢, for every m ¢ H{(¢).
Suppose HI(¢) = {ni,...,n, n*}. Now, by definition w |= 3xVyp iff w |= V@7, for some name m iff (by

i OTW = Vg or...orw |= Ve orw |= V.. Thus, it follows that w |= IxV¢

the above argument) w |= V¢,

it w = Vaenrg) Y- 1

We are now ready to consider the progression of proper* KBs wrt local-effect theories. We first formalize a
property called irrelevance and discuss how this property can be readily identified in proper* KBs in a certain

normal form. Converting an arbitrary proper” KB to the normal form is also efficiently computable.
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Definition 5.3.9. (Irrelevance.) Let ¢ be a sentence and f(77) a primitive term. We say that f(7) is irrelevant

to ¢ if |= forget(¢, f()) = ¢. 1

Proposition 5.3.10. Let ¢ = V(e D c) be a V-clause and f(i}) a primitive term. Suppose that for any f(f)

appearing in ¢, ¥(e A t = i) is unsatisfiable. Then f(itl) is irrelevant to ¢.

Proof: For ease of exposition, let us suppose that there is only a single appearance of f in ¢. The argument if
there are k appearances of f in c is straightforward but tedious. So suppose f(f)on, where o € {=, #}, appears
in ¢ and & A 7' = 77 is unsatisfiable. Let the free variables in ¢ be in . So let us write ¢ = V(e D ¢’ V f(f) o n).
We show that forget(¢, f(ii)) is equivalent to ¢.

By Theorem 5.2.4, forget(¢, f(11)) is logically equivalent to Ix¢[f(771) = x] assuming that x is a fresh
variable not appearing in ¢. Now w |= Ix¢[ f (i) = x]

iff wEIWeDd ! V({E=mAn=x)V (%A f(@ on)] by Definition 5.2.2
iff wieIxWl-eV V({E=mAn=x)V {E#mA f(£)on)]

iff w = IVy-e V' V(£ # A f(#) on)] because & A 7 = 7 is unsatisfiable and this implies that

[-& V (=it A n = x)] is equivalent to —&

iff w = IxVy[—eV f(f)onVc'] because AL = it is unsatisfiable, and this implies that [—&V/ (£ # mA f(Hon)]
is equivalent to g \V f(H on

iff wi¢.

So for any world w, w |= ¢ iff w |= forget(¢, f(#)), which means that f(77) is irrelevant to ¢. il
Definition 5.3.11. (Normal form.) Let ¢ be a proper* KB and f(7) a primitive term. We say that ¢ is in
normal form wrt f(i71) if for any V(e D ¢) € ¢, and for any f(#) appearing in c, either 7is 77 or V(g A £ = i) is
unsatisfiable. il
Example 5.3.12. The following V-clauses are in normal form wrt in(C):

e V(x # roomC D in(C) # x) because for the appearance of in in the V-clause, its argument is indeed C;

e Y(x =roomC ANy # C D in(y) = x) because for the appearance of in in the V-clause, y = C is trivially
unsatisfiable with the ewff x = roomC A 'y # C at the head of the V-clause. il

Example 5.3.13. The V-clause V(in(x) = roomC) is not in normal form wrt in(C) because the head of the
V-clause is empty, i.e. is equivalent to TrRug, and V(x = C A TRUE) is not unsatisfiable.

Interestingly, we can equivalently write this V-clause as the conjunction of the following two V-clauses:
e in(C) = roomC,

o Y(x # C D in(C) = roomC).
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which, in fact, is easily seen to be in normal form wrt in(C). il

In Example 5.3.13, we were able to convert a V-clause to an equivalent form which was in normal form wrt
the considered primitive term. It turns out that every V-clause, and by extension every proper” KB, can be
converted into an equivalent one which is in normal form wrt a primitive term by means of this idea. We

prove this formally now.

Proposition 5.3.14. Let f(in) be a primitive term. Then every propert KB ¢ can be converted into an
equivalent one which is in normal form wrt f(it). This procedure has the time complexity O(n + 25m), where
n is the size of ¢, m is the size of the V-clauses in ¢ where f appears, and k is the maximum number of

appearances of f in a V-clause in ¢.

Proof: Let ¢ = V(e D ¢) be a V-clause. Let f(f;) = ny,..., f(f) = n; be all the occurrences of f in ¢. Now,
define © = {A\X, 1] o; 71t | o; € {=,#}}. Let & € @. We let c[6] denote ¢ with each f(7}) = n;, 1 < i < k,
replaced by f(7) = n; if 6 contains 7, = . We use ¢[6] to denote V(e A 6 D c[f]). It is easy to verify that
¢ is logically equivalent to the theory {¢[d] | 8 € ®}. We denote the latter theory as NF(¢p, f(77)). Clearly,
¢ is in normal form wrt f(i7) because for every appearance of f(#;) in c either #; = 7 (which denotes the
step involving a replacement) or § denotes #; # 77 which means that & A § A ; = 7 is unsatisfiable. Given a
proper* KB ¢, convert it to the union of NF(p, f(i)), where ¢ € ¢ is a V-clause.

The time of the procedure is calculated as follows. For each V-clause ¢ where f appears, and for each
f() = n appearing in ¢, the size of the theory {¢[6] | § € {f'= i, 7 # i} } is twice that of the original. Since
there are m such V-clauses and k mentions of f in them, the size of the resulting generated theory is O(2m).

Proposition 5.3.15. Suppose ¢ is a proper* KB that is in normal form wrt f(iit). Suppose x is a variable not

mentioned in ¢. Let ¢’ denote the formula obtained by replacing every occurrence of f(iit) in ¢ with x. Then

[= forger(¢, f(n)) = Tx¢’.

Proof: For the sake of exposition, suppose that ¢ is a single V-clause V(¢ D c¢) and f appears once in c.
The general case is tedious but otherwise holds without any changes. By Theorem 5.2.4, forget(¢, f (1)) is
equivalent to Ix¢[ f(772) = x]. Now, by assumption, ¢ is in normal form, which means that for every f(f) = n

appearing in c, either 7is /7 or & A f # i is unsatisfiable.

e Suppose 7is 7ii. Then @[ £(77i) = x] is formulated as V(e D ¢’ V (it = i A n = x) V (7l # m A f(i) = n))
which means Ix¢[f(7) = x] is equivalent to IxV(e D ¢’ V n = x). As stated in the proposition,

V(e D ¢’ V n = x) denotes the formula obtained by replacing f(172) in ¢ with x.

e Suppose 7 = 7 A € is unsatisfiable. Suppose the free variables of ¢ are in ¥. Then ¢[f(7) = x] is
formulated as V¥[e D ¢’ V (i = fAn = x) V (i # LA f() = n)]. Sow |= Ixg[f(7) = x]

iff w = 3xVi[-eV 'V (i £ A f(§) = n)] because & A £ = 7l is unsatisfiable and this implies that
[-eV (f= 1 A n = x)] is equivalent to =&

iff w = 3xVi[—e V ¢’ V f(#) = n] because & A £ = 7 is unsatisfiable and this implies that [-& \V (f #
i A f(f) = n)] is equivalent to —~g V f(1) = n
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iff w |= Jx¢. That s, as the proposition implies since f(77) does not appear in ¢, we leave it unaltered.

Corollary 5.3.16. Suppose ¢, f(i), x and ¢' are as above. Then |= forget(¢, f(i)) = \ e 4 ¢

Proof: By Proposition 5.3.15, forget(¢, f (7)) is equivalent to Jx¢’. In particular, note that after converting a
V-clause ¢ € ¢ to normal form wrt f(;71) and replacing the appearances of f(71) with x, it is now of the form
V(e D cVxopn V...V xo,n) where o; € {=,#}. Equivalently, we have V(a V \/ x o n) where « is a
the quantifier-free formula —& V c. In other words, ¢ is essentially a universally closed fluent formula that is

definitional wrt x, and thus, ¢ is also definitional wrt x. We can now apply Theorem 5.3.8. 11

Theorem 5.3.17. Let ¢, f(i), x and ¢’ be as above. Then the result of forgetting f (i) from ¢ is definable as
a proper™ KB. This can be done in O(I(n + 2¥m)) where n, k and m are as in Proposition 5.3.14, and l is the

number of elements in H:(¢).

Proof: Let ¢(3) = Vy[A;(e;i D ¢;)]. Now, first convert ¢(¥) to normal form wrt f(;72) and this results in a
theory of the size O(n + 2¥m) by Proposition 5.3.14. Then convert it to ¢’ (¥, x), where ¢’ (¥, x) has x as the
free variable. By Theorem 5.3.8, forgetting f(71) from ¢(¥) is equivalent to /¢y, V¥.0(3). Itis easy to see
that Ve g+ 41y Vy.¢(3) is equivalent to

Vs W GO, VLV G ]

where H{(¢') = {ny,...,n;} and ¥; does not share variables with ¥, for j # i. The size of this theory is / times

the size of ¢ in normal form. i

In the above theorem it is reasonable to assume that /,m and k are in O(1) and thus, forgetting a finite
number of atoms can be done in O(n) time.

In order to present a result about efficient progression, we need to clarify one last step. Recall from
Theorem 5.2.18 that the progressed theory also includes as a conjunct the instantiation of the successor state
axioms wrt the characteristic set, which we denoted by Q. Now, for Q, to be definable as a set of V-clauses,

we will only need the following assumption.

Definition 5.3.18. A basic action theory is said to essentially quantifier-free if for each primitive action r and

fluent f, y (X, y, r), 3hys(X, h,r) and ¢ can be simplified to quantifier-free formulas. il

Example 5.3.19. The office robot basic action theory from Example 5.2.11 is essentially quantifier-free. For
instance, looking at Example 5.2.22, we observe that the instantiation of the successor state axioms wrt the

action move(C, roomC) is equivalent to {[move(C, roomC)]at(C) = roomC = at(C) = roomA}. 1
In general, if y +(¥,y, v) is a disjunction of formulas of the form 3iZ.[v = A(Z) A u(¥, #)] where Z contains if and
the context formula u is quantifier-free, then the successor state axiom is essentially quantifier free.

Proposition 5.3.20. Suppose a basic action theory is essentially quantifier-free. Then the instantiation of the

successor state axioms wrt a primitive action is definable as a set of V-clauses.
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Proof: Recall the general syntactic form of a successor state axiom:

avlf(X) =y =y,Xy.,v) V f(X) =y A ~3hyp(X, h,v)

Given a primitive action r, by assumption y¢(¥,y, r) and 3y (X, h, r) simplify to quantifier-free formulas. In

other words, the progressed theory includes one of the following sentences:
L Y(f(®) =y =yp&y, r)g), where y((X,y, r) is quantifier-free; or
2. Y(f(®) =y =PQX) =y AN —=Ghyq(Z,h, r)g)), where Jhy (X, h, r) is quantifier-free;

which are both definable as a set of V-clauses. i

We now state the main result regarding efficient progression.

Theorem 5.3.21. Suppose a basic action theory X' is local-effect and essentially quantifier-free, and %y is a
proper™ KB. Then the progression of X wrt any primitive action is definable as a proper* KB and can be

efficiently computed.

Proof: By assumption, the initial theory, the sensing results and the instantiated successor state axioms are
a set of V-clauses. Now, one needs to only forget the finite number of primitive terms in the characteristic
set from the above set of V-clauses, which we argued in Theorem 5.3.17 to be efficient and definable as a

proper™ KB. Therefore, we are done. il

Recall our discussion earlier that under reasonable assumptions, forgetting a finite set of primitive terms from

a proper* KB can be done in O(n) time. Progression can now iterate.

Example 5.3.22. We investigated the progression of the basic action theory of the office domain robot,
i.e. Example 5.2.11, wrt move(C, roomC) in Example 5.2.22. To demonstrate the methodologies from this
section, we reconsider that problem here. Foremost, observe that, as required, the initial KB of the basic
action theory is definable as a proper” KB.

From Theorem 5.2.18, we first identify the components of the progressed theory, which is obtained by
forgetting A; from (¢ A ‘p}’)g A Qg and replacing P with F in the resultant. Let us use Q as a second-order

variable for at.

o The initial KB, the sensing results and the instantiated successor state axioms:
1. ¢§ =V[x=CVx=D D> Qx) = roomA].
2. 90ij = {Trug}.
TP
3. The successor state axioms is instantiated as

(a) at(C) = roomC D Q(C) = roomA,
(b) Q(C) = roomA D at(C) = roomC,

o Af; = {Q(C)} is to be forgotten.
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We begin by forgetting Q(C) from {(1), (2),(3)}. We first convert {(1),(2),(3)} to normal form wrt Q(C).
Then

e {(1)} is converted to a conjunction of

i V[x=CVx=D)Ax=C D Q(C) = roomA]
ii. V[x=CVx=D)Ax#C D Q(x) =roomA].

e {(3a)} is converted to a conjunction of

i. at(C) = roomC N\ C = C D Q(C) = roomA, and
ii. at(C) = roomC N\ C # C D Q(C) = roomA.

Observe that {(3a.i)} simplifies to {(3a)} itself, and {(3a.ii)} is equivalent to True. Therefore, note
that {(3a.i), (3a.ii)} simplifies to {(3a)} itself.

e In an analogous manner, on converting {(3b)} to the normal form, it also simplifies to {(3b)}.

Let us denote this conversion by ¢'. If u is a fresh variable not appearing in ¢’, then forgetting Q(C) from ¢’
is equivalent to Ju¢’[Q(C) = u] by Theorem 5.2.4. So let us now obtain ¢'[Q(C) = u], which amounts to
replacing every occurrence of Q(C) with the variable u:

[O(D) = roomA, x = C D u = roomA, at(C) = roomC = u = roomA]

that is quantified from the outside for all variables except u, which is a free variable in ¢'[Q(C) = u]. Note
that H,(¢'[Q(C) = u]) = {roomA}. Let H.(¢'[Q(C) = u]) = {roomA, roomC}. Then, by using Theorem
5.3.8, Ju.¢'[Q(C) = u] is equivalent to

¢'O(C) = ult .4V ' 1O(C) = ult, - which is equivalent to

roomA

{Q(D) = roomA, at(C) = roomC}.

On substituting Q with at, the progressed KB is {a#(C) = roomC, at(D) = roomA}. I

5.3.3 Efficient Progression for Normal Actions

Recall from Theorem 5.2.30 that progression wrt normal actions involves forgetting fluents on which the
actions have local-effects and forgetting fluents on which the actions have non-local effects. As we shall
shortly see, results from the previous section will enable forgetting the former set of fluents in proper* KBs.
Then, provided a proper* KB is semi-Horn, an efficient resolution step can be proposed for forgetting the

latter set of fluents.

Definition 5.3.23. (V-resolvents.) Let ¢; = V(g; D ¢ V f(¥) = y) and o5 = V(&3 D ¢ V f(X) # y) be two
V-clauses. Without any loss of generality, we assume that ¢; and ¢, do not share variables other than those

contained in y and ¥. We call the V-clause V(g1 A &3 D ¢1 V ¢3) the V-resolvent of the two input clauses wrt

f(®.1
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Theorem 5.3.24. Let ¢ be a proper™ KB that is semi-Horn wrt f. Then the result of forgetting f in ¢ is
definable as a proper* KB and can be computed in O(n + m?) time, where n is the size of ¢ and m is the size

of the V-clauses in ¢ that mention f.

Proof: We compute all V-resolvents wrt f(X) and remove the V-clauses that mention f. The number of newly
generated V-clauses is m?. Then remove all V-clauses that mention £. This procedure results in a propert KB
which, by Theorem 5.2.24, is the result of forgetting f from ¢. il

Example 5.3.25. To consider a simple example where V-resolvents are computed, let ¢ be the conjunction
of the following V-clauses:
e at(boxA) = roomA D status(roomA) = closed,
o status(roomC) = open D at(boxA) = roomA.
Suppose we want to forget az. We can equivalently write ¢ as
e V(x = boxA Ny = roomA D at(x) # y V status(roomA) = closed) \
e V(x = boxA Ny = roomA D status(roomC) # open \ at(x) = ).
Then we obtain the following generated V-resolvent .
o Y(x = boxA Ny = roomA D status(roomA) = closed V status(roomC) # open).

Now, forgetting at is obtained by considering ¢ with the generated V-resolvents and removing all those that

mention the function. Clearly, this leads to ¢ which is the result of forgetting at. il

Under the reasonable assumption that m is O(1), forgetting functions can be done in O(n) time.
With this in hand, we present a computability result for progression based on Theorem 5.2.30. Since the
progressed theory includes the instantiation of the successor state axioms, our assumption about essentially

quantifier-free basic action theories from Definition 5.3.18 is also necessary here for the very same reasons.

Theorem 5.3.26. Suppose that X is a basic action theory that is essentially quantifier free, r is a primitive
normal action, @) is normal wrt r and Xy is a proper”™ KB that is normal wrt r. Then the progression of X wrt

r is definable as a proper™ KB and can be computed efficiently.

Proof: By assumption and by Proposition 5.3.20, it is given that the conjunction of the initial theory, the
sensing results and the instantiated successor state axioms are a set of V-clauses. First, forget the functions
on which r has non-local effects. This can be computed efficiently and is definable as a propert KB by
way of Theorem 5.3.24, provided that the initial knowledge base is normal wrt » which it is by assumption.
Next, obtain the characteristic set and forget these terms, which can computed efficiently and is definable as

a propert KB by way of Theorem 5.3.21. 11
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Example 5.3.27. To illustrate the computability procedure from this section, let us reconsider the progression
of the basic action theory from Example 5.2.28 wrt move(boxA, roomC) that we pursued earlier in Example
5.2.32. From Theorem 5.2.30, we first identify the components of the progressed theory which is obtained
by eliminating P from (22 ‘p}’)g ANf@D=y= yfff;. Let us use P as a second-order function variable for
in and Q as a second-order variable for ar.

e The initial KB, the sensing results and the instantiated successor state axioms:

o

1. (pA @) g is a conjunction of
(a) P(C) = boxA N (P(D) # boxBV P(D) # boxC),
(b) Q(boxA) = roomA
(c) Y(P(x) = boxA D Q(x) = roomA).

2. The instantiated successor state axioms are enumerated in Example 5.2.32.

e {P, 0} is to be eliminated from {(1),(2)}.

Now, observe that move(boxA, roomC) has a non-local effect on Q. Since (2) does not mention Q, it is easy
to see that {(1), (2)} is semi-Horn wrt Q. This allows us to eliminate Q from {(1), (2)} by means of Theorem
5.2.24. So, now, consider that

1(b). V(x = boxA ANy = roomA D Q(x) =y),
1(c). Y(y = roomA D P(x) # boxA V Q(x) = y)

do not have any V-resolvents between them. Moreover, {(1a), (2)} do not mention Q. Therefore Q is elimi-
nated by simply removing all V-clauses mentioning Q from {(1), (2)} which basically results in {(1a),2}.
The second step involves eliminating P. The action move(boxA, roomC) has a local-effect on P and so by

eliminating P from {(la),2} we obtain
in(C) = boxA N (in(D) # boxB V in(D) # boxB) N\
V[at(x) = roomC = x = boxA V in(x) = boxA]

which is the progression of the basic action theory wrt move(boxA, roomC). il

5.4 Progression for Range-Restricted Theories

Observe that the simple robot domain from Example 5.2.11 is neither local-effect nor is the action of moving

forward a normal one. To see this, let us recap the successor state axiom for the fluent distance:
O[v]distance = x =

v = forward N distance = x + 1V

v # forward A distance = x.



128 ProJECTION BY PROGRESSION

Now, the action of moving forward does not contain arguments while the context formula does indeed men-
tion a variable, and therefore, the successor state axiom does not classify as local-effect. Moreover, the action
has a non-local effect on the fluent distance and yet, the fluent itself is mentioned in the context formula and
therefore, forward is not a normal action.

The argument is similar for actions such as an exploding bomb which destroys everything in the vicinity.

Example 5.4.1. (Exploding bomb.) Consider the following formulation of a successor state axiom for an

exploding bomb:
O[v]status(x) =y =

v = explode N\ Vx. near(bomb, x) = 1 \'y = destroyed N status(bomb) = active V

status(x) = y A v # explode.

That is, we assume that the fluent status represents the status of the objects, in the sense of whether it is
destroyed, and the status of the bomb, in the sense of whether is active. This successor state axiom essentially

states that every object near a bomb is destroyed once the bomb explodes. I

Observe that the exploding action is clearly non-local since it does not have any arguments while the
context formula does mention the variables x and y. The successor state axiom is also not normal wrt explode,
mainly because the fluent starus is mentioned in the context formula.

In order to handle such domains, in this section we consider range-restricted basic action theories. Range-
restricted basic action theories were first introduced by Vassos et al. [2009]. The idea is to capture domains
that involve actions that may not be local-effect or normal, but whose effects are “bounded” in a certain sense.
Vassos et al. consider first-order progression and computability for range-restricted basic action theories for
a certain kind of first-order initial theory called a database of possible closures (DBPC). Roughly speaking,
a DBPC corresponds to a finite consistent set of clauses. Part of the reason why a restriction on the initial
theory is needed is because one computes a (necessarily) finite set of fluent terms that are affected when such
non-local actions are performed by means of information that is available in the initial KB. However, the
progression account is rather involved since Vassos et al. need to essentially ensure that the progression of a
DBPC is also definable as a DBPC.

In this sequel, we instead consider the progression of the expressive propert KBs wrt range-restricted
theories. Moreover, in contrast to Vassos et al., progression is formulated in terms of forgetting: a much
simpler account. But unlike Vassos et al., we will make a form of completeness assumption regarding the

context formulas.

54.1 Just-in-Time Formulas

Since the locality assumption wrt action theories guarantees the first-order definability, non-local actions that
have global effects such as an exploding bomb which destroys everything in the vicinity are believed to be
the main reason why progression is second-order in general. Range-restricted theories, on the other hand,
capture those cases where a finite number of objects are affected in a non-local way. So we first discuss a

preliminary concept called just-in-time formulas that allow us to bound the number of affected objects. More
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precisely, given a formula with free variables, we are interested in cases where the initial theory entails only
a finite number of instances of the formula.

Given a proper” KB ¢, we define gnd(¢) as

{cO|V(eDc)€E ¢,

= e0 where 0 is a substitution of variables with names}.

Moreover, given a set of names H, we write gnd(¢)|H to mean that the substitutions are restricted to the names

from H. We write H; to mean the names in H, plus k (arbitrary) names not appearing in H.

Definition 5.4.2. (Just-in-time formulas). Suppose ¢ is a propert KB and let H be the names in ¢. We say
that a fluent formula a(%), whose free variables are in ¥, is just-in-time (JIT) wrt ¢ iff there is a finite set of
name vectors {7, ..., } such that 7; only contain names from H and gnd(¢)|H; |= Y(a(¥) = \/; X = ;)
for every k > 0.

If a(X) is JIT wrt ¢ then the set of name vectors 77 such that gnd(¢)|H |= a(i) is called the set of answers
for the query a(%). 1

That is, the JIT property is restricted to cases where it suffices to consider any finite representation of a
proper” KB from H onwards.® We now illustrate how the JIT property keeps the answers both finite and

known.

Example 5.4.3. Let ¢ = {distance = 1} be a proper* KB. Suppose a(x) denotes the fluent formula distance #
x. Clearly ¢
of a for names other than those mentioned in ¢. Il

= a(n) for every name n other than 1. Therefore a(x) is not JIT wrt ¢ since ¢ entails instances

Example 5.4.4. Let ¢ = Vx. near(bomb,x) =1 = x = CV x = D. This is another way of saying that there
are precisely two objects near the bomb: C and D.

Let a(x) denote the formula x # C A near(bomb, x) = 1. Clearly ¢ entails a single instance, viz. a(D).
Thus a(x) is indeed JIT.

Let a(x) instead denote the formula near(C, x) = 1. Since nothing is specified in ¢ regarding the objects

that are near to C, it follows that ¢ does not entail any instance of @ (x). Therefore a(x) is not JIT. Il

There is a simple syntactic way by which, given atoms that are JIT wrt a theory, we can construct com-
plex formulas that remain JIT. Following Vassos et al. [2009], we introduce the notion of range-restricted

formulas, which is based on the concept of safe queries from database theory [Abiteboul et al., 1995].°

Definition 5.4.5. (Range-restricted formulas.) We say that a fluent formula « is safe-range wrt a set of

variables X’ according to the following rules:
1. If 71 is a vector of names, then:

(a) x = m is safe-range wrt {x};

(b) f@#) = nand f(X) = nis safe-range wrt {};

8We remark that our notion of the JIT property is inspired by, but not the same as, the one appearing in [Vassos et al., 2009].
9We remark that our notion of range-restricted formulas is essentially the same as the one appearing in [Vassos et al., 2009], extended
for a language with functional fluents.
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(¢) f(m) =yand f() =y is safe-range wrt {y}.

(d) If f represents a relation then:'°
i. f(A,n)=1and f(X n) = 1is safe-range wrt {};
il. f(m,y) =1and f(¥y) = 1is safe-range wrt {y};

If @ and o' are safe-range wrt X and X" respectively, then:

(a) @ A is safe-range wrt X U X”;
(b) aV ' is safe-range wrt X N X’;
(¢) —a is safe-range wrt {};

(d) Fxa is safe-range wrt X — {x} provided that x € X.

No other formula is safe-range.

A formula is range-restricted iff it is safe-range wrt the set of its free variables. il

Example 5.4.6. We illustrate the notion of range-restricted formulas with simple examples.

1.

distance = x is safe-range wrt {x} by clause 1(c) and since x is the only free variable here, it is also

range-restricted.

near(bomb, x) = 1 is safe-range wrt {x} by clause 1(d) and therefore, it is also range-restricted.

. near(bomb, x) # 1 is safe-range wrt { } by clause 2(c) and therefore it is not range-restricted.

holding = x A near(x,y) = 1 is safe-range wrt {x,y}. This is because holding = x is safe-range wrt
{x} by clause 1(c) and near(x,y) = 1 is safe-range wrt {y} by clause 1(d) and therefore, the formula
itself is safe-range wrt {x} U {y} by clause 2(a). Clearly then it is range-restricted as well. On the other
hand, near(x,y) = 1 by itself is not range-restricted since it has both x and y as free variables but it is

safe-range wrt {y} only.
holding = x \V near(x,y) = 1 is safe-range wrt {} by clause 2(b) and therefore not range-restricted.

x # C Anear(bomb, x) = 1 is safe-range wrt {x} since the first conjunct is safe-range wrt { }, the second
is safe-range wrt {x} and thus, the formula itself is safe-range wrt {x} by clause 2(a). Since x is the
only free variable in the formula, it is also range-restricted. il

We now prove that the JIT property holds for complex formulas in the following way. For the theorem

below, given an atom B(i, l_{) that is safe-range wrt variables in h (by an atom we mean formulas considered

under clause 1 of Definition 5.4.5) and that is JIT for all substitutions of #, we prove that complex formulas

constructed from such atoms which are range-restricted also have the JIT property.

Theorem 5.4.7. Suppose ¢ is a proper™ KB. Let a(X,y) be a fluent formula that is safe-range wrt variables

in . Suppose for every atom B(id, h) mentioned in (X, Y) which is safe-range wrt h, B, R) is JIT wrt ¢ for

every name vector m. Then for every name vector 8, a(3, ) is JIT wrt ¢.

10Recall (from Section 4.1) that this is captured by letting the name 1 denote truth, while every other name denotes falsity.
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Proof: The proof is by induction on the construction of a. Since « is safe-range wrt the set of its free
variables, we only have to consider the clauses identified in Definition 5.4.5. For the base case, we consider
atoms, i.e. formulas appearing in clause 1 of Definition 5.4.5, say 8(i, ﬁ) and for every name vector 7 that is
the same size as i, B(7, ﬁ) is JIT by assumption. So the base case holds trivially.

For the induction step, we have to consider the case identified in clause 2 of Definition 5.4.5. We only
show the case of 2(b), and the other cases are similar. Suppose that we have the formula «; (%}, i, ;) which
is, say, safe-range wrt the variables in {¥, #}. Similarly, suppose that we have another formula (3%, @, ¥,)
which is safe-range wrt {¥,, i/}. Let us now suppose that ¥; and ¥, do not share variables. We now consider
the formula (¥, %, i, y1, y2) = a1(%1, i, Y1) V @2(%, i, »). By Definition 5.4.5, « is only safe-range wrt the
variables in #.

By induction, for any vector of names 77, that is the same size as X;, we have
¢ | aiGi, i, 31) = \ /@ = 3 A Fh = i),
By induction for any vector of names 7, that is the same size as X,, we have
¢ | Waa(ia, i, 35) = \ /(@ = 3, A 5 = 7).
Now, let 771} and 7725 be name vectors that are the same size as ¥ and y, respectively. Then we have
¢ | YaGiy, io, @i, 73) = \ /@ = 6 Ay =) Vv \ /(@ = 6> Aty = 7).

By the uniqueness of names, it follows that

V

¢ |= V(aiy, i, i, ity 1iiy)

<L
Il

\Q.J'

~

for some set of names d;. ll

Example 5.4.4 continued. Let a(x) denote the formula x # C A near(bomb, x) = 1. We observed in Example
5.4.4 that it is JIT wrt ¢, and that ¢ |= V(a(x) = x = D). The JIT property can be independently justified
using the above theorem based on the atoms in @ as follows.

First, consider near(bomb, x) = 1, whose free variable is {x}. We noted in Example 5.4.6 that this atom
is also safe-range wrt {x}. It is also trivially follows that this atom is JIT wrt ¢.

Next, consider x # C. This atom, on the other hand, is not range-restricted since it is safe-range wrt
{} and yet it contains x as a free variable. However, on substituting x with any name, it no longer contains
any free variables and therefore it is vacuously JIT wrt ¢. Therefore (%), which is safe-range wrt its free

variables, is also JIT wrt ¢. il

5.4.2 Just-in-time Progression

Based on the concepts developed in the previous section, we are now prepared to introduce the concept of

range-restricted theories and the conditions under which progression becomes first-order definable.
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Definition 5.4.8. (Range-restricted Action Theories.) Suppose the successor state axiom for a fluent f € F

is of the following form:
aplf(®) =y = yp(Xy,v) V f(X) = y A =TIy (X, h,v).
The successor state axiom is range-restricted iff y (¥, y, v) is a disjunction of formulas of the form:
Jilly = A@) A pE D,

where Z may contain ZU {y}, i are the variables in Zbut not in £U {y} and / are the variables in ZU {y} but
not in Z. The formula u(Z, ﬁ) is called the context formula and it is safe-range wrt the variables in h.
A basic action theory is range-restricted if all the successor state axioms are range-restricted in the above

sense.

Example 5.4.9. Consider the successor state axiom for the distance fluent from Example 4.1.3. Here the
action forward does not have arguments, and according to the above definition the context formula distance =
x + 1 must be safe-range wrt {x}. This is indeed the case, and so the successor state axiom for distance is
range-restricted, and the simple robot domain is a range-restricted basic action theory.

Similarly, consider the successor state axiom for the exploding bomb from Example 5.4.1. Here too the

action explode does not have arguments. According to the above definition, the context formula
Vx. near(bomb, x) = 1 \'y = destroyed N status(bomb) = active

should be safe-range wrt {x,y}. This is indeed the case, and sO s is a range-restricted successor state

axiom.

The intuition behind the syntactic form of range-restricted theories is that on instantiating the successor state
axiom wrt a primitive action, the context formula simplifies to a range-restricted one. Then provided that
this simplified formula is JIT wrt to the initial theory, we obtain a finite set of fluent terms that are affected
after the action is performed. With this, the forgetting procedure identified earlier can be used to obtain a
first-order progression.

For the first step, the JIT assumption that we are after is as follows:

Definition 5.4.10. A range-restricted basic action theory 2 is JIT wrt a primitive action r if for all fluents f,
Y&, y,r)is JIT wrt 2. Il

Next, consider the simplification of the successor state axioms wrt a primitive action to a range-restricted
formula.

Proposition 5.4.11. Let A(G) be any primitive action. Suppose X is a range-restricted basic action theory
that has a propert KB as an initial theory and that is JIT wrt A(G). Then for every fluent f there exists a
formula 6(%,y) of the form:

X=mAy=mV..VZ=nmy ANy=mn

where m; and n; are names appearing in the initial KB such that the following holds:

2y E YR, y.r) = 6(X, ).
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o ¢ = {distance = 4}.
o ¢, = {V(near(bomb,x) =1 =x=CV x=D),
status(bomb) = active,

Y(x = C V x = D D status(x) # destroyed)}.

Figure 5.4: Initial knowledge bases for JIT progression.

Proof: Since the basic action theory is range-restricted, the successor state axiom for the fluent f is range-
restricted. Consider Definition 5.4.8 where the variables 7 of the action perhaps includes some variables from
2U {y}. The remaining variables of ¥U {y} are .

Consider that y¢(¥,y,v) is a disjunction of formulas of the form Jii.[v = A(D) A u(Z, ﬁ)]. Then by the
uniqueness of actions, y/(¥,y, A(d)) simplifies to Ji.[A(0) = AQD) A u, h)] which is equivalent to Ji.[Z =
A UE ), ie Jit[2=3 A u@, h).

Considering that (4, B)) is safe-range wrt h and by the JIT assumption, we have X = V(u(d, h) = \ h=
i1;) for some vectors 7;. Supposing that the name vectors corresponding to ¥ and y from {dJ, #i;} are ; and n;

respectively, it follows that Xy |= V(y (X, y,r) =V ¥ =m; Ay =n,). 1

Notice an important difference to a similar simplification we obtained in the local-effect case in Proposition
5.2.12. In the local-effect case, we did not need the initial theory to proceed with the simplification. In
contrast, as we observed in the proof of Proposition 5.4.11, the initial theory and the JIT assumption are

crucial to resolve the context formula to a set of name vectors. The following examples also illustrate this
property:

Example 5.4.12. Consider the successor state axiom for the distance fluent which we noted in Example
5.4.9 to be a range-restricted successor state axiom. Then the instantiation of 7y gisance Wrt forward results in
the range-restricted context formula distance = x + 1. Suppose that the initial theory is ¢, from Figure 5.4.
Clearly then the context formula is JIT wrt the initial theory. We also note that

¢1 |: v()’distance(xsforward) =X= 3)

Similarly, consider the instantiation of the successor state axiom for the fluent status wrt the action
explode. The context formula, as noted in Example 5.4.9, is equivalent to:

Vx. near(bomb, x) = 1 \'y = destroyed N status(bomb) = active.
Denote the context formula as u(x, y). If the initial theory is ¢, from Figure 5.4, then clearly
& |= Y(u(x,y) =y = destroyed A (x = C V x = D)),

as implied by Proposition 5.4.11. 11
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Note that the simplified form may look different for every primitive action. We will now identify a finite

number of fluent terms that are affected after the execution of an action, as we did with local-effect actions.

Definition 5.4.13. Let 2 be a range-restricted basic action theory, where X is a proper™ KB, that is JIT wrt
a primitive action A(d). Without any loss of generality, let the instantiation of the successor state axioms for
fluent f which is y (X, y, A(8)) be simplified to the formula §(¥, y) as indicated by Proposition 5.4.11. Then

define the argument set of f wrt A(0) as the following set Q of name vectors:
Qy = {m | X = nit appears in 6(%, y)}.
Define the characteristic set of A(3) as the following set of primitive terms:
A = {f(m) | m € Qy for some fluent f € Q}. I
Since F is finite, both the argument set and the characteristic set are finite.

Example 5.4.14. Note from Example 5.4.12 that the argument set of the fluent distance wrt the action forward
is simply the empty set since this fluent does not have any argument. Thus, the characteristic set is simply
{distance}.

On similar lines, from Example 5.4.12, consider the instantiation of the successor state axiom for the
fluent status wrt explode. Observe that the argument set iS Qgns = {C, D} and thus the characteristic set is
{status(C), status(D)}. 11

As with local-effects, the argument set Q identifies all primitive terms from f(X) that are affected after an
action. Equivalently, for every vector of names # ¢ Q, it follows that the value of f(i) remains the same

after the action. The following proposition illustrates this:

Proposition 5.4.15. Let X be a range-restricted basic action theory, where Xy is a proper* KB that is JIT wrt
a primitive action A(0). Let r denote A(0) and let Q¢ be the argument set of f wrt r. Then

2 /\Z‘post |= VX. X ¢ Qf 2 [r]f(f) =y5f()?) =)

Proof: By definition, 2,y |= [F]1f(X) =y = yp(X,y, 1) V f(X) =y A =3hy (%, h,r). Suppose w |= Zp A Zpog.
Now, as implied by Proposition 5.4.11, w |= Y(ys(¥,y,r) = \V X = m Ay = n). Then, for any i ¢ Q it
follows that 2y A 2,05 [= [F1f (1) = y = (1) = y. 1

Example 5.4.16. Consider the argument set for the fluent status wrt the action explode from Example 5.4.14.
Here Qs = {C,D}. Suppose the initial theory is ¢, from Figure 5.4. Then it easy to to verify that for
{E} ¢ Qyaus, we have the following property by way of Proposition 5.4.15:

&2 N\ Zpost |= [rlstatus(E) = y = status(E) = y.

That is, the block E is not destroyed after the bomb explodes because it is not in the vicinity of the bomb. Il

We are now ready to prove the main progression theorem. Due to the similarity of the arguments that we have

made in this section to the local-effects case, the progression theorem takes after Theorem 5.2.18.
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Theorem 5.4.17. Let X = ¢ A OB be a range-restricted basic action theory, where ¢ is a proper* KB that is

JIT wrt primitive action r. Then
I= O(¢p AOB) A SF(r) = x D [r]O(Prog(¢) A OB)
where
Prog(@) = forget((¢ A o)) A Qu, ALY and
Quy = {£) = y = (i, 1) | i € Q)

Proof: The formal argument follows the proof method for Theorem 5.2.18. The only difference is that the
characteristic set is obtained with range-restricted theories by using the JIT property. But since we restricting
ourselves to models of ¢ A OB, i.e. worlds that satisfy ¢ A OB, this does not complicate the ideas behind the
proof. I

Example 5.4.18. We will pursue the progression of the simple robot basic action theory with ¢; from Figure
5.4 as the initial theory, wrt forward. From Theorem 5.4.17 we first identify the components of the progressed
theory, which is obtained by forgetting A'; from (¢ A cpﬁ)’; A €, and then replacing P with F in the resultant.
Let us use P as a second-order function variable for the fluent distance.

o The initial theory, the sensing results and the instantiated successor state axioms:
1. X% = {P=4}
2. t,o‘,’g = {True}.
3. For the instantiated successor state axioms, recall from Example 5.4.14 that the characteristic
set is simply {distance}. Now, by assumption, the rhs of the successor state axiom is JIT wrt
¢1. Thus, by simplifying the context formula as we have done so in Example 5.4.12, we obtain

distance = x = x = 3.
e P is to be forgotten.

Now, forgetting P results in

Ju.u =4 Ndistance=x=x=3

which is equivalent to distance = 3, which is the progression of the action theory wrt forward. il

Example 5.4.19. We will pursue the progression of the basic action theory involving the bomb with ¢, from
Figure 5.4 as the initial theory, wrt explode. From Theorem 5.4.17, we first identify the components of the
progressed theory, which consists of forgetting A§ from (¢ N go;’)f; A Qyq, and then replacing P with F in the
resultant. Let use P and Q as second-order function variables for near and status respectively.

o The initial theory, the sensing results and the instantiated successor state axioms:

L. Zog is a conjunction of

(a) Y(P(bomb,x)=1=x=CV x=D),
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(b) Q(bomb) = active,
() YV(x =CV x =D D Q(x) # destroyed).
2. goﬁf: = {Trug}.

3. For the instantiated successor state axioms €, recall from Example 5.4.14 that the characteristic
set is {status(C), status(D)}. Then after simplifying the context formula by means of its JIT prop-
erty as we have done so in Example 5.4.12, Q,, is shown to be equivalent to

{status(C) = destroyed, status(D) = destroyed}.
° Af; = {Q(C), OQ(D)} is to be forgotten.

Forgetting A’; results in the removal of {1(c)}. Next, since the fluent near is not affected after any action, it
is easy to show that its instantiated successor state axiom is of the form near(x,y) = z = P(x,y) = z. Thus, P

can be eliminated easily. Then, we get the following progressed KB:
V(near(bomb,x) =1 =x=CV x=D) A
status(bomb) = active N\
status(C) = destroyed N status(D) = destroyed.

That is, after the bomb explodes, both blocks C and D, which are in the bomb’s vicinity, are destroyed. il

5.4.3 Computability Results for Range-Restricted Theories

There are two major steps involved when efficiently progressing range-restricted theories. The first is the
computation of the possible answers for the context formula, that is, finding the set of name vectors for a
formula §(¥, y) such that Proposition 5.4.11 is true. By the definition of the JIT condition that is imposed in
the progression result of Theorem 5.4.17, we only need to look at the finite set of names H mentioned in the
initial theory which is a proper* KB. Moreover, we can restrict ourselves to gnd(¢)|H by Definition 5.4.2. In
other words, given the context formula (%), in the worst case we need to check if gnd(¢)|H entails u() for
every permutation of names from the finite set H.

In the next section, we outline a procedure that shows that checking u(r) against gnd(¢)|H is decidable.
While this does not make it necessarily efficient, it nevertheless shows that resolving the possible answers for
the context formula is at least computable. On the other hand, by storing this information as a database, the
retrieval of possible answers can be done efficiently [Vassos et al., 2009; Abiteboul et al., 1995].

The second major step involved in computing the progression of range-restricted theories is the forgetting
of the characteristic set from the conjunction of the initial theory and the instantiated successor state axioms.
We argued in Section 5.3.2 that this is computable, and under reasonable assumptions it can be done in O(n)
time, when n is the size of the initial KB.

Theorem 5.4.20. Suppose X' is a range-restricted basic action theory, where Xy is a proper* KB, that is
JIT wrt a primitive action r. Suppose also that for every fluent f, we are given the possible answers for

v¢(X,y, 7). Then progression of X wrt r is definable as a proper* KB, and can be efficiently computed.
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Proof: If we are given the possible answers to the context formula,'! observe that the instantiated successor
state axioms simply reduce to a finite set of primitive equalities. That is, since for every f € F we have
2o E Y(yp(®,y,r) = VX = m Ay = n) from Proposition 5.4.11, it follows that the conjunction of the
initial theory and the instantiated successor state axioms from which the characteristic set is to be forgotten is
definable as a proper* KB. Finally, forgetting a finite set of primitive terms from a proper® KB is definable
as a propert KB and efficient by Theorem 5.3.17. 11

Example 5.4.21. In order to illustrate the computability results from this section, we reconsider the pro-
gression of the bomb basic action theory from Example 5.4.19, wrt explode. From Theorem 5.4.17, we first
identify the components of the progressed theory which consists of forgetting Af; from (¢ A gor)f; A Qg and
then replacing P with F in the resultant. Let us use P as a second-order function variable for near and Q as a

second-order variable for status.
o The initial theory, the sensing axioms and the instantiated successor state axioms:

1. ng; is a conjunction of
(a) Y(P(bomb,x) =1=x=CV x = D) A Q(bomb) = active,
(b) V(x = CV x = D) D Q(x) # destroyed.
2. go§ = {True}.
3. The instantiated successor state axioms simplify to (see Example 5.4.19):

{status(C) = destroyed, status(D) = destroyed}.
. A§ = {Q(C), O(D)} is to be forgotten.

First, consider forgetting Q(C) from {(1), (2), (3)} by means of the procedure outlined in Section 5.3.2. Since
Q(C) is irrelevant to {(1a), (2), (3)}, we convert 1(b) to the normal form wrt Q(C):

e YV(x=CVx=D)Ax=C D Q(C) # destroyed),
e V(x=CVx=D)Ax#C D Q(x) # destroyed).

From Theorem 5.2.4, forgetting Q(C) from {(1b)} is equivalent to Ju.{(15)}[Q(C) = u], which is equivalent

to
Y((x=CV x=D)Ax#C D Q(x) # destroyed). 5.4)

Similarly, Q(D) is irrelevant to {(1a),(2),(3)}. So we now need to forget Q(D) from (5.4) which can be
shown to be equivalent to True. Therefore, forgetting {Q(D), Q(C)} from {(1),(2),(3)} is equivalent to
{(1a), (2),(3)}. Finally, on eliminating P, we obtain the progression as:

V(x = CV x = D = near(bomb, x) = 1) A status(bomb) = active N\

status(D) = destroyed N status(C) = destroyed. 1

TRecall that by definition of the JIT property, the possible answers can only range over the set of names in X, which is necessarily
finite.
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5.5 Query Evaluation

The query evaluation procedure we have in mind is a logically sound and complete decision procedure for
certain classes of queries on proper* KBs. To understand its basic principles, we begin with the simpler case
where the KB ¢ and the query « are quantifier-free closed fluent formulas, and thus representable as primitive

clauses. By a primitive clause we mean a disjunction of primitive equalities.

5.5.1 Reasoning with Quantifier-free Clauses

The decision procedure is essentially inspired by Boolean satisfiability, and in particular, the DpLL technique
[Davis and Putnam, 1960; Davis et al., 1962]. The usual methodology is to transform the validity problem

into a satisfiability problem by means of refutation. That is,
¢ = a iff ¢ A —ais unsatisfiable.

Clearly if ¢ A —a is satisfiable, then ¢ £ a.
We begin with the notion of an assignment, which is closely related to the notion of partial assignments
in satisfiability solvers [Gomes et al., 2008].

Definition 5.5.1. (Assignments.) Let p = {f(7) = n} be a positive primitive equality, and  any set of
primitive clauses. Then let [/], denote replacing every f(/) = n’ in ¢ with n’ = n, and simplifying ¢ in the
sense of removing all clauses that contain at least one Truk literal, and deleting all occurrences of FALSE in
the individual clauses.

Given a set of consistent positive primitive equalities {py, ..., pr}, we define [l//]{ Pl }s k > 1, induc-

tively as

[[W]pl]{m ,,,,, P} i

The idea is that [y], reduces ¥ to a simpler formula that is satisfiable provided p A ¥ is. More precisely,

Proposition 5.5.2. Let ¢ and p be as above, and let w be any world such that w |= p. Then w |= ¥ iff
w |: [(//]p

Proof: The argument is based on an induction of . We consider only the base case, where  is a primitive
equality. The other cases are straightforward.

Suppose p is d = n. Then there are three possibilities with the base case:
case i does not mention d. Then [¢], = ¢, and the argument is trivial.

case y isd = nord # n' for some n’ # n. Then [¢], is simply True. Clearly, w |= [¢],. Since w |= p,

w = .

case Y isd # nord = n' for some n’ # n. Then [¥], is FaLse. Then w [ [¢/],. Also, w [# ¢ since w |= p. I

Example 5.5.3. Lety = {distance = 4\ distance # 5} and p denote distance = 5. Then [y/],is 5 = 4V5 # 5.
Therefore, [¢/], is simply FaLse. il
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With the notion of assignment in hand, we can proceed to discuss how the satisfiability of a set of primitive
clauses ¢ can be established. As hinted earlier, the methodology is based on DpLL which given ¢ = ¢ A -«
returns Sart and a set of literals G such that [¢]g is TRuUE, if ¢ is satisfiable. In other words, the procedure
returns a satisfying assignment for the input theory. On the other hand, if ¢ is unsatisfiable, then the procedure
returns UNSAT.

A fundamental step in regular DpLL is that of recursively choosing a literal from the set of remaining
clauses, and then pursuing two branches. In the first branch, the input set of clauses are simplified by setting
the literal to true everywhere, and in the second branch, the simplification is by setting the literal to false.
Roughly speaking, the proof procedure instantiated by DpLL is a binary tree, where the root is the set of
input clauses and the successive children are the result of successive simplifications wrt truth assignments to
literals.

In the method we will propose, the approach is similar. In contrast to propositions, which can only obtain
values of TRUE or FaLsE, we have to consider that primitive terms can obtain any one of the names from the
domain. To this end, the branches in the procedure consists of possible assignments of values to the primitive
terms in the remaining clauses. However, since the domain is not finite, this immediately leads to a proof
tree where at each level the tree has an infinite number of branches. The following result instead proves that
we are entitled to infer satisfiability by only considering the names mentioned in the input sentence, plus an
arbitrary extra one.

Given a set of primitive clauses ¢ and a primitive term d, let H;(¥) denote the set of names {ny, ..., n}
such that d o; n; appears in d, where o; € {=, #}. Let H; () denote the union of H,;(¢) plus an arbitrary extra
one. Now, the idea is to consider simplifications of ¥ wrt d = n; for each i and verify if the remaining set of
clauses are satisfiable. If Sar is not returned for any of these assignments, then the satisfiability of ¢ can be
confirmed with only one other assignment d = n’ for any n’ € Q — H;(¥).

Proposition 5.5.4. Let y be a set of primitive clauses and d any primitive term. Then for any n’,n"" ¢ H; (),
[W]a=n is logically equivalent to )=y

Proof: By induction on i, and we only consider the base case since the other cases are straightforward.

e Suppose i is d = n. Since n’ and n” are both distinct from n by assumption, [¥]y-, and [¥]y=,~ are
both Farsk.

e Suppose i is d # n. Since n’ and n” are both distinct from n by assumption, [¥]y-, and [¥]y=, are
both TRUE.

e Suppose d is not mentioned in ¥, that is, ¢ is d’ o n, where o € {=,#} and d’ is a different primitive
term from d. Then [],-,» and [],4=,s are both clearly equivalent to i itself. ll
Theorem 5.5.5. Let s be a set of primitive clauses and d any primitive term. Let G = {d = n | n € H;({)}.

Then for any world w, w |= ¢ iff w |= \/ yeg[¥/] .

Proof: For every world w, w |= d = n* for some name n*. Let p* denote d = n*. Suppose p* € G, then by

Proposition 5.5.2 the theorem clearly holds.
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So suppose p* ¢ G. By Proposition 5.5.2, w |= ¢ iff w |= [y],~. Let p’ denote d = n’ € G such that
n’ ¢ Hy(¢). By Proposition 5.5.4, [y/],~ is equivalent to [],. Therefore, w |= ¢ iff w |= [y],- iff w |= [¥],. 1

Corollary 5.5.6. Suppose y, d and G are as above. Then Y is satisfiable iff \/ ,c gy, is satisfiable.

We now give the DpLL procedure Algorithm 1 whose correctness is based on Theorem 5.5.5. Let us
consider details of that procedure. The algorithm begins by unit propagating, where all clauses that contain
a single positive literal are simplified wrt this literal. We outline this step in Algorithm 2. Next, we have two
simple steps. If any of the clauses are FaLsg, then the remaining theory cannot be satisfiable. Conversely, if
the input theory is empty, i.e. simply TRUE, then clearly we are done. Then we arrive at the main component,
where we construct DpLL branches by selecting a primitive term at random and considering assignments to it
from H}(¢), as needed by Theorem 5.5.5.

Algorithm 1: DeLL(y, G)
Input: set of primitive clauses ¢ with G = {} initially

Output: Unsar, or a set of literals G such that []g is TRUE
(¥, G) = Unit-PrOPOGATE(Y, G);
if  contains FaLse then
‘ return UNSAT;
end
if ¥ has no clauses left then
‘ output G and return Sar;
end
d = any primitive term not mentioned in G but appearing in ;
foreach n € H;(¥) do
if DpLL([¥]y=n, G U {d = n}) = Sar then
return SAT;
end
end
n =anyn € Q — Hy(¥);
return DpLi([y]=, G U {d = n'});

Algorithm 2: Unit-ProPoGATE(Y, G)

while  does not contain FaLse but has unit clause d = n do
!l’ = [‘/’]d:n;
G=Gul{d=n};

end

Finally, we now prove the correctness of the procedure in Theorem 5.5.7.
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{distance = 4 v distanc\e # 5, distance # 3}

Figure 5.5: Sample DpLL proof tree. Black circles denote Unsat, and white ones denote Sar.

Theorem 5.5.7. Given any set of primitive clauses W, ¥ is unsatisfiable (satisfiable) iff the DpLL procedure

on Yy returns UNSAT (SAT).

Proof: The proof is based on an induction on the number of distinct primitive equalities that are mentioned
in Y.

For the base case, suppose that i only mentions a single primitive equality. We prove by sub-induction on
the length of ». We only show the base case where ¥ is of the form d = n. The other cases are straightforward.
For ¢ as input, the algorithm pursues the assignment d = n, after which [¢],-, reduces to TRUE and the
procedure returns Sar with {d = n}.

Suppose the result holds for k distinct equalities. Suppose now i mentions k + 1 distinct equalities. Then
pursue the algorithm on ¢ and the procedure picks a term d appearing in . It then applies the DpLL procedure
on [y], for every p € G, where G = {d = n | n € Hj(¥)}. Note that [¢], does not mention equalities
with d, that is, it only mentions k distinct equalities. By induction then, since [¢], only mentions k distinct
equalities, the DpLL procedure on [y], returns Sar iff [i], is satisfiable. From Corollary 5.5.6, we infer that
Y is satisfiable iff \/ ,cg[y], is satisfiable iff one of the disjuncts in \/ ,c 5[], is satisfiable iff (by induction)

the DpLL procedure returns Sar for one of these disjuncts, i.e. the DpLL procedure returns Sar for . il

Example 5.5.8. Suppose ¢ = {distance = 4 V distance + 5} and @ denotes {distance = 3}.

e To verify if ¢ |= @, pursue finding whether i = ¢ A —a is unsatisfiable. Let H},

distance

={4,5,3,6}. Then
observe that i simplifies to TRUE wrt distance = 4 and therefore Sar is returned by the algorithm. This
is also shown in Figure 5.5, where Sart is returned after only considering the names in Hisgnce. The
procedure then does not consider the assignment distance = 6 which would have, in any case, returned

UNSAT.

e To verify if ¢ |= —a, pursue finding whether ¢ = ¢ A « is unsatisfiable. Let H?, be as above. Then

distance

observe that y simplifies to TRUE wrt distance = 3. Therefore Sar is returned.

From this, we infer that neither ¢ |= @ nor ¢ = —e. 11
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5.5.2 Handling Quantifiers

In this section, we extend the scope of the DpLL procedure to propert KBs. At the same time, we allow for a
more expressive class of queries. Both of these extensions rely on two main results. The first is about finding
a finite quantifier-free representation for proper* KBs given a query.

The DrpiL procedure is limited to quantifier-free clauses, while proper* KBs clearly mention quantifiers.
Moreover, a propert KB in general is equivalent to an infinite set of quantifier-free clauses, so computing
gnd(¢) for a proper” KB ¢ and then applying the DpLL procedure is also not possible.

Instead, we proceed as follows. Given a proper™ KB ¢, let k be the maximum number of variables
mentioned in a V-clause in ¢. We now prove that given a quantifier-free query «, it is sufficient to restrict our
attention to gnd(¢)|H,’, where H; denotes the names in ¢ U {a} and k new ones. To prove this, however, we

will first need the following Compactness property:'?

Theorem 5.5.9. Suppose ¢ is a proper* KB and « is a closed quantifier-free formula. Then S = gnd(¢)U{—a}
is satisfiable iff every finite subset of S is satisfiable.

The proof of this theorem appears in the Appendix. The argument is that a propositional encoding of gnd(¢)U
{—a} is possible such that gnd(¢) U {—a} is satisfiable in £S iff its encoding it satisfiable in propositional
logic.

Theorem 5.5.10. Suppose ¢ is a proper™ KB, and let k be the maximum number of variables mentioned in a
V-clause in ¢. Suppose « is a closed quantifier-free formula. Let H be all the names in ¢ U {a}, and H; be

the union of H and k arbitrary new ones. Then
¢ = a iff gnd(9)|Hy [ a.

Proof: The if direction is immediate. For the only-if direction, we argue as follows. Suppose ¢ A —« is
unsatisfiable, i.e. S = gnd(¢) U {—a} is unsatisfiable. By Theorem 5.5.9, it cannot be that every finite subset
S is satisfiable. Therefore, there is some finite subset of S, say §’, that is unsatisfiable. Since by definition
a proper” KB is a finite and satisfiable set of V-clauses, it follows that S’ contains —«. That is, S’ is the
conjunction of some finite subset of gnd(¢), say gnd(¢)|H; for some finite b, and —a.

We will now prove that if gnd(¢)|H; A —a is satisfiable then gnd(¢)|H} A —a is satisfiable for all j > k.
Hence, gnd(¢)|H;r A —a is satisfiable, showing, by contradiction, that ¢ A —«@ cannot be unsatisfiable.

Let us denote gnd(¢)|H; A —a by I and let us denote gnd(¢)|H; A —a by I'". We assume without loss of
generality that H;T is the union of the names in H; and j — k new ones. Given a primitive clause ¢, let us
write T'(¢) to mean the set of all the primitive terms mentioned in ¢ and let us write N(¢) to mean the set of
all names appearing in .

So suppose I is satisfiable, and let w |= T'. Let us construct w’ based on the following rules:
1. foralld € T(T), let w'[d, ()] = wld, ()1;

2. foralld ¢ T(I"), let w'[d, ()] = wld, {)];

12Recall from our discussions in Section 3.1.1 that the objective fragment of O£ (and thus, £S) does not enjoy the Compactness
property for the full language.
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3. forevery ¢ € T" — T, we do as follows.

Note that cf mentions at most k names not appearing in H by assumption. Since c§ € T — T, clearly
N(c#) mentions names from H;T — H,j, say [ of them. But because of this, ¢ does not mention at least
I names from H — H. So let * be a bijection that swaps every name from H;T — Hj appearing in N(c6)

with / names from H, — H not appearing in N(c#6), but leaves the other names unchanged.

By construction, ¢ € I" — T because there is a V-clause V(e D ¢) € ¢ and |= ef. Now, = €0 iff (by
Theorem 3.1.3) [= (ef)* iff (since e does not mention any names from H; — H;_ by assumption) [= e6*.
This implies that ¢6* is included in gnd(¢), and in particular, c6* € I" because after the bijection only
names from H,j are mentioned in the sentence. In other words, for every f(i7) o n mentioned in c#,
there is a f(771*) o n mentioned in ¢6*. Since w |= ¢f by assumption, let w'[ f(172), ()] = wlf(#*), ()] for

each primitive term appearing in c6.

We have completed the construction of w'. It is easy to show (by induction) that w’ satisfies I' because of
construction step (1). Similarly, it is easy to show that w’ satisfies I" — I because of construction step (3).

Thus, w’ satisfies I'” and we are done. I

Note that the theorem is false if we go beyond the kind of proper* KBs dealt with in this chapter, which are
finite collections of sentences of the form V(e D ¢) where c is a disjunction of equalities of the form f,-(f,-) o; ;.
What we mean to emphasize is that the restriction of the values of terms to names in ¢ is an important one.
For instance, let ¢ = V(x # 1 D f # x). It is easy to see that ¢ |= f = 1 but gna?(qb)|H;.r £ f = 1 for any finite
J.

Example 5.5.11. We now illustrate the theorem. Let ¢ be a proper” KB and a conjunction of:
e Y(in(x) = box D status(x) # destroyed),
e YV(x# CAx+# DD in(x) # box),
e in(C) # container.

Suppose the query a is in(C) = box. Since the V-clauses in ¢ mention only a single variable, let H{ =
{C, D, box, container, E}, where E is the new name. Now compute gnd(¢)|H, which is equivalent to a

conjunction of
in(C) = box D status(C) # destroyed, . . . ,in(E) = box D status(E) # destroyed,
in(box) # box, in(container) # box, in(E) # box,
in(C) # container.

Pursue ¢ = gnd(¢)|H] N —a. We list one set of assignments to the primitive terms wrt which ¢ simplifies to

TRUE:
o let {in(n)=E |n€H};

o let {status(n) = E | n € H{ };
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Under this assignment, ¢ is equivalent to True. Equivalently, the DpLL procedure returns Sar. Therefore the

query is not entailed. Il

The second result needed to extend the scope of the DpLL procedure is an important property we covered
earlier in Section 3.1 about inferring the validity of a universal. Mainly, Corollary 3.1.4 states given a theory
that mentions only finitely many names, a universally quantified formula can be inferred by a finite number
of substitutions. For the substitutions, we consider all the names in the theory and the query plus an arbitrary

extra one. This is then combined with Theorem 5.5.10 in the following manner.

Theorem 5.5.12. Let ¢ be a proper® KB and «a any quantifier-free formula with a single free variable x.
Suppose k is the maximum number of variables appearing in a V-clause in ¢. Let H be all the names in

¢ U {a} and H{ be the union of H and an arbitrary new name. Then
¢ EVa iff gnd@)|] =,
for all n € HY, where J is the union of the names in H{ and k arbitrary new names.

Proof: By Corollary 3.1.4, ¢ |= Ve iff ¢ |= «;, for all n € H{. By Theorem 5.5.10, ¢ |= «;; iff the grounding
of ¢ wrt all the names in ¢ U {a'}, which may mention all the names in H7, plus k new ones entails «,
i.e. gndP)|J = a1

Example 5.5.13. Let ¢’ be the union of ¢ from Example 5.5.11 and the following sentence
o Y(status(x) # destroyed O near(bomb, x) # 1).

That is, if an object is not destroyed then it it not near the bomb. From Example query 5.5.11, we also have
that if an object is in the box then it is not destroyed. It is clear, then, that if an object is in the box then it is
not near the bomb. So let our query be Vx.aw where « is (in(x) = box D near(bomb, x) # 1).

Let H = {C, D, box, container, 1,bomb, B} where B is the new name. Let J be the union of H and {E}.

Then gnd(¢)|J is a conjunction of the following sentences:

1. in(C) = box D status(C) # destroyed, . . .,
in(B) = box D status(B) # destroyed, in(E) = box D status(E) # destroyed,

2. {in(n) # box |ne€J—{D,C}},
3. in(C) # container,

4. status(C) # destroyed O near(bomb,C) # 1,...,
status(B) # destroyed D near(bomb, B) + 1, status(E) # destroyed O near(bomb, E) # 1.

For ¢/ |= Vxa to hold, Theorem 5.5.12 says that gnd(¢)|J A [in(x) = box A near(bomb,x) = 1]% must be
unsatisfiable for every n € Hj. It can be shown that this is indeed the case. Below, we argue with a few
substitutions explaining, in each case, where conflicts occur because of which Sar is not returned. We leave
it to the reader to confirm that such conflicts occur for every substitution, and therefore, every leaf of the

DrLL proof tree thereof returns UNSAT.
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e For all names n € H{ — {C, D}, we verify as follows. Suppose n is B. The other cases are similar.
Then —aj, conflicts with (2) in the sense that {—a7, (2)} is unsatisfiable. This is because —a7j, entails
that B is in the box, while (2) says that B is not in the box. In this manner, it is not hard to show that
gnd(¢)|J N —a;, is unsatisfiable for names n € Hf — {C, D}.

e Suppose n is C. The case where n is D is similar. Pursue gnd(¢)|J A —a.. Observe that ~a}. |= in(C) =
box. Then, from (1) U (4) U {in(C) = box} we infer that that near(bomb, C) # 1 which, in fact, is not
consistent with —a¢., and therefore this branch of assignments does not return Sar. In this manner, it is
not hard to show that gnd(¢)|J A - is unsatisfiable for names n € {C, D}.

Therefore the query is entailed. Il

5.5.3 Related Work

Since we investigated a query evaluation methodology based on satisfiability for a first-order language, we
provide a brief survey of existing methods.

A prototypical Np-complete problem is the satisfiability problem for a propositional clausal theory. Under
some restrictions, the satisfiability problem is solvable in linear time; a well known example being propo-
sitional Horn theories [Dowling and Gallier, 1984]. Satisfiability solvers are generally based on the DpLL
algorithm [Davis and Putnam, 1960; Davis et al., 1962], although in special cases, such as for Horn theories,
a kind of resolution is employed.

In the early nineties, an effort was taken in the KR community to investigate the tradeoff between typical-
case complexity and worst-case complexity in propositional clausal reasoning [Mitchell et al., 1992]. Owing
to this effort, extensive research in satisfiability solvers has been carried out to date [Gomes et al., 2008], and
a variety of extensions to the DpLL procedure have been proposed. In fact, current solvers are able to handle
as many as a million variables and are used in a numerous applications [Gomes et al., 2008].

The success of satisfiability solvers has also led to many extensions which go beyond propositional logic,
by considering variants of the DpLL algorithm. One of the main motivations for this line of work is to reason
about mathematical constraints, such as in linear arithmetic. The language here is usually quantifier-free frag-
ments of FOL, often with equality and functions. Some of these sublanguages allow for a natural encoding
of abstract datatypes, such as lists [Shankar and Ruess, 2002], and they are found to be tremendously useful
in software verification [Pnueli et al., 1999] as well as in hardware verification [Burch and Dill, 1994].

Arbitrary well-formed expressions in such quantifier-free FOL fragments with equality and functions are
known as ground term algebra. Early proposals, such as [Ackermann, 1962], were directed towards reducing
certain theories into sentences in propositional logic. But since then, many solvers that operate directly on
ground term algebra appear in the literature [Shankar and Ruess, 2002; Barrett et al., 2000; Groote and van de
Pol, 2000; Badban et al., 2007; Badban and van de Pol, 2005]. Solvers such as MatuSAT [Audemard et al.,
2002] are further specialized for efficiently handling the propositional component of the language.

In [Baumgartner, 2000], DpLL is generalized to FOL. But the algorithm proposed there is not terminating,
mainly because the satisfiability problem for first-order logic is not decidable. Moreover, equality is not

considered.
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Let us simply summarize all this work and point out that in contrast to these techniques, our methodology
provides a different strategy for finding satisfying assignments to functions and this is made possible because
our domain is fixed over standard names, which are all unique. It is also precisely this feature that allows to

consider quantifiers both in the KB and the query.!?

5.6 Concluding Remarks

In this chapter, we presented three cases where progression is first-order definable and efficiently computable,
under reasonable assumptions. In particular, we first considered local-effect actions, where progression is al-
ways first-order definable. For certain kinds of expressive theories called proper* KBs it is also very efficient.
Second, we considered normal actions, which are not local-effect, where is progression is first-order defin-
able provided that the initial theory is in the semi-Horn form wrt the fluents which the actions affect in a
non-local way. Moreover, for propert KBs satisfying this requirement, progression is also efficient. Finally,
we consider JIT progression for proper”™ KBs wrt range-restricted theories. Progressing a theory alone is not
sufficient for efficient projection, and so we also introduced a query evaluation mechanism for a large class
of queries against proper* KBs.

The idea behind progression is not new and lies at the heart of most planning systems, including STrips
[Fikes and Nilsson, 1971]. As we mentioned in Section 5.1.1, Lin and Reiter [1997] were the first to provide
a general account of progression in the context of the situation calculus. As part of their work, they also view
StrIPS as a mechanism for computing progression.

Lin and Reiter conjectured that progression needs second-order logic in general, in the sense the pro-
gression of a theory cannot be represented simply with first-order sentences, even allowing for an infinite
number of them. This conjecture was later proved by Vassos and Levesque [2008]. Lin and Reiter were also
the first to consider two useful syntactical restrictions on action theories with which progression is first-order
definable and efficient, including the strictly context-free case mentioned in Section 5.2.2.

In the interest of moving beyond the context-free assumption, Liu and Levesque [2005a] proposed local-
effect theories, which are a strict generalization of Lin and Reiter’s context-free theories. Under the strong
assumption that the agent has complete knowledge about the context formula, Liu and Levesque present
first-order definability and computability results for certain kinds of initial KBs called proper KBs. For the
sake of this discussion, proper KBs correspond to a (possibly) infinite set of literals (and thus are strictly less
expressive than proper” KBs).

In later work, Vassos et al. [2008] proved that the progression of an arbitrary first-order sentence wrt
local-effect theories is first-order definable. They prove that for a special case, called strictly local-effect
action theories, it is finite and can be computed. Recently, Liu and Lakemeyer [2009] generalized this result
in the sense of showing that the progression of an arbitrary first-order sentence wrt local-effect action theories
is indeed computable. But it may not be efficient, and so they prove that for function-free proper* KBs
progression wrt local-effects is efficient. Thus, our first result generalizes the local-effects results from [Liu
and Lakemeyer, 2009] to a language with functional fluents. The definability results are inspired by the

same ideas as in [Liu and Lakemeyer, 2009], but in the case of functions we have to forget primitive terms

13Nonetheless, it remains to be seen if it leads to an implementation that is more efficient than, say, an encoding of the KB (plus, the
uniqueness of names) input to suitable existing solvers.
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while in the predicate-only case, one forgets primitive atoms. Moreover, in this chapter, we are interested in
computing progression in terms the agent’s knowledge base, that is, in terms of what is only known, along
the work of [Lakemeyer and Levesque, 2009]. Consequently, we are also able to handle non-trivial sensing
results which are then a part of the new knowledge base. Our techniques for computing the progression of
proper* KBs efficiently is also different from the one proposed in [Liu and Lakemeyer, 2009], mainly, again
due to the fact that we need to forget primitive terms while in the predicate-only case, they forget atoms.

In their paper, Liu and Lakemeyer also introduced normal actions essentially to capture cases such as
moving a box or a briefcase, which not only affects the location of the container but also all the objects inside
the container. They showed that provided that the initial theory is semi-Horn wrt all fluents on which a nor-
mal action has non-local effects, progression is always first-order definable. For a predicate-only propert KB
satisfying the semi-Horn assumption, they also proved that progression is efficient. Our second result gener-
alizes their work to the case of functional fluents.'*

Local-effects and normal actions still fall short of being able to capture actions like moving forward and
the effect it has on the location of the robot. This motivated Vassos et al. [2009] to introduce the notion of
range-restricted theories. More precisely, they prove computability results for DBPCs, which was discussed
in Section 5.4. The technique they introduce, however, is quite different from the approach considered in this
thesis. The idea there is to progress all possible models of the initial theory and propose conditions under
which this can be represented efficiently. They were able to provide such a procedure because DBPCs restrict
the possible values of primitive terms to a finite set. On the other hand, we had a considerably simple notion
of computing progression, which was based on forgetting. But we could provide this result only because we
assumed complete knowledge about the context formula (see Section 5.4.2). So, while our initial theories are
in some sense much more expressive than DBPCs, the kind of theories we can deal with are in some sense
more restrictive than what Vassos et al. can handle. For instance, while both the approaches can deal with the
action of moving forward, only Vassos et al. are able to handle the case where the agent is uncertain about its
position. This is arguably useful in many scenarios, such as our example from Figure 4.3. We believe each
approach has its benefits, and depends very much on the domain we are interested in. Nevertheless, let us
reiterate that, in both accounts, the JIT assumption, which captures the intuition that the bounded effects on
non-local actions can be resolved using information in the knowledge base, is problematic when the action
theory is used offfine. Put differently, in settings where the action theory is used by an agent that is able to
interact with the world online and get new information, say by means of sensing, JIT progression may prove
more effective.

Both categories of non-local action theories dealt with have their limitations. Normal actions enable
restrictions on the fluents that may appear in the context formula, as a result of which examples such as
the exploding bomb action theory cannot be handled. On the other hand, with range-restricted theories the
definability of progression depends on the JIT assumption, which we argued above can be problematic in
some settings. Part of the reason why this limitation does not arise with normal actions is because we are
basically adding the instantiated successor state axioms to the new theory. In the case of range-restricted

theories, we update the values of primitive terms.

We summarize the results in the literature in the following table. Let us remark that an important second

14We remark that Liu and Lakemeyer also mention in their paper that they were able to extend the first-order definability results for
local-effects and normal actions to a language with functions. But these are not published at the time of writing this thesis.
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step to the practical feasibility of the progression formalism is query evaluation. When proposing the pro-
gression of predicate-only proper™ KBs, Liu and Lakemeyer rely on a sound but incomplete query evaluation
methodology from [Liu and Levesque, 2005b]. In this chapter, we introduced a new methodology for sound

and complete reasoning for a large class of queries in the presence of function symbols.

We now review some other results regarding progression in the situation calculus. Under the strong
assumption that the initial KB is complete, De Giacomo and Mancini [2004] investigate how to exploit
relational database technology to do progression. In particular, they make use of database updating and query
service to do progression efficiently. In their work, Shirazi and Amir [2005] investigate the computability of
a certain form of first-order progression, but they leave open the cases under which progression is correct.
Instead they show that provided progression is first-order definable, their version of weak progression is
correct for certain kinds of queries. They, then, concentrate on proving results for unit-case actions, where
the context formulas are unit clauses.

An interesting direction has been pursued in [Liu and Wen, 2011], where they provide an account of
computing progression for subjective theories. More precisely, they are concerned with showing that the
progression of sentences in the epistemic situation calculus [Scherl and Levesque, 2003] wrt local-effect
actions is definable in first-order modal logic (S5 in particular). The proof techniques are based on similar
ideas from [Liu and Lakemeyer, 2009] and the ones used in this chapter, viz. by means of forgetting. However,
owing to the enriched language they need to consider forgetting in modal logic [Zhang and Zhou, 2009]. For
this reason, they are able to prove that progression wrt local-effects is definable in first-order modal logic for
only a restricted fragment of the language. They also need to make additional restrictions about the initial KB
when sensing is performed. Since the logic in [Liu and Wen, 2011] is S5 one could argue that by using only
knowing, with which we may be able to specify the agent’s KB in terms of objective sentences in the scope
of the O modal operator, we are able to consider the progression of a non-modal theory and do not need
any additional restrictions at least wrt local-effects on the agent’s knowledge base. Nevertheless, the results
in [Liu and Wen, 2011] are novel, since they clarify how the ideas behind progression is to be extended for
basic KBs. Further, extending the results for non-introspective logics such as K may prove insightful when
considering agents that are not capable of full introspection.

Outside of the situation calculus, we already mentioned in Section 2.3.2 that the fluent calculus also
employs a form of progression. This is essentially the result of encoding the dual of basic action theories in
terms of state update axioms. Here, after doing an action, progression is based on adding a description of the
changes between the new and the initial states. But in order to implement this methodology, one needs an
inference mechanism that is able to build the new state from the old one and the descriptions. In [Thielscher,
2005], one approach is outlined based on using logical constraints to express the description of the change.
However, it makes use of a sound but incomplete constraint solver to compute the new state.

As a closing remark, consider that for the chapter we have concerned ourselves with the single agent
case, mainly due to the additional technical subtleties that arise in an account of progression in contrast to
regression. We leave the multiagent case for future work. We believe that this can be obtained by combining
our semantics for multiagent only knowing from the previous chapter, with the notion of progressing world
states from the current chapter. Some of the main issues that need clarification are regarding the sensing
results that may be distinct between the agents, and how this should be incorporated into the progressed

KBs of the agents. Some preliminary work on providing an account of progression in the multiagent case
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Figure 5.6: Below, (1) denotes [Liu and Levesque, 2005a], (2) denotes [Vassos et al., 2008], (3) denotes [Liu
and Lakemeyer, 2009], (4) denotes [Belle and Lakemeyer, 2011b], and (5) denotes [Vassos et al., 2009].

Class Results
Local-effect Introduced in (1)
Actions

e Definability results in (2)

Computability results (function-free case) in (3)

Efficiency results for function-free proper* KBs in (3)

Computability results (with functions) in (4)

Efficiency results for proper* KBs in (4)

Normal Introduced in (3)
Actions . . . .
e Definability and computability results (function-free case) in (3)
o Efficiency results for function-free proper* KBs in (3)

e Definability and computability results (with functions) in (4)

o Efficiency results for proper* KBs in (4)

Range- Introduced in (5)
restricted . . . .
o Definability, computability and efficiency results for DBPCs in (5)
theories

e Definability, computability and efficiency results for proper* KBs in (4), but for

different assumptions about the context formula
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is presented in [Liu and Wen, 2011], as an extension to their work on the progression of knowledge in the

epistemic situation calculus. That is, besides restricting initial knowledge bases due their use of forgetting

techniques in a modal context, only knowing is not considered.



Chapter 6

Progression under Uncertainty

In the previous chapters, we considered solutions to the projection problem. An important assumption made
there is that the effectors used to execute actions and performing sensing operate deterministically. However,
in realistic domains, this is typically not the case. For example, if a robot attempts to move one unit towards
a wall (as in Figure 4.2), it is possible that it ends up moving only (say) .9 units, due to the inaccuracies in
its effectors. Nevertheless, the robot’s degree of belief that it is closer to the goal should increase. Similarly,
due to cheap hardware a sensor reading of 1 unit may in reality mean that the robot is anywhere (say) in the
range of .9 to 1.1 units. In this chapter, we are concerned with proposing a representation formalism that
captures the reasoning required to keep the agent’s beliefs contingent with what happens in the world, given
such noise in the effectors of the agent. (Noisy sensors is left for future work.) Without the ability to reason
with this noise, the agent will not be able to operate in its environment in any purposeful manner.

Clearly, the computational feasibility of such a formalism rests on providing a solution to the projection
problem. We consider a framework closely related to Lin and Reiter’s notion progression to reason about
projection tasks. The idea will be to allow the knowledge base to contain both “ordinary” beliefs, by which
we mean first-order sentences taken to be what the agent knows, as well as probabilistic ones, which in some
sense reflect the agent’s degrees of belief. After doing an action, ordinary beliefs can be progressed in a
standard fashion, much like what was investigated in the previous chapter, while probabilistic beliefs can be
updated in a computable manner. However, to achieve such results we need to restrict the kind of probabilistic
beliefs in the knowledge base. Nevertheless, we believe that the case we make is of practical interest.

The rest of the chapter is organized as follows. We present a new logic whose semantics is based on
independent developments on progression and reasoning about uncertainty. We then cover the semantics of
progression under uncertainty, and turn to definability theorems that show how the progressed knowledge is

obtained from the initial one wrt both faulty and non-faulty effectors.

6.1 The Logic &S,

In Section 2.3.1, we briefly reviewed two extensions to the situation calculus that allow for the representation
of noisy effects and degrees of belief. While both formalisms are adequate to represent noisy effects, the

extension by Bacchus et al. [1995] resorts to second-order logic when reasoning about probabilistic beliefs.

151



152 PROGRESSION UNDER UNCERTAINTY

Moreover, despite having epistemic features, it is not even clear what the knowledge base should look like
after performing actions [Gabaldon and Lakemeyer, 2007]. While some of these issues are addressed in
Gabaldon and Lakemeyer [2007], the latter approach is also not without its problems. For instance, after
doing a noisy actions, an agent is only allowed to reason about probabilistic beliefs, whose semantics is quite
involved. But perhaps the main issue is that both the approaches do not propose a solution to the projection
problem. Be that as it may, it does not seem entirely obvious how the regression operator should be defined in
the presence of noisy actions and probabilistic beliefs. However, a progression-based solution can be given,
as we shall investigate in this chapter, and for this purpose we introduce a new logic £S,,.

Before turning to the formal aspects, let us informally see how uncertainty is represented. In the situation
calculus, we say actions are deterministic in the sense that when executing an action it is typically assumed
that this results in a unique successor state. Bacchus et al. then propose to model nondeterminism in actions
by essentially mapping a noisy action to a set of primitive (deterministic) actions. The nondeterminism here
is that the agent does not know exactly which primitive action was executed. But importantly, by modeling
nondeterminism this way, a solution to the frame problem as proposed by Reiter [2001] can be applied wrt
the execution of the underlying primitive actions individually. For these reasons, we will also capture noisy
actions in £S5, using the same trick. Roughly speaking, the language will syntactically distinguish noisy
actions, and models for the logic will include a mapping from noisy actions to ordinary ones. In order
to represent probabilistic beliefs, the language will also include a new modal operator B. For readability
purposes, in what follows, we use the term “knowledge” with the modality K, and use the term “beliefs”

with B. We reiterate that neither of the two modalities require that the agent has true beliefs.

The Language

We let symbols be taken from a vocabulary consisting of first-order variables, second-order rigid function
variables, fluent and rigid functions, distinguished functions Poss, prob, choice and the following logical con-
nectives: =, V, A, [v], [[v]l, O, K, B and O. Note that we are essentially dropping SF, since we intend to leave
sensing as future work. The purpose of the distinguished functions prob and choice is considered shortly.
We assume that functions and variables now come in three sorts: object, (ordinary) action and noisy
actions with the understanding that actions are used with [-] and noisy actions are used with [-]. As an
extension to our assumptions in £S, we suppose that all actions and noisy actions are of the rigid type.

We will have three types of standard names:

e M is a countably infinite set of object names, such as #0,%1,..., obj5, ... N includes the set of rational
numbers Q closed under standard arithmetical operators +, —, X, <. Let Qjo,1; denote the subset of Q

between 0 and 1 inclusive.

o Let A = {A(my,...,my) | m; € N and A is a function of the action sort} be the set of action names,

e.g. drop(obj5), forward.

o LetS = {A(my,...,my) | m; € N and A is a function of the noisy action sort} be the set of noisy action

names, e.g. noisyReverse.

Now, let @ = N U AU 8. Thus, the language includes an additional class of names compared to £S. We
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now define terms and formulas in the same way as in the previous chapters, extended to the new sort in an
obvious way.
Terms

Terms are of the sort action, noisy action or object, and they are the least set of expressions such that:

o Every first-order variable and name is a term.

e If 7'is a vector of terms of the object sort and A is a function of the action or the noisy action sort, then
A(#) is a term.

e If 7is a vector of terms of any sort and f is a function of the object sort, then f(f) is a term.

e If #'is a vector of terms and P is a second-order variable then P(7) is a term.

By primitive term, we mean one of the form f(i71) where m; € Q. By primitive second-order term, we mean

one of the form P(i11) where m; € Q.

Formulas

The well-formed formulas of the language are:
e if r and ¢’ are terms then ¢ = ¢’ is a formula;

e if x is a first-order variable, P is a second-order variable, @ and g8 are formulas, then so are @ A
B, ~a, Vxa,VPa, [tla, [tle, Oa, Ka, O,

o if @ is a formula then Ba > b, where b € Qo 13, is a formula.

As in the previous chapter, we will make the restriction (and assume henceforth) that second-order quantifiers
are only applied to formulas that do not mention K and O.

For the new language, by a fluent formula we will mean those that do not mention Poss, prob, choice,
v, [v]l, O, K, O and B. We will syntactically restrict formulas appearing in the scope of B to be fluent
formulas. We refer to formulas of the form Ba > b as probability or belief atoms.

We read [f]a, K@ and Oa as before. We read [[¢]l as “a holds after the noisy action . We read Ba > b
as “a is believed with a probability > b”.

We remark that Ba > b is the only kind of belief inequality expression in the language. But this is
without any loss of generality, since we can express other inequalities in terms of > as follows:

e Ba = b is an abbreviation for Ba > b A B—-a > 1 — b;
e Ba > b is an abbreviation for Ba > b A —=(Ba = b);

e Ba < b is an abbreviation for B—a > 1 — b.
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The Semantics

We begin by defining Z as the set of all finite sequences of names from .4, including (). The set of all possible
worlds W are defined as before, that is, where a world is a function:

e from primitive object terms and Z to AV, and
e from primitive second-order terms to A

The initial beliefs of the agent is given by an epistemic state e C YV which is any set of worlds.

Terms are interpreted as follows. As usual, names are rigid designators. We extend the idea of co-referring
names for arbitrary terms as follows. Given a term #, a world w, and an action sequence z € Z, we define |t|f4
by:

e if #is a name then |7[}, = 1;

e if f is a function of the object sort and 7’is a vector of names, then |f(|., = w[ (), z] where n; = |;[%,

for terms #; in 7

e if A is a function of the action or the noisy action sort, then |A(f)|;, = A(7#}) where n; = |t;|°, for terms #;

inf:
e if P is a second-order variable then |P(f5|‘z4 = P(i) where n; = |t;].

When z = (), we write |¢|, instead of \t|fv>

Readers will notice that we have simply extended our previous notions regarding co-referring names for
the new sort in an obvious way. Second-order variables are understood as before, and we use the notation
w ~p w' to mean that w and w’ agree on everything except maybe assignments involving P.

To reason about uncertainty, we now begin with some definitions. First, to reason about noisy actions, we
introduce functions Pr and II. For every t € N, II(r) = ¢ and for every s € S, TI(s) is a finite set of names
from N. That is, II essentially maps actions to actions, and maps noisy actions to a set of actions. Intuitively,
it models the nondeterminism in noisy actions. With this in hand, we let Pr(v) : TI(v) — Qqo.;; — {0} be
a probability distribution i.e. ), Pr(v) = 1, which essentially maps the choices of noisy actions to strictly
positive probabilities. We will shortly see that they are interpreted in the language by means of choice and
prob respectively.

Next, to interpret belief atoms over WV, we introduce the notion of a probability space [Halmos, 1950;
Fagin and Halpern, 1994].

Definition 6.1.1. (Probability space.) A probability space is a tuple (D, X, ) where D is a set called
the sample space, X is a o-algebra of subsets of D (i.e. a set of subsets containing D and closed under

complementation and countable union), and a measure u : D — [0, 1] satisfying the following two properties:
1. u(@) =0and u(D) = 1;

2. if A and B are disjoint elements of &, then (A U B) = u(A) + u(B). 1

For our purposes it is sufficient to restrict ourselves to probability spaces that satisfy:



CHAPTER 6 155

M1. X =27, ie X consists of all possible sets of the sample space;

M2. pu: X — Q.. i.e. the measure is restricted to the space of rationals which is reasonable for practical
applications;

M3. u(X) > 0 forall X € X such that X # ().

The idea is, much like Fagin and Halpern [1994], to associate each world w € VV with a probability space.
So suppose we have a function that maps w to the probability space (D", X", u") where D C W. That
is, at each world w, the agent imagines a sample space consisting of possible worlds. The argument then is
whether a natural definition can be specified for precisely which set of worlds are in D". Fagin and Halpern
argue that this set must necessarily be a subset of the worlds considered epistemically possible from w, since
it is unintuitive for the agent to assign positive probabilities to worlds that he does not consider epistemically
possible. We go further, and say that D" is precisely the set of worlds considered epistemically possible at
w.! Uncertainty is then interpreted wrt the agent’s initial beliefs, and this is what we will need. Moreover,
since the set of epistemically possible worlds is fixed by e, it follows that we need to only consider a single
probability space whose sample space is e.’

However, owing to the language, ¢ may be uncountable. Instead of working with an infinite sample
space [Halpern, 2003], we use a notion from [Gabaldon and Lakemeyer, 2007] and reduce e to a finite set of

equivalence classes of worlds. So let F be a finite set of fluents and H be a finite set of names. Then let
A={fa)| feF,m € H}.

Intuitively, the idea is to assume that F includes all the fluents over which we define a basic action theory,
and this sublanguage represents every fluent and name that the agent encounters during its operation.

We write w & w’ to mean that for all fluent primitive terms d from A, w[d, ()] = w'[d, ()]. Now, given an
epistemic state e, define

wl|={w | v €e, andw =~ w}

as the set of epistemically possible worlds that agree on A initially.> Analogously, for any ¢’ C e, let ||¢|| =
{llw|]| | w € €'} which is always finite. Putting this together, let us now define a single probability space:

(llefl, 211, ).
We are now ready to define the notion of a model for the logic. It has the following components:

e an epistemic state e;
e the real world w;

e a measure u that assigns a probability to all possible subsets of ||e

>

IFagin and Halpern [1994] point out that the definition of D" depends on the application. Thus, there are situations where letting
DY be the set of all epistemically possible worlds is perhaps not appropriate. But for our purposes, this assumption seems reasonable.
Moreover, it greatly simplifies the technical treatment.

2 As argued by Gabaldon and Lakemeyer [2007], this often leads to agents holding precise beliefs about every formula. But consider
a basket of oranges and apples, where their proportion is not clear. Then, the agent may not be able to assign an exact probability to the
event “a selected fruit is orange”. One remedy is to allow a set of measures to capture the entire range of possibilities. We ignore such
issues for simplicity.

3Note that equivalence classes are understood wrt a particular epistemic state. But since it will always be clear from the context
which epistemic we mean, we avoid the notational clutter.
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e and the pair (IT, Pr), which we denote by 6.

Readers will notice that besides the new notions to reason about uncertainty, different from £S, the model
does not include an action sequence z € Z. This is because we are proposing a semantics based on progression
by means of which all the above components are updated when doing an action.

The main purpose of the semantics is to clarify how fluents and belief atoms are to be understood. The
account given is closely related to earlier work by Lakemeyer and Levesque [2009], who define a notion of
progressing worlds and epistemic states, and Bacchus et al. [1995] who gave an account of how probabilities

should be assigned to successor states.

e Recap the first idea from Definition 5.1.1. Different from that definition, however, we will not consider

the compatibility relation ~,. To be precise:

Definition 6.1.2. (Progression of a set of worlds.) Suppose w is a world. Let w, be a world such that
w,[p,7']1 = wlp, r - Z'] for all primitive terms p and action sequences z'. Given any set of worlds e, let
e, ={w.|w €e}

We say that w, is the progression of w wrt r and that e, is the progression of e wrt r. Il

e According to the second idea, probabilities on a situation are transferred to successor situations when
ordinary actions are performed, and are weakened by the probability of the particular choice of action
on doing noisy actions. More precisely, if situation s has a probability of b and a is a ordinary action,
then do(a, s) has the same probability as s. In the case of noisy actions, which are nondeterministic by
definition, it may be that executing a noisy action is equivalent to executing a; or a,, both of which are
ordinary actions, with probabilities | and b,. Then the probability on the situation do(ay, s) is b X by.
This is illustrated in Figure 6.1.

In a sense, this intuition roughly tells us that the progression of worlds in ||w|| must obtain the same probability
as ||w|| when ordinary actions are executed. (Analogously, for noisy actions.) Unfortunately, this would make
the notion ill-defined in our case, mainly because even if w and w’ are two different worlds, w, and w/.,, where
r is an action, may be identical. As a consequence, if w and w’ belong in two different equivalence classes,
this no longer holds for the progressed worlds. Be that as it may, this is not a bug. With progression, we
are essentially forgetting the past but in the case of Bacchus et al., the initial theory and hence the initial
situations are kept around.

It turns out that the only technical device we need is the idea of normal worlds, which is not only a simple
notion but also fits very well with purpose of this chapter, as we shall shortly see.

Definition 6.1.3. (Normal worlds.) Let w and w’ be any two worlds, and suppose w = w'. The worlds are
said to be normal if w, = w', for all z € Z|H which is the restriction of Z to all sequences that only mention
names of the action sort from H.

A normal epistemic state is any set of normal worlds. Il

That is, this definition says that if normal worlds belong in an equivalence class, then the same holds for their
progressed versions. With this in hand, we define the progression of models of the logic, which is central to

our semantics.
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N\
\,

do(ay, s) & 4o do(asz, s)

p(s) x PR(aq) p(s) x PR(as)

Figure 6.1: This illustrates the probabilities on successor situations after the execution of ordinary and noisy
actions. In the former, the probabilities remain the same, that is, the probability on do(a, s) is the probability
on s, given by p(s). In the case of the latter, the probabilities on the successor situations are weakened

depending on the choice for the noisy action and the probability of that choice being executed.
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Definition 6.1.4. (Progression wrt actions.) Given a model M = (e, w, 1, ), where e is normal, its progres-

sion wrt a primitive action r is (e, Wy, i, 0):
e w, and ¢, are as in Definition 6.1.2;
e forw* €e,,
= let ||[w*||={w €e, | W =w*};
- let #r(HW* ||) = /J(U{w’edwﬁzw*} HW/H) i
Observe that the notion of equivalence classes is adapted for the new epistemic state in a natural way. Essen-
tially, what Definition 6.1.4 says is that if we progress worlds in e different classes may merge since they end
up agreeing on A, in which case a sum of the weights on the earlier classes must apply to the merged one in
order to maintain normalization. Thus, we maintain the intuitions of Bacchus et al. in our definition but while

taking the progression of worlds and their equivalence classes into account. Here is how we extend this idea

and define the progression of models wrt noisy actions:

Definition 6.1.5. (Progression wrt noisy actions.) Given M as above, its progression wrt s € S, where
I(s) = {r1,...,r} is (e, Wy, i, 0):

e let w,, and e,, are as in Definition 6.1.2;
o lete; = ;e
o for w* € ey,

= let [w*|| = {w € e, | W = w*};

- letMY(HW*”) = Zi/‘l(U{w/Ee\w,’_’_%w*} HW/”) X PR(I‘,').4 1

This definition follows the same principles as Definition 6.1.4 except to incorporate the nondeterminism in
noisy actions. That is, if we let I1(s) be a single action then this is simply Definition 6.1.4 once again. More
generally, it says that the probability assigned to ||w,,

| is essentially the probability assigned to ||w|| weakened
by a factor of Pr(r;), while taking the merging of equivalence classes into account. It is easy to see that here
too we maintain the intuitions of Bacchus et al. when progressing models. It is worth noting that § which
stands for the pair (IT, PR) does not change during the progression of models.

One desirable property that we get from Definition 6.1.4 and Definition 6.1.5 is that both u,(||e,||) and

1s(Jles||) are always 1. More precisely,
Proposition 6.1.6. Let M = (e, w, u,d) be a model.
1. Suppose r € A. Then, (||e,||, 21, u,) is a probability space and satisfies M1 — M3,

2. Suppose s € S. Then (||e]|, 2%, uy) is a probability space and satisfies M1 — M3,

4Here we mean Pr(s)[r;], i.e. the probability assigned to 7; by the distribution Pr(s). We abbreviate this as Pr(r;) for readability.
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Proof: The argument turns out to be quite simple. To show item (1), for ease of exposition, we suppose that e

is made up of two equivalence classes,

w*|| and ||w**||. The case of k classes is straightforward but tedious.

We begin by noting that since e is normal, it follows that for every pair of worlds w’,w” € e such that

w' & w', it also holds that w,. ~ w//. Thus, e, is also normal. Further, on considering ||w,||, it follows the

progression of every world from ||w|| is in ||w,||. Then there are two possibilities:
1. Suppose w; # w;*. Then, the following hold:

e For any w' € ||w}| and any w” € ||w}*||, w’ # w" because we are dealing with normal worlds.

o ||e,|| consists of two elements, i.e. |le;]| = {||w:], [|[wi*||}.

o WD = sl for W € {w*,w**}. This means that g (ler]) = plhw? | U o[ =
ullwe [ U llw=() = p(lle]l) = 1.

2. Suppose w; ~ w;*. Then the following hold:

e Foreveryw',w"’ € e, w =w",
e ||e,|| consists only of a single element, i.e. |le,|| = {||w||}.
o (Il = pdlw | U lw=[) = ulel) = 1.

Thus we obtain a probability space satisfying the desired properties for item (1).

To now show item (2), for ease of exposition, we will assume e is made up of a single equivalence class,
say ||w*||, and that TI(s) = {r,r2}. (The case where ¢ may correspond to k equivalence classes and where
I(s) = {r1,...,rw} is straightforward but tedious. Mainly, we will have to consider the progression of each
of k equivalence classes wrt each of k” primitive actions.) As we have done above, it is easy to argue that e
is normal if e is. Further, for every pair of worlds w, w’ € [[w*||, it follows that w,, ~ w;.. Thus, we have two

cases
1. Suppose wy, # wy,. Then the following hold:

o forany w’ € [|w} || and w” € [|w}, ||, " % w".

o |les|| consists of two elements, i.e. |[e || = {[|w};

w3
o (e ) = u(lw*|)) x PR(5). This means that z,(||es|) = u([|w* ) x PR +4(]|w* ) x PR(r2) =
p([w*|)) = u(lle])) = 1.

2. Suppose w;. ~ wy,. Then the following hold:

e forany w',w'’ € e;, w =~ w'.
e |le || is a singleton, i.e. [les]| = {[[w} ||}.

o us(|lwrl)) = u(|lw*|]). Clearly then p(|les|]) = u([le|) = 1.1

Given a model M = (e, w,u,6) and any z = (ry - ... - ry), define (e, w;, i1, 6) as the result of progression

M wrt z in an iterative manner. The complete semantic definition is:

1. e,w,u,6 |= 1) = 1 iff n; and n, are the same where |1;|,, = n;;
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2. e,w, 1,6 | ~aiff e,w, 1,6 £ a;

3. e,w,u,6 = VBiffe,w,u, 6 = aore,w,u,d = p;
4. e,w, 1,6 = Vxaiff e,w,u, 8 |= a for all names of the appropriate sort;
5. e,w, 1,6 |= VPa iff e,w', u, 8 |= a for every w' ~p w;?

6. e,w, 1,6 |= [t iff e,, wy, iy, 6 |= @ where |t| =

7. e,w, 1,6 |= [t iff eg, wy, iy, 6 |= a for all r; € T(s), where 7], = s;

8. e,w,u, 6 |= choice(t,t') = 1iff r € TI(s), where |t|,, = sand || = r;

9. e,w, 11,6 |= prob(t,t') = biff r € I1(s) and Pr(r) = b, where |t| , = sand |¢'| = r;
10. e,w,u,6 |= OB iff e, w4z, 6 = aforall z € Z;
1. e,w,u,6 E Kaiffforallw' € e, e,w, 1,6 E «;
12. e,w,u,6 | Ociff forall w', w' € eiff e,w', u,6 = a;
13. e,w, 11,6 = Ba > biff u(||[al|) > b;

where, for the fluent formula «,

[al, ={w|w [ a,we e}

That is, the semantics for the belief atoms is specified by obtaining the sum of the probabilities on all worlds
that satisfy a.

We say a sentence is true for (e, w, u, 8) if e, w, 1, 6 |= @. Given a set of sentences X, we write £ = « if for
every normal e, w, u, § such that e, w, 1,6 |= @’ for every ' € X, then e, w, 41,6 |= a. Finally, we write |= @ to

mean {} |£ a.

Properties

It is easy to verify that the semantics inherits all of the properties of £S. More precisely, we note that only

knowing a formula also implies knowing that formula:
Eo(Oa D Ka).
Meanwhile, K also has the usual properties regarding positive and negative introspection:

o(Ka D KKa),

o(—~Ka D> K-Ka).

So what we will focus on are the additional properties of the logic, mainly concerning the relationship be-

tween knowledge and belief.

SRecall our discussion from Section 5.1 that our semantics for second-order quantifiers works as intended only when a does not
mention { K, O}, which is the case by way of our syntactic restriction.
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Proposition 6.1.7. Let a and B be fluent sentences. Then the following sentences are valid:
1. O(Ka D Ba > b) forevery0) < b < 1;
2. O(Ba > b D> ~K—a)forevery ) < b < 1;
3. 0(B@Ap) > by ANB(@aAN—p) > by D Ba > by + by).

Proof: Let M = (e, w, u, 5) be a model.

1. Suppose M |= Ka. Then [@], = e. Clearly then u(||[a].||) > b for every 0 < b < 1 since by definition
u(|le]) = 1. Therefore M |= Ba > b.

2. Suppose M |= Ba > b for some b such that 0 < b < 1. This implies that u(||[@].]|]) > O, that is, there

is some w’ € e, such that e, w', u, § |= @. Therefore M £ K—a.

3. Suppose M |= B(a AB) > by A B(a A —B) > by. Lete; = [ A B], and let e; = [ A —B].. Note
that [@], = e; U e, and e; and e; are disjoint. By assumption, u(||e1||) > by and u(||ez]]) > b,. Recall
the property of probability spaces where u(A U B) = u(A) + u(B) if A and B are disjoint. Therefore
u(||[@le|]) > by + by, thatis, M |= Ba > by + by. 1

These properties essentially tell us that knowing a formula implies believing a formula with a probability > b
for all » > 0. Conversely, believing a formula with a strictly positive probability implies that the negation of
the formula is not known. The last property discusses the additivity of probabilities over beliefs, similar to
[Fagin and Halpern, 1994], which holds after any sequence of actions.

We end our discussion of £S,, by proving a few useful lemmas about the progression of models. The first
says that the probability assigned to the equivalence classes consisting of a set of worlds is less than or equal
to the probability assigned to the equivalence class consisting of the progressed worlds.

In what follows, when convenient, we often treat an equivalence class simply as a set of worlds. Further,

given a set of worlds W C e, we write (W), to mean {w, | w € W}.

Lemma 6.1.8. Suppose M = (e, w,u, ) is a model and r is a primitive action. Let M, = (e,, w,, i, d) be the
progression of M wrt r. For any w* € e, u,(||[wi|)) > p(||w*|)).

Proof: The proof is quite straightforward. The idea is that since e is normal, all worlds in ||w*|| also belong

in ||w¥|| by definition. That is, for any w', w” € ||w*

, it follows that w' =~ w'" and that w/. & w/’. Now by the
definition of y,, the probability on ||w*|| is u(||w*||) plus other equivalence classes in e, say ||w’||, such that
w! ~ w*. Therefore p,(||w?|) is at least u(||[w*|)), if not greater. I

We obtain a simple corollary thereof:

Corollary 6.1.9. Let M and M, be as above. For any set of worlds W C e, p1,(||(W),||) = u(|W])).

Proof: Suppose |W|| = W; U... U W;, where W; are equivalence classes ||w*|| for w* € W. Since W; and
W; are disjoint for every i, j provided i # j, it follows that u(||W||) = Y; b; where b; = u(W;). Now consider
[w] for some w* € W. By the arguments from Lemma 6.1.8, it follows that w,(||w}]]) is u(||w*||) plus the
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probability of other classes ||w’|| such that w' € e and w/. = w. Now, if ||w'|| C ||W||, i.e. if ||w'|| is some W},
then clearly ||wj|| is at least b; + b;. (That is, even if ||w.|| and ||w}|| are the same, u.(||w}||) will be at least
u([w'|| U [|w*]]).) Otherwise, if u(||w'||) = &/, then ||w}|| is at least b; + b’. Thus, ||(W),|| is at least }; b;, if

not greater. il

The second lemma of interest is to show that there is either a one to one or many to one correspondence

between the equivalence class of e and e,.

Lemma 6.1.10. Suppose M = (e,w,u,0) and M, are as above. Consider the equivalence classes in e
and e,. That is, suppose W; denotes an equivalence class in e, say ||w*|| for some w* € e, and suppose
e =W U...UW,. Similarly, suppose e, = W; U ... UW,, Then for any W; and W,/'

1. either (W), = W]'.,

2. or (W), C WJ’., and in this case, (W; U Wy ... U W), = W,/' for some hl,. .., hk.

Proof: Let W; = ||w*|| for some w* € e. Note that for any w’,w” € ||[w*||, it follows that w’ = w”, and since

the worlds are normal, w. &~ w'’. It then follows that the progression of every world in W; is also in ||w}]|.
Of course, there may be other classes ||w’|| for w’ € e such that w’ # w* but w}. ~ w, which means that the
progression of the worlds from ||w’|| are in ||w¥|| as well.

Now, since [|wj || is some W7, we obtain W} 2 (W;),. That s, either W} = (W;),, thereby showing item (1),
or W; D (W)), and this case WJ’. contains the progressed versions of some other equivalence classes. Since

there are only finitely many equivalence classes, this then shows item (2). il

The final lemma of interest is a simple one regarding noisy actions, and can be seen as analogue to Lemma

6.1.8. Here we prove that the probability on an equivalence class is weakened after progression.

Lemma 6.1.11. Suppose M is as above and let My be the progression of M wrt s. Suppose Il(s) =
{ri.....n}. For any w* € e, ps(||wyi])) > u(|[w*])) x Pr(ry).

Proof: Consider some w* € e. By the definition of y, it follows that the probability assigned to ||w} ||
is obtained by considering the progression of every w' € e such that w;j ~ wj. weakened by a factor of
Pr(r;), for every j. Clearly this will at least consider the progression of all the worlds from ||w* || wrt r;. Thus,

us([lwy |]) is at least u(|[w*||) x Pr(r;), if not greater. Il

We obtain the following corollary as an analogue to Corollary 6.1.9:

Corollary 6.1.12. Let M = (e,w,u,6) and M be as above. For any set of worlds W C e, u (||(W),])) >
u(|W1) x Pr(r;).

Proof: The formal arguments follow Corollary 6.1.9 while considering the progression of the worlds wrt the

different choices for s as in Lemma 6.1.11. i



CHAPTER 6 163

6.2 The Semantics of Progression

We begin by considering the equivalent of situation calculus basic action theories. These are essentially
the same as the ones considered in Definition 4.1.2, with the exception of two additional components that

axiomatize the uncertainty in the domain.

6.2.1 Basic Action Theories

Definition 6.2.1. (Basic action theory.) Given a set of fluents F, a set X' C £S, is called the basic action
theory over F if it is the union of:

® 29,2, 2post as in Definition 4.1.2;

e 21 is a sentence of the form Ochoice(x,y) = 1 = A where A is a fluent formula only mentioning

variables and names;

e Jp, is a sentence of the form Oprob(x,y) = u = n where 7 is a fluent formula only mentioning variables

and names.

That is, 21y and Zp, capture the nondeterminism in noisy actions and in a sense, axiomatically model IT and
PR respectively.®

As in the previous chapters, we assume that a basic action theory is all that the agent knows.” We often
denote the initial theory as ¢ and denote the rest as OF. But in addition to what the agent knows in terms of
an action theory, it may have a number of probabilistic beliefs, which we represent as a conjunction of belief
atoms. Putting all of this together, in what follows we will concern ourselves with a background theory T of

the form:

O(¢/\Dﬁ)/\ABa2b.

Example 6.2.2. (The simple robot domain reconsidered.) Let us illustrate the idea of a basic action theory
and the corresponding theory with an example. We reconsider the robot domain from Example 4.1.3 with
the following changes. We assume that in addition to moving forwards, the robot is also capable of moving
backwards. However, in contrast to moving forward, we suppose that the reverse mechanism is noisy. More
precisely, the robot can execute noisyReverse which may result in an actual reverse, with a success rate
of .9, or the robot may end up just staying in place. The domain is formalized in Figure 6.2. Let 2 =
20U Zpre U Zpos U2 U Zpy.

6In other accounts involving noisy sensors, such as [Gabaldon and Lakemeyer, 2007], the rhs of the equivalent of these axioms are
allowed to be arbitrary fluent formulas. To see an example that can be axiomatized with this feature, think of having a robot whose
effectors are noisy in the sense that moving forward by a unit results in moving forward by either O unit or 1 unit. With Definition
6.2.1, one may only say that moving O units is possible with a probability of b while moving 1 unit is possible with a probability of
1 — b. However, by allowing the ris of Zp; to be arbitrary fluent formulas, we may additionally express that the probability of moving
1 unit is 1 — b provided the robot is not already at its destination; otherwise, it is 0. That is, if the robot is already at the wall, the
nondeterministic choice of moving by a unit should not be applicable. We avoid this generality for simplicity. See [Bacchus et al., 1999]
for more discussions on independence assumptions such as these.

7Given any set of primitive formulas, an action theory determines precisely which of these are true after actions. It then follows that
worlds that satisfy a basic action theory are normal. In this sense, if a basic action theory is all that the agent knows, then its epistemic
state is also normal.
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2y = {distance = 4 V distance = 5};
Zpre = {OPoss(v) = 1 = TRUE};
2ot = {Olv]distance = x =
v = forward A distance = x + 1V
v = reverse N\ distance = x — 1 V
distance = x \ v # reverse \ v # forward};
2 = {Ochoice(x,y) = 1 = x = noisyReverse N
y = reverse V' y = noop};
2pe = {Oprob(x,y) = u = x = noisyReverse \
y=reverse N\u=.9V

y =noop Au=.1}.

Figure 6.2: The simple robot domain reconsidered.

Let us now suppose that the agent quantifies the uncertainty in the initial theory by B(distance = 4) >
4 and B(distance = 5) > .6. Then, the background theory T is given as

OX A Bdistance = 4 > 4 N\ Bdistance =5 > .6. 1

6.2.2 Formal Foundations

In the sequel we are concerned with the progression of a theory T = OX' A A Ba > b. The question we must
now answer is this: what is progression in the presence of belief atoms and noisy actions? We now address
this question and establish the foundations of progression in the context of uncertainty.

Consider classical progression. In Section 5.1.1, we briefly reviewed that Lin and Reiter [1997] provide
a model-theoretic definition for the progression of situation calculus basic action theories and discuss several
properties that the new definition must satisfy. The main message is that the new and initial theory agree on

arbitrary queries about the future. It turns out a very similar account also works for us.

Definition 6.2.3. (Progression.) Suppose T is a theory as above. Let r and s be a primitive action and
primitive noisy action, respectively. We call T’ the progression of T wrt r (or s) iff for every model M, M is

a model of T" iff there is a model M’ of T such that M is the progression of M’ wrt r (or s). il
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Suppose T’ exists. Then it follows that it has the right properties in the sense that T’ is fully compatible with

T on unrestricted queries about the future.

Theorem 6.2.4. Let T, r and s be as above. Then,
1. Suppose T' is the progression of T wrt r. Then given any formula &, T |= [rla if T' = a.
2. Suppose T' is the progression of T wrt s. Then given any formula «, T |= [s]le iff T’ |= a.

Proof: The proofs are similar and so we only show item (1). For item (2), the only change to the proof is that
instead of arguing with the progression of models wrt r, we argue with the progression of models wrt s.
Suppose T |= [rla. Let M be a model of 7’. By Definition 6.2.3, there is a model M’ of T such that
M. = M.Butif M’ |= T then M’ |= [r]a and by the semantics, M| |= @, i.e. M |= @. Therefore T’ |= a.
Conversely, suppose T’ |= @. Let M be an arbitrary model of T. Now consider the progression of M,
i.e. M,. Since T is the progression of T, M, |= T’, and this means that M, |= «@. That is, M |= [r]a by
definition, and therefore T |= [r]a. 1

Thus, given that 7’ has the desired properties, the obvious question is whether it always exists. For the
first step, observe that when belief atoms do not appear in T and we are only concerned with progressing wrt
ordinary actions, then this is precisely the case studied in the previous chapter, viz. Theorem 5.1.4. We now

show that regarding this case, the previous result can also be proved for the new logic:

Theorem 6.2.5. Let T = O(¢p A OB). Then the progression of T wrt a primitive action r is
O(Prog(¢) N OB)
where Prog(¢) = 3ﬁ[¢§ ANNAVEY. f(D)=y= yfrg].

Proof: Let T’ denote O(Prog(¢) A OB). Let M = (e, w, u, §) be an arbitrary model of 7’. We now construct a
model for T, say M’ = (¢/,w', i/’ 6), such that M| = M. We proceed as follows:

e Let ¢’ be any set of worlds satisfying O(¢ ADB). By means of Lemma 5.1.5 and Lemma 5.1.6, it follows
that w* € e/ iff w* |= Prog(¢) A OB, i.e. €. satisfies O(Prog(¢) A OB). Moreover, e’ = e.3

e Construct a world w’ with the following properties:

— for all primitive terms d, w'[d, ()] is an arbitrary name;
— for all primitive terms d, w'[d, r - z] = w[d, z] forall z € Z.
e Note that since T does not mention any belief atoms, ¢’ can be any arbitrary measure provided it is a
well defined in the sense of satisfying M1 — M3. We construct such a measure now.

Let us consider the equivalence classes of e and ¢’. That is, suppose ¢ = W U ... U W;, where W; is

[w*|| for some w* € e. Analogously, suppose ¢’ = W] U...UW,,.

By Lemma 6.1.10, it follows that for any W/ and W;

8Recall from our discussions in Section 3.1.2, which although was in the context of O£, that any epistemic state satisfying O, if ¢
is an objective sentence, is unique and maximal. (See Theorem 8.3.1 in [Levesque and Lakemeyer, 2001].) The argument is the same
for £S and its variants since we are simply constructing {w | w |= ¢} which results in a unique set of worlds provided ¢ is a fluent
sentence.
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1. (W), =Wj,or

2. (W), C W, and so suppose (W, U W, U...UW,

(i wr = Wi, for some i1, ..., Al

That is, either the progression of an equivalence class in ¢’ results in an equivalence class in e, or the
equivalence classes may merge. If (1) and u(W;) = b then let 41’ be a measure such that y'(W;) = b. If
the latter and u(W;) = b then let u'(W;) = b/(I + 1) for h € {i,hl,..., hl}. It then follows that if (2)
then 4/((J W)) = b.

In sum, we have assigned measures to all the equivalence classes in ¢’.

It is now straightforward to verify that M’ = (¢/,w’, /', 6) is the desired model in the sense that M| = M. I

Thus, we are able to precisely define the progression of O(¢ A OB) wrt ordinary actions.’ Unfortunately, we
do not have a proof whether T exists in general. By this we mean that, when 7 mentions belief atoms, or
when we are interested in the progression wrt noisy actions, it is not clear how 7" is to be formulated for an
arbitrary T.

For the rest of the chapter, we are interested in a practical case, which is, in fact, motivated by Example
6.2.2. For this case, under certain assumptions, we show that one is able to obtain the progression of a theory

T wrt both ordinary and noisy actions.

6.2.3 Progression for a Practical Case wrt Ordinary Actions

The practical case for which the progression of a background theory T is definable is motivated by Example

6.2.2, where we encounter reasoning problems of the following sort:

Suppose the robot believes that it is 5 units away with a .6 probability. Then after moving forward, it

now believes that it is 4 units away with a .6 probability.

We observe that for realistic applications such as these, it often suffices to maintain beliefs about literals.
Moreover, the agent must be able to update the values of such literals after doing the action. But clearly if
the context formula of the corresponding successor state axiom mentions fluents about which the agent does
not have complete information, this is no longer possible. To give a simple example, suppose we have the

following successor state axiom in the basic action theory:
alf=y=v=AAg=0Ay=1Vv#A.

Then after executing the action A, the fluent f obtains a value of 1 provided the value of g is 0. But if the
agent does not know the value of g, then it will not be able to update f to 1 after executing A.

To this end, the only assumption we will need to make is for the initial KB to have complete knowledge
about the fluents in the successor state axioms. However, in many cases where we need to deal with beliefs
this is too strong an assumption. For instance, in Example 6.2.2, we note that the new value of the fluent
distance depends on the previous one, about which the agent has incomplete knowledge. Therefore, in order

to capture the kind of applications we have in mind, we introduce essentially local-effect action theories:'°

9Note that, as investigated in the previous chapter, while the progressed basic action theory requires second-order logic in general,
there are cases where it is first-order definable.

10In an earlier version of our results [Belle and Lakemeyer, 2011c], we refer to essentially local-effect action theories as normal
successor state axioms. We avoid confusion with the notions from Section 5.2.3 by renaming our concept.
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Olalstatus(x) =y =

a = drop(x) A fragile(x) = 1 Ay = destroyed V/

a # drop A status(x) = y.

Figure 6.3: Dropping of an object.

Definition 6.2.6. (Essentially local-effect action theory.) Let the successor state axiom for fluent f be of
the form:

apvlf(®) =y = y(Xy,v) V f(X) = y A =Fhy (X, h,v).

The successor state axiom is essentially local-effect if y (X, y, v) is a disjunction of formulas of the form:
Jit,h. [v=ARQ NL@ N f(X) =h Ny =0 h)].

where 7 mentions ¥ and i are the remaining variables in Z, £(?) is any fluent formula not mentioning actions,
and O(Z, k) is any arithmetical expression involving the previous value of f(¥) and Z. (On substituting Z and h
with names, say 77 and n, @@, n) resolves to another standard name.)

We call £(2) the context formula.

Example 6.2.7. Consider ygisnce(x,v) from Example 6.2.2, which is essentially local-effect. This can be

rewritten as:
v = forward N\ 3hldistance =h N x=h — 1]V
v = reverse N\ Jh|distance = h N x = h+ 1].

There is no context formula in v gisance-

Example 6.2.8. Consider v, given in Figure 6.3, which is essentially local-effect. The successor state
axiom says that dropping a fragile object destroys it. In ¥, the context formula is
fragile(x) = 1.1

Essentially local-effect action theories are similar to local-effect theories except that the argument of the
action, i.e. the vector of variables 7, need not mention the value of the fluent, i.e. the variable y. In this
sense, essentially local-effect successor state axioms are more general than local-effect successor state axioms
encountered in Definition 5.2.10. The idea now is that it is sufficient for the initial KB to only have complete

knowledge about the fluents appearing in the context formula. All this is made precise below.

Definition 6.2.9. (Completeness property.) A fluent sentence ¢ is complete wrt a set of primitive formulas
Cifforall p € T, either ¢ |= p or ¢ |= —p.

We say ¢ is complete wrt a fluent f if it is complete wrt all instances of f which are primitive formulas. il



168 PROGRESSION UNDER UNCERTAINTY

That is, given an arbitrary fluent formula @, which only mentions fluents wrt which ¢ is complete, either
¢ D aor¢ D —ais valid.

Example 6.2.10. Let ¢ be a conjunction of the following sentences:
e Y(fragile(x) = 1 = x = D),
o status(D) # destroyed V status(D) # cracked
o status(C) = open

It is complete wrt fragile, but not wrt status. However, ¢ is complete wrt the primitive formula status(C) =

open. |1

For the next step, we isolate the fluents wrt which such a property is necessary. Given a theory T =
O) A \ Bp > b, where p is either a positive or negative primitive literal, we let Fg C F denote all the
fluents mentioned in the belief atoms.

Definition 6.2.11. (Context-completeness.) Suppose T = O(¢p AOB) A A\ Bp > b is a theory, where ¢ A OB

is a basic action theory. We say that T is context-complete (for its beliefs) iff:
e the successor state axiom for every f € Fp is essentially local-effect;

e ¢ is complete wrt all fluents appearing in the context formulas of these successor state axioms. Il

Example 6.2.12. Consider the basic action theory from Example 6.2.2. The background theory is context-
complete, because it only mentions belief atoms about the fluent distance which is essentially local-effect

without context formulas. il

Example 6.2.13. Consider the successor state axiom from Figure 6.3, which we denote as SSAns. Let
2y = {¢} from Example 6.2.10. Let T be

Oy A SSAgams) N\ Bstatus(D) # destroyed > .9

Then T is context-complete, because it maintains a belief about an instance of starus, whose successor state
axiom is essentially local-effect, and T is complete wrt all the fluents appearing in the context formula,

viz. fragile(x) = 1, of this successor state axiom. il

With this in hand, we prove a preliminary result before presenting results on updating belief atoms:

Proposition 6.2.14. Suppose X' is a basic action theory, and the successor state axiom for the fluent f is
essentially local-effect. Let r denote the primitive action A(3). Then there is a formula y(X,y) of the following

form:

\/ @& =i A G(@) A Fh [f) = h Ay = ©,(h, D))
where ii; are name vectors appearing in 0, and (;(0) do not mention any free variables such that the following
holds:

= Yy (R, y, 1) = Y(X, ).
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Proof: The formal arguments are similar to the simplifications we pursued with local-effect action theories,
i.e. Proposition 5.2.12. More precisely, since the successor state axiom for f is essentially local-effect, by
Definition 6.2.6, 7y, is a disjunction of formulas of the form 3, h.[v = A@) A L@ A f(X) = h Ay = O(h,D)].
By the uniqueness of actions, y (¥, y, A(9)) simplifies to 3h. [¥ = /i A {(G) A f(X) = h Ay = O(h, d)], where

X are variables in Z. il

In what follows, we assume without any loss of generality that y (¥, y, r) is simplified to the form indicated

by Proposition 6.2.14.

Proposition 6.2.15. Suppose T = O(¢ ANOB) A Bf(ii)on > b is context-complete, where f(it)on is a literal
and o € {=,#}. Suppose M is a model of T and r is as above. Then M, |= B(f(i}) o n*) > b, where n* is as

follows:

e if ¥ = 1t does not appear in (X, y) (as obtained from Proposition 6.2.14), then n* is n;

<

o if ¥X=mAL@)AIh [fGh) = h ANy = O(h,d)] appears in y(X,y) and

— if ¢ |E £(3) then n* is O(n, );!!

— otherwise, n* is n.

Proof: For the first step, observe that for any world w that satisfies ¢ A OB A f(7i) o n, it follows that
w |= [r]f () o n* as stated by the conditions above. This can be argued for as follows. Since f is essentially
local-effect by assumption, w |= [v]f(X) =y = y¢(X,y,v) V f(X) = y A =3hy (X, h,v) where y is essentially
local-effect. Now, on substituting v with r and simplifying (¥, y, r) as in Proposition 6.2.14, we obtain the
formula y(%, y). Clearly if ¥ = ni does not appear in (%, y) then w |= ([r]f(m) = y) = f(i) = yA—Th /(7 =
i NGO NTH[f() = W ANh = 0;(W,0)]), i.e. w = ([r]f(i) = y) = f(h) = y because i = m; is equivalent

to FaLsE for every i. Since w |= f(i1) o n, it follows then that w |= [r]f(7) o n. On the other hand if ¥ = 7

does appear, and
o if ¢ = £(0) then w |= [r]f (1) o O(n, 0);
o else, if ¢ £ ~¢(3) thenw [ [/1fGih) = y = fGih) = .

Note that due to the context-completeness assumption, either ¢ |= () or ¢ |= —£(3). Thus, it follows that
w,r |= f(7) o n*. From Lemma 5.2.19, we have w, |= f(i#) o n*.

Now, Let M denote the tuple (e, w, i, ). By assumption, u(||[ f(1) = n].||) > b. Let W denote the set of
worlds ||[f() = n].||.

Next, pick an arbitrary w* € W. By construction, w* |= f(i#1) o n. By the argument above, w |= f(#) o n*.
Since w* is an arbitrary world from W, it follows that the progression of all the worlds in W satisfies f (i) on*.

Now (W), C [f(m) = n*].. So, by way of Corollary 6.1.9, it follows that if u(||W||) > b then
w|[(W),|l) > b as well. Therefore u(||[f(m) = n*].,|)) > b.1

ITRecall that @ is an arithmetical expression and if its arguments are names then it resolves to a name.
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This proposition says that if a literal p, say f(i1) = n, is believed with a probability > b in T, then after doing
an action r, the updated literal f(771) = n* is believed with a probability > b. Note that the new value for f (i)
depends crucially on the action r, since this determines which fluent terms of f are affected. This may vary
for each primitive action, as in the local-effects case.

Henceforth, for the purpose of readability if we denote a literal f(77) o n by p, then we denote the updated
literal wrt r, i.e. f(iit) o n*, by p*. The above result can be extended to an arbitrary set of beliefs atoms in the

following manner:
Proposition 6.2.16. Suppose T,r and M are as above. Then:
1. If M |= Bp > by A Bp > b, then

M, |= Bp* > max(by, by).
2. If M |= A\ Bp; > b;, where p;’s are different, then

M, E /\Bp;-" > Z b;.

{j|p;‘ is the same as p}}

Proof: Item (1) follows as a straightforward corollary of Proposition 6.2.15. This is because by the definition
of the semantics, M |= Bp > max(by, b,) and then we can apply Proposition 6.2.15.

For item (2), we have two cases. The easy one is if p} and p;.‘ are different, for every i, j and i # j. Then
the proposition is asking us to show that M, |= Bp! > b; for each i, which is precisely what Proposition
6.2.15 establishes.

Now, suppose that p and pj*. for i # j are the same, then both p; and p; must be literals mentioning
the same primitive term. So suppose that {pi, ..., px} are literals appearing in belief atoms in 7 mentioning
the same primitive term. For ease of exposition, let k = 2. (The argument for k > 2 is straightforward but
tedious.) Now, let W; be the set of worlds [p;]. and let W, be the set of worlds [p-].. It is easy to see that W
and W, are disjoint.

Now, suppose that u(||Wi]) > by and u(||W2||) > b,. Since W, and W, are disjoint, it follows that
u(|Wi || U [[Wal]) > by + by, or u(|[Wy U W,||) > by + by. Since p} and pj are the same, clearly [pi]., 2
(W, U Wa),.. Therefore, u,(||[p}]e,|]) is greater than or equal to s, (|[(W; U W5),|), which by Corollary 6.1.9,
is greater than or equal to u(||W; U Wa||) > by + b.

Note that in item (2) of the above proposition, we assumed without loss of generality that the p;’s are
different because if we have multiple beliefs about p; then we can simplify it as indicated by item (1) of the
proposition, i.e. by choosing the maximum of the probabilities.

Example 6.2.17. We consider some variants of Example 6.2.2. Let 2 be the basic action theory from that

example. Let r denote the action forward. Then:

e Suppose T = OX A B(distance = 4) > .4 and let M be a model of T. Then M, |= B(distance = 3) >
4.

e Suppose T = O A B(distance = 4) > .3 N\ B(distance = 4) > 4. If M is a model of T, then
M, |= B(distance = 3) > 4.
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e Suppose T = OX A B(distance = 4) > .4 A\ B(distance = 5) > .6. If M is a model of T, then
M, |= B(distance = 3) > .4 \ B(distance = 4) > .6.

In each of these cases, we have obtained the new value for the fluent distance by means of Proposition 6.2.15.

Example 6.2.18. To inspect a case where two updated literals may end up being the same, as entertained by
Proposition 6.2.16, consider the following successor state axiom, which simply sets a 0-ary fluent to 1 after
doing an action A.

oblf=y=
v=AAy=1V
VEANf =y

Now, suppose M is a model of
O(f =1V f=0ASSA)AB(f=1)>4ANB(f=0)> .6

then My |= B(f = 1) = 1. That is, the next value of f is 1 irrespective of what it is previously after doing A.

Thus, the previous beliefs are summed. Il

What comes out of Proposition 6.2.15 and Proposition 6.2.16 is that the belief atoms in the progressed model
are definable via simple steps. That is, given the set of belief atoms appearing in 7, we are able to write down
the belief atoms appearing in T’ which is the progression of T wrt a primitive action.

We now turn to the main result. Below, we prove a theorem that determines what the progression of a
theory looks like after executing an action. For ease of exposition, we consider a theory 7T that only mentions
a single belief atom. When 7" mentions a conjunction of belief atoms, the theorem is generalized by means

of Proposition 6.2.16 which indicates how beliefs atoms are updated after progression.

Theorem 6.2.19. Suppose T = O(¢p A OB) A Bp > b is context-complete and r is as above. Then the
progression of T wrt r is
O(Prog(¢) NOB) AN Bp* > b

where Prog(@) is as above.

Proof: Let us denote the progressed theory by T’. Suppose M = (e, w, u,5) is any model of T/, we now
shown that we can construct one for 7', say M’ = (¢/,w’, i/, §), such that M| = M.

Let ¢’ be an epistemic state that satisfies O(¢ A OB). See Theorem 6.2.5 to verify that ¢/ = e. Further, that
theorem also instructs us how a world w' is to be constructed such that w/. = w.

To construct a measure u’ note that the only constraint imposed by the belief atoms from 7 is that Bp > b.
Given that u is a measure that satisfies Bp* > b, suppose that u(||[p*1.||) = &, where b’ > b. If e—[p*], # 0,
then b’ # 1 (by M3) and u(|le — [p*1.|) =1 —b'.

Let W={w €¢ |w [z p,w. |z p*}. Clearly (W), C [p*].. There are two cases,
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1. If (W), = [p*]., then precisely the progression of those worlds in W C ¢’ satisfy p* in e. Now let
W (|W]]) = b'. Since b' > b, it follows that i’ satisfies the constraint imposed by the belief atom in
T. If ||W|| does not correspond to a single equivalence class, but say k of them, then let i’ assign a
probability of b’/k to each of them.

Now, consider W' = ¢’ — W. It is easy to see that if e — [p*], # 0 then W’ # ). If || W’|| contains (say)
k' equivalence classes, then let ¢’ assign (1 — b’)/k’ to each of these equivalence classes.

2. If (W), C [p*]. then there are worlds outside of W C ¢’ which also satisfy p* on progression. That is,
let W ={w'e€e|w [£p,w.|=p*}and by assumption W’ # ().

Now, we construct u’ based on the following conditions:

o Suppose b’ —b #0.Thenlete =b' —b. Let f/(||W|) = b+ €/2, let /(| — W|)) =1 —b —€/2.
If ||W]| and ||¢’ — W|| correspond to many equivalence classes, then we do as above.

e Suppose b’ = b. Suppose p denotes f(771) = n. Now, note that since W’ # (), there are worlds in
¢’ that satisfy a different value to f(7i1), say n’. Then we claim that for T to be satisfiable, b # 1.
Suppose otherwise. Then for any model of 7' the probability on the set of worlds in the epistemic
state which satisfy f(;7) = n is 1 which means that the probability assigned to the set of worlds
that satisfy f(s71) = n’, which is non-empty by assumption, is 0. Thus a model cannot be obtained,
since every probability space will fail to satisfy M3.

So let (/(J|W]]) = b and let p/(|l¢' — W|)) = 1 — b. If ||W|| and ||’ — W|| correspond to many
equivalence classes, then we do as above.

The constraint imposed by the belief atom in 7 is satisfied.

It is now easy to verify that M’ is a model of T and M| = M. 11

Example 6.2.20. Consider the progression of the background theory 7' from Example 6.2.2 wrt forward. We
proceed as follows:

e Prog(¢). This is obtained as IP[(P = 4V P = 5) AVx.distance = x = forward = forward A\ x = P — 1].
On simplification Prog(¢) = {distance = 3 V distance = 4}.

e Since there are two belief atoms in 7', where the literal mentioned in the belief atoms are different, we
apply (2) from Proposition 6.2.16. Recall from Example 6.2.17 that the belief atom B(distance = 4) >
4 is updated to B(distance = 3) > .4. Similarly, the belief atom B(distance = 5) > .6 is updated to
B(distance = 4) > .6.

Putting this together, the progressed theory T is:

O(distance = 3 V distance = 4 A\ 0B) A

B(distance = 3) > .4 N\ B(distance = 4) > .6.1
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6.2.4 Progression for a Practical Case wrt Noisy Actions

Computing the progression of a theory wrt a noisy action is considerably more complex. To see a simple
example as to why this might be the case, reconsider Example 6.2.2. But now suppose that the agent has
complete knowledge regarding its distance to the wall. If we let 2 denote the basic action theory from that
example, then the following sentence is shown to be valid:

O({distance = 5} U X) D [[noisyReverse] B(distance = 6) = .9

That is, even if the agent has complete knowledge initially, the noisy actuator on execution generates proba-
bilistic beliefs. Naturally, our task for obtaining a definition of the progression of a theory has to somehow
take this into account. Perhaps the simplest way is to require that the theory already maintains beliefs about
primitive terms that a stochastic action can affect and then monitor these beliefs after a noisy action is exe-
cuted. It turns out this idea can be formally accounted for, and this is what we will pursue for the rest of the
section.

Since noisy actions generalize ordinary actions, not surprisingly we inherit the restriction that all the
fluents appearing in the belief atoms must be essentially local-effect. The question then is whether we can
capture every literal that noisy actions affect. We proceed as follows to confirm this. Let s be a noisy action,
and let TI(s) = {A (), A2(32), . . ., Ax(Gr) }. Then,

e Let H be the set of all names appearing in U;d;.

e Let 7/ C F denote the set of fluents f from F such that v = A;(2) appears in y(X, y, v). Intuitively, we
are gathering every fluent that an instance of A; affects.

e Now,let A = {f(m) | f € F',m; € H}. Intuitively, this is the set of all fluent terms that may be affected
after doing s.

With this in hand, we now make precise the assumptions about a theory 7.

Definition 6.2.21. (Determinate property.) Suppose T = O(¢ A OB) A A\ Bp; > b;. Let s be a primitive
noisy action and let A be a set of primitive terms obtained as above. We say that T is determinate wrt s if

e forevery d € A:

1. there are a finite set of names 7; such that ¢ = \/j d=nj

2. T has belief atoms for each d = n;.

e T is context-complete (for its beliefs). ll

Intuitively, this says that ¢ entails a finite number of possible values for each d € A, and these possibilities
have probabilities assigned to them. As mentioned earlier, we inherit the assumptions needed in the ordinary
actions case since noisy actions generalize the former. That is, for every fluent f whose instance is a belief

atom in 7', f is essentially local-effect and ¢ is complete wrt the context formulas mentioned in .
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Example 6.2.22. When resorting to Example 6.2.2, we see that the only noisy action is noisyReverse, whose
choices are either reverse or noop. These actions affect the fluent distance, and in fact, the initial theory
contains a possible value clause for this fluent, viz. distance = 4 V distance = 5, together with beliefs about
each disjunct. Moreover, since the fluent is essentially local-effect without context formulas, the theory is

determinate by our definition. il

In general, we do not believe the new assumptions lead to serious problems because in most realistic
domains, we imagine possible values to range over a small number of names. Moreover, if there is no reason
to consider one value any more likely than the other, one typically assumes that every possibility is equally
likely. For example, when tossing a coin, unless it is known that it is biased, a heads or a tails can be expected
with the same probability.

We are now ready to define the progression of a theory wrt a noisy action s, provided that the theory is
determinate wrt s. However, to get an impression of what this definition should look like, we prove some
lemmas.

In what follows, we will need to distinguish between the effects of the individual action choices for a
given noisy action s. To that end, given a theory T = O(¢ A OB) A A\ Bp; > b; that is determinate wrt s, and
r; € I(s):

e Let us denote by Prog(¢, r;) the progression of the fluent sentence ¢ wrt the ordinary action r;. More

precisely, let Prog(¢, r;) denote
3PP A AYR Y. fD =y =y, F].

e Suppose Bp > b is a belief atom appearing in T, where p denotes f(ii)on with o € {=, #}. Let ¢(Z, y)
be the formula obtained on simplifying y (¥, y, r;) in a manner as indicated by Proposition 6.2.14. Then

let p;: denote the following primitive formula:

n if ¥ = m does not appear in Y(¥, y)
f@i) o 3 n if ¥ =7t A L(B) A 3h[fGit) = h Ay = ©(h, §)] appears in (¥, y) and ¢ [# {(5)
®(n, 0) if ¥ =i A £(@) A R[f() = h Ay = O(h, 3)] appears in (%, y) and ¢ |= £(3).

We begin by showing how belief atoms are updated after noisy actions occur. We first consider a theory
mentioning a single belief atom, and later, in Proposition 6.2.25, we generalize the result to the case where a

theory mentions a conjunction of belief atoms.

Lemma 6.2.23. Suppose s is a primitive noisy action and 1I(s) = {ry,...,r}. Suppose T = O(¢ A OB) A
Bp > b is determinate wrt s. If M is a model of T, then M satisfies:

/\ Bp; > b x > PR(r;).

{j\p;‘/ is the same as p}: }

Proof: For ease of exposition, let II(s) = {r;, r,}. For ease of readability, let p; denote p;‘ There are two

cases, either p; and p, are the same, or they are different.
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e Suppose they are different. The lemma is asking us to show that M |= Bp; > b x Pr(r;) A Bp, >
b X Pr(rp).
Let W = [p].. For ease of exposition, suppose that W is a single equivalence class, say ||w’||. By using

the formal arguments from Lemma 6.2.15, it is not hard to see that w), |= p;. Analogously, w,. |= p,.

Thus, w;, # wy,. In other words, ||}, || and [|w}, || are disjoint.

Of course, (W),, C [p1]e,. By assumption, u(||W||) > b. By definition u(||[p1]e,|]) is at least w5 (|| (W), []),
) > Pr(rp) x b.

which by Lemma 6.1.11, is greater than or equal to Pr(r1) x b. Analogously, (|| [p2]e,

Thus, the lemma is proved for this case.

e Instead, suppose p; and p, are the same. The lemma is asking us to show that My |= Bp; > b. As
in the previous case, for ease of exposition, suppose that W = [p], is a single equivalence class, say
[w'||. Since u(||w'||) > b by assumption, Lemma 6.1.11 establishes that y(||w}, ||) > b x Pr(r;) and
ps([[w, 1)) = b x Pr(r2).

Now, there are two cases, either ||w}, || and ||w/, || are disjoint, or they are the same.
1. Suppose they are disjoint. Since [p1le, 2 [[w}, [|U[|w), ||, ts(|[p1]e, ) is at least ws([|wy, [[ U [Jwy, )
> b x Pr(r1) + b X Pr(rp) > b. This is because Pr(r;) + Pr(r,) = 1.
2. Suppose they are the same. We have that [p;],, D ||}, ||. Now, by the construction of y,, we have

ws([lwr, D = pu(||w'[)) x X Pr(ry) = u(||w']|) which is > b.

Thus, the lemma is proved in this case as well. I

The proposition says that after doing a noisy action, the agent has to consider that its beliefs are updated wrt
each choice for s. If any of the updated primitive formulas are the same, then their beliefs can be summed.

We obtain the following simple corollary thereof:

Corollary 6.2.24. Suppose s is as above. Suppose T = O(¢p AOB) A Bp > b A Bp > b’ is determinate wrt
s. If M is a model of T, then M satisfies:

/\ Bp; > max(b,b") x Z Pr(r)).

{j\p;‘/_ is the same as p,*l}

Proof: By the definition of the semantics, if M |= Bp > b A Bp > b’ then M |= Bp > max(b,b’). Then we
apply Lemma 6.2.23. 11

Here is how these results are extended to an arbitrary number of belief atoms mentioning different primitive

terms.

Proposition 6.2.25. Suppose s is as above and suppose T = O(¢p N OB) A \; Bp; > b;, where the p;’s are
different, is determinate wrt s. If M is a of model of T, then M satisfies the following sentence:

FAWANC: = P > PR(h))).
i Jj u

{hl(pu);;’ is the same as (p,-):j}
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Proof: For ease of exposition, suppose that TI(s) = {ry,r,} and that T only mentions the belief atoms
Bp; > by and Bp, > b;. (The case where I1(s) = {ry,...,r;} and T mentions k" atoms is straightforward

but tedious.) There are two main cases:

e Suppose p; and p, do not mention the same fluent term. Then for arbitrary 4 and u, (p1);, will not be

the same as (p»);, . Thus, we are asked to show that

M, = \ B}, > b > PR(r3)
Jj {h\(p,'):‘h is the same as (p,'),’_f,_}

for each i. This is precisely what Lemma 6.2.23 demonstrates, and so we are done.

e Suppose p; and p, mention the same fluent term. Then depending on which of the literals from
{(p);},. (P}, (p1)}, (p2);,} are the same, we need slightly different arguments. The arguments are

straightforward to adapt, so we show two cases.

1. Suppose they are all different. Then we need to show that M; |= B(p,-);‘j > b; x Pr(r;) for every
i, J.
Let M = (e,w, u,6) and let W = [p;], for any i. From Lemma 6.2.15, it is easy to see that for every
w' e Wow, = (py);, for any j. Since [(p);le, 2 (W),,, it follows that g(|[[(p)], I,
s([|(W),, ), which by Corollary 6.1.12, is greater than or equal to u(||W||) x Pr(r;) > b; X Pr(r)).

) is at least

2. Suppose only (p)} and (p;);, are the same. Then we need to show that M, = B(p)); >
b1 N B(p2);, = by X Pr(r1) A B(p2);, = by X Pr(r2). Proving the beliefs about (p,);, is what
Lemma 6.2.23 demonstrates, and so we focus on (p1);, -

|-

For ease of exposition, suppose that u(||[p1].||) is a single equivalence class, say ||w’||. Since

u(|[[w'[) > b by assumption, Lemma 6.1.11 establishes that (||w). ||) > b x Pr(r;) for each i.

VAR |
So suppose that w,, ~ w,,

then ||w}, || and ||wy, || are the same. Since [(p1);,1e, 2 ||wy, ||, it follows
that u(||[(p1)}; 1, |]) is at least p(||w), ||). By construction of u, we have u(||w}, |) = u(||w'[]) x
2. Pr(r;) which is > b;. On the other hand, if w,, # w;, then ||w/ |
Since [(p1)]Jo, 2 14, | U [wh | it follows that a,(1(p1); T, ) is at Teast a1 | U [ ) >

b] X PR(I’I) + bl X PR(VQ) > bl.

| and [|w}, || are disjoint.

Thus, this case is proved as well, which completes the proof. il

Note that in the above proposition we assumed without any loss of generality that the p;’s are different
because of Corollary 6.2.24, which shows how belief atoms about the same literal in T are to be handled. Let

us illustrate this proposition with an example:

Example 6.2.26. Let us revisit Example 6.2.2. If X' is the basic action theory from that example, recall that

we are dealing with a theory T of the form:
OX) N\ B(distance = 4) > .4 N\ B(distance = 5) > .6.

Now let M be any model of T and if we consider the progression of M wrt noisyReverse, then that model will

satisfy the following belief atoms:
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e B(distance = 6) > .6 x .9

Updating the literal distance = 5 wrt reverse, which is executed with a probability of .9, results in
distance = 6. By Proposition 6.2.25, it obtains a probability of the degree of belief for distance = 5
initially, viz. > .6, weakened by .9 which is > .54.

e B(distance = 4) > 4 x .1
Updating the literal distance = 4 wrt noop, which is executed with a probability of .1, results in

distance = 4 itself. By Proposition 6.2.25, it obtains a probability of the degree of belief for distance =
4 initially, viz. > .4, weakened by .1 which is > .04.

e B(distance =5) > (4 x 9+ .6 x .1)

Updating the literal distance = 5 wrt noop, which is executed with a probability of .1, results in
distance = 5 itself. Additionally, updating the literal distance = 4 wrt reverse, which is executed with
a probability of .9, also results in distance = 5. Therefore, by Proposition 6.2.25, distance = 5 obtains
the sum of these two possibilities, viz. > (.6 x .1 + .4 x .9),i.e. > .42.11

Now, we turn to what the agent should only know after doing a noisy action:

Proposition 6.2.27. Suppose T = O(¢ NOB) A \; Bpj > bj is determinate wrt s. Let M be a model of T.
Let s be a noisy action such that 11(s) = {ry,...,r}. Then My |= O(\/; Prog(¢,r;) A OB).

Proof: Let M be the tuple (e, w, i, 6). Given that w’ € e iff e,w’, u, 6 = ¢ A OB. We need to show that w’ € ¢
iff eg,w', 15,6 |= \V/; Prog(¢, r;)) A OB.

For the if direction, suppose w’ € e;. By construction, there is some w* € e and some r € TI(s) such that
w¥ = w'. By adapting Lemma 5.2.20, we can show that for each i, if r is r; then w' |= Prog(¢, r;) A OB. Thus
W' \/; Prog(é,r)) A\ OB.

Conversely, suppose w' |= \/; Prog(¢,r;) A OB. Then w' |= Prog(¢,r;) A OB for some r;. By adapting
Lemma 5.2.21, it can be shown that there is a world w* such that w} = w' and such that w* |= ¢ A OB. By

assumption, w* € e and thus, wfl_ ces,orw el

Example 6.2.28. Consider what the agent from Example 6.2.2 should only know after noisyReverse. By

applying Proposition 6.2.27, we see that the progression of any model of
O((distance = 4 V distance = 5) A OB) A /\ Bp; > b;

must satisfy
O((¢1 V ¢2) AOB)

where

e ) is Prog(distance = 4 V distance = 5, reverse), which is AP[(P = 4 V P = 5) A distance = x = x =
P + 1] that simplifies to distance = 5 V distance = 6; and

e ¢, is Prog(distance = 4V distance = 5, noop), which is AP[(P = 4 V P = 5) A distance = x = x = P]

that simplifies to distance = 4 V distance = 5.
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That is, we obtain O((distance = 4 V distance = 5V distance = 6) A\ OB).
It is worth noting that, not surprisingly, what the agent only knows after noisyReverse is compatible with
the generated beliefs from Example 6.2.26. i

‘We now state the main result for this section.

Theorem 6.2.29. Suppose T = O(¢p ANOB) A N\ Bp; > b; is determinate wrt s. Then the progression of T wrt

s, where TI(s) = {ry, ..., i} is
O(V  Prog(¢,rj) AOB)) A

/\i /\/(B(pl ;k/» > Zu bu X (Z{h\(pl,)r*h is the same as (p,-):‘j} PR(h)))

Proof: Let T’ denote the progression of T wrt s. Given any model of 7’7, say M = (e, w, u, 5), we prove that
there is a model M’ of T such that M} = M.

Let ¢’ be an epistemic state satisfying O(¢ A OB). Clearly such an epistemic can be constructed and is
unique. By means of Proposition 6.2.27, it is easy to see that ¢/, satisfies O(\/ Prog(¢, r;) AOB). As we argued
in Theorem 6.2.5, an epistemic state satisfying O(«) when « is a fluent sentence always exists and is unique.
Therefore e/ = e.

Next, for all primitive terms d, let w’ be a world such that w'[d, ()] is an arbitrary name, and w'[d, r; - z] =
wld, z] for all z.

We now construct a measure ' satisfying the belief atoms in T using u. For ease of exposition, let TI(s) =
{r1,r,} and let T mention only the belief atoms Bp; > by and Bp, > b,. (The case of II(s) = {ry,...,rx}
and T mentioning k" atoms is straightforward but tedious.) Since by assumption, T should contain beliefs
about all possible values of a primitive term, the interesting case is when p; and p, are about the same
primitive term. That is, worlds in ¢’ either satisfy p; or p,. Let us denote (pi)fj by pi;. Similar to Proposition
6.2.25, the arguments differ slightly depending on which of the literals from {pi1, p12, p21, p22 } are the same.
Since the proofs are easy to adapt, we show the case when they are all different.

In this case, 7’ mentions Bp;; > b; xPr(r;) for every i, j. Note then that [p;;]. are disjoint for every i, j by
assumption. Now, if e—J; ;[pijl. # (), then 3, b; # 1. For suppose otherwise. Then y(]| Ui lpijlel) = b1+ba
by the disjointness property, and this would mean that [|e — |; ;[pi;].|| obtains a probability of 0 if by +b; = 1.
That is, u does not satisfy M3 which contradicts our definition of a model.

Now suppose u(||[p11le]]) = b1 and u(||[pi2lel]) = b12, where clearly by; > by x Pr(r;) for every i.
Construct Wy; = {w’ € ¢’ | w' |= p1,w, |= p1;}. Since worlds in ¢’ either satisfy p; or p, it follows that
Wit U Wiy = [pile. Let y' assign 3, by; to ||Wy U Wi

construction for [p,],» will result in an assignment of a probability greater than or equal to b, to ||[p2].||.

, where clearly };b;; > by. Pursuing a similar

Thus, all the constraints imposed by the belief atoms in T are satisfied by 4’

Finally, if e — Ui lpijle # () then e’ — Ui Wi # (). We argued above that in this case by + b, # 1 and so
let u" assign a probability of 1 — by — by to [|e’ — [J;; W;;|. Throughout when assigning a probability, say b,
to a set of equivalence class, say of size k, let the probability on each equivalence class be b/k.

It is now easy to see that (¢/,w’, ', §) is the desired model. il
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Example 6.2.30. We now progress the theory 7' from Example 6.2.2 by using Theorem 6.2.29. The agent
beliefs after noisyReverse was investigated in Example 6.2.26. Next, we investigated what the agent only
knows after noisyReverse in Example 6.2.28.

Putting this together, the progression of T wrt noisyReverse is:
O((distance = 4V distance = 5 V distance = 6) A OB) A

B(distance = 4) > .04 N\ B(distance = 5) > .42 N\ B(distance = 6) > .54.1

6.3 Concluding Remarks

In this chapter, we proposed a new model for reasoning about uncertainty and action. Among the main fea-
tures is a semantics that clarifies a notion of progression, closely related to Lin and Reiter’s, in the presence
of noisy actions and probabilistic beliefs. Our work is inspired by previous results on progression and noisy
effectors. While we did not obtain a general result about the existence of progression in this setting, we ob-
tained preliminary results for an important practical case. For this case, we are able to define the progression
of a theory, containing both first-order beliefs and probabilistic ones, wrt ordinary and noisy actions. The
results obtained seem to coincide with our intuitions regarding the synchronization of knowledge and beliefs
under uncertainty.

The idea of assigning probabilities to possible worlds is based on previous proposals such as [Fagin
and Halpern, 1994; Bacchus et al., 1995; Halpern, 2003], among others. Fagin and Halpern were among
the first to consider a logical formalism to reason about knowledge and uncertainty. Fagin and Halpern
even consider the many agent case, essentially by considering accessibility relations over the possible world
for each agent, but for a propositional language. They also do not consider actions. Actions are also not
considered in earlier first-order treatments about probability such as [Halpern, 1990]. While actions are dealt
in [Halpern and Tuttle, 1993], and in [Van Benthem et al., 2009] for more recent work, they are not first-
order formalisms. Similarly, the framework of Darwiche and Goldszmidt [1994], which integrates a model
of actions and Bayesian nets [Pearl, 1988], is also not a first-order formalism. As Fagin and Halpern [1994]
also point out, probabilistic knowledge has been of great concern to economists [Osborne and Rubinstein,
1994], although they do not consider formal languages. On a related note, probabilistic variants of dynamic
logic have appeared in early program verification literature [Kozen, 1985], but typically with the intention of
monitoring properties that hold after the probabilistic execution of programs. See [Fagin and Halpern, 1994]
for discussions.

The closest approaches to our work is [Bacchus et al., 1995] and [Gabaldon and Lakemeyer, 2007], both
of which do not propose a solution to the projection problem. Let us remark while [Gabaldon and Lakemeyer,
2007] is also in the framework of £S, the amalgamation of a model of uncertainty with £S is considerably
different from the one considered in this thesis. For example, after executing noisy actions, they only allow
reasoning about probabilistic statements whose semantics is rather involved.

A number of directions present themselves for future work:

e We did not consider any noisy sensing, and this is essential for a complete specification of the agent.

We believe an investigation in the line of [Gabaldon and Lakemeyer, 2007], where noisy sensors are
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modeled exactly as noisy actions are, will prove fruitful while remaining coherent with the other tech-

nical details of our formalism.

e Regarding projection, we address reasoning about action by means of progression. After progressing,
for the practical case considered in the chapter, the agent only knows a basic action theory and believes
a conjunction of belief atoms. Because of that, reasoning about knowledge, that is, evaluating sentences
of the form K« where a is a basic formula wrt the progressed theory is a first-order theorem proving
task due to the representation theorem (see Theorem 3.1.11 and Theorem 4.1.10.) However, we may
also want to reason about beliefs, that is, evaluating sentences of the form Ba wrt the progressed theory.
This is not addressed in the chapter and will be a topic for future research. Perhaps, for restricted cases,
the decision procedure of Fagin and Halpern [1994] for reasoning about probabilities may provide hints

as to how this problem can be approached.

A more general question is whether the results presented in this chapter regarding practical cases can be ex-
tended to a broader class of theories. But arguably, the most pressing issue in this direction is to resolve the
question about whether progression always exists, and if it does, whether it can be given a finite representa-

tion.
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Conclusions

In this thesis, we proposed a general methodology for reasoning about incomplete knowledge bases with
many agents, in dynamic domains. In particular, it is argued that having a knowledge base differs from
simply believing a set of propositions in that it is meant to represent all that is known. This, in turn, implies
believing those propositions while, simultaneously, not believing the propositions that do not follow from
the knowledge base. Armed with this simple concept, we investigated various semantical and computational
considerations that a knowledge-based agent has to address when solving projection tasks. The technical

contributions of this thesis are as follows:

1. We extended Levesque’s logic of only knowing O L to many agents. Among the prominent approaches
to capture multiagent only knowing, ours is the first that is proposed for a quantified language with
equality, while still maintaining all of the desirable properties of Levesque’s framework. Levesque also
proposed a sound and complete axiomatization for the propositional fragment of O L. We then obtained
an axiomatization that faithfully lifts Levesque’s axiomatization to the many agent case. Finally, we

also discussed the relationship to some of the earlier approaches.

2. Based on these results, we proposed an amalgamation of the situation calculus and multiagent only
knowing. Our ideas directly extend the action formalism £S, proposed originally by Lakemeyer and
Levesque, that integrates Reiter’s refinement of the situation calculus with the modal framework of
OL. By means of the regression operator, projection queries are reduced to static ones, and by means
of the representation theorem, static queries about knowledge are reduced to pure first-order reasoning

tasks.

3. We investigated the computational feasibility of Lin and Reiter’s concept of progression in the context
of our knowledge bases, which contained functional fluents. This addresses an important concern
raised in the reasoning about action community that regression alone is not sufficient for projection
tasks, especially during the operation of long-lived agents. Building on earlier first-order definability
and computability results from [Vassos and Levesque, 2008; Liu and Lakemeyer, 2009; Vassos et al.,

2009], we were able to prove the following:

(a) For local-effect actions [Liu and Levesque, 2005a], we were able to show that progression is

181
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first-order definable for arbitrary theories. When the initial knowledge base is a propert KB, we
proved that not only is progression first-order definable, it is also computable in linear time under

reasonable assumptions.

(b) For normal actions [Liu and Lakemeyer, 2009], we were able to show that progression is first-
order definable for theories that are semi-Horn wrt some functional fluents. When the initial
knowledge base is a proper” KB and semi-Horn wrt the same set of fluents, we proved that
progression is first-order definable and computable in linear time under reasonable assumptions.

(c) For range-restricted theories [Vassos et al., 2009], we were able to prove that when the initial
knowledge base is a proper” KB, progression is efficient provided that the conditions under which
an action affects objects is specified using information from the initial knowledge base.

(d) We were able to provide a novel sound and complete algorithm for evaluating a large class of
queries against proper KBs. This involved identifying conditions under which it suffices to
consider a finite version of a proper* KB that, in general, is equivalent to a (possibly) infinite set

of primitive clauses.

In terms of previous work, local-effects and normal actions in particular, {(a),(b)} generalized results
from [Liu and Lakemeyer, 2009] by extending their computability result for function-free finite theories
to finite theories mentioning functional fluents. Moreover, {(a),(b)} considers a strict generalization of
the predicate-only proper™ KB from [Liu and Lakemeyer, 2009] and proves that progression for these
knowledge bases is also efficiently computable. Finally, (c) proves a variant of the definability and

computability results from [Vassos et al., 2009] for proper* KBs.

We examined resolving projection tasks when there is nondeterminism in the execution of actions, and
in the process the agent maintains degrees of belief. Our solution consisted of proposing a notion of
progression which, in fact, is closely related to and inspired by Lin and Reiter’s concept. In particular,
we formalized a model-theoretic property regarding what the new knowledge base should look like,
and identified a useful case where such a new knowledge base is definable given an initial knowledge

base consisting of both ordinary (first-order) sentences as well as probabilistic beliefs.

We conclude with a brief list of topics for future research.

1. Extensions to the results obtained in this thesis remain to be explored:

(a) In Chapter 4, we identified regression and representation theorems for one particular stipulation
about the initial knowledge of multiple agents. In particular, we did not consider any (AEL) de-
faults when reasoning about action. It would be worthwhile to investigate how these theorems
can be extended to other cases. It would also be interesting to investigate limitations to the initial
knowledge bases and action theories, such that after the application of regression and representa-
tion theorems, reasoning about the initial knowledge base is efficient (or at least decidable, say,

by means of the result in Chapter 5).

(b) In Chapter 5, we investigated progression, but we restricted ourselves to the single agent case.

We would like to extend our ideas from Chapter 3 further, and propose a semantical account of
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progression with multiple agents. As we pointed out earlier, some preliminary work has been

carried out in [Liu and Wen, 2011], although not in the context of only knowing.

(c) In Chapter 5, we proposed progression techniques for three classes of basic action theories. We
would like to implement these procedures, and study under what conditions these procedures
work well in practice. Since STrips and its extensions have been quite successful in the planning
community, we believe progression-based solutions such as the one considered in this thesis offer

techniques that are, at least in principle, able to handle a broader set of applications.

(d) In this thesis, we proposed a reasoning mechanism for propert KBs wrt a class of queries. We
would like to extend this class to also consider existentially quantified queries. Moreover, we
would like to implement this procedure and compare it to existing state-of-the-art solvers over an
encoding of the ground proper* KB (together with axioms about the uniqueness of names).

(e) In this thesis, we proposed a notion of progression under uncertainty. However, we were not able
to obtain a general result regarding the definability of the progressed knowledge base in Chapter
6. An interesting question is whether progression always exists in this setting, and whether it
is finitely representable. Moreover, we would like to extend our results to noisy sensing, and

perhaps consider more practical cases where progression can be computed easily.

2. The main thrust of the thesis is to address certain knowledge representation and reasoning problems
that arise in high-level control programs for autonomous agents, operating in incompletely known and
dynamic worlds. The underlying assumption was that a tight coupling of such cognitive tasks and
low-level behaviors can be achieved. However, this assumption, which allowed us to formalize and
treat the agent’s cognitive module in a clean and natural way, has to be examined closely. Think, for
example, of the simple action of a robot moving forward. This action involves (say) starting its motors,
issuing a low-level request of going forward by some units to a (calibrated) effector, stopping the motor
after the action, efc. In other words, while we treated moving forward as a primitive action throughout
this thesis, we see that in practical settings, it may not be one. This raises the question as to which
set of actions are primitive and when should the inner workings of an action be made available to the
agent? This brings to the forefront concerns about the granularity of behavioral primitives. On a more
general level, there may be parts of the robot’s software which perhaps operate by means of different
mathematical representations. Examples include robotic mapping and localization [Thrun, 2002], and
vision. It then becomes necessary to provide agent architectures that not only allow different modules
to be parts of the same system, but these modules may need to interact with each other. Think of a
robot fast approaching a wall, governed by a high-level control program that says that provided the
fluent NoObstable is true, it should move forward. In this case, the robot must, by means of its vision
system and object recognition software, recognize the wall as an obstacle and set NoObstacle to false.
Moreover, if failures occur in the operation of these software components, the robot must be able to do
a reasoned failure recovery. Pertinent questions such as these connect high-level control formalisms
with traditional (low-level) robotics, thereby suggesting ways to realize and build autonomous and
intelligent agents.
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Appendix A

Long Proofs

A.1 Proof of the Regression Property

In this section, we prove Theorem 4.2.12. We begin with a few useful lemmas before turning to the theorem.
In what follows, we will make use of the following special construction. Given a world w, we define another
world wy which is like w except that it satisfies 2., 2, and X, sentences of X. Similarly, given w,
we define wys which is like w except that it satisfies the corresponding components of 2. We define wy as
another world which is like w except that it satisfies the corresponding components of 7.

Definition A.1.1. Let w be a world, z € Z and X' a basic action theory over fluents F. Then wy is a world

satisfying the following conditions:
1. for f ¢ F, wel f(iD), 2] = wlf(i), z];
2. for f € F, wy is defined inductively by:

@ wzLf@D), ()1 = wlf@), ()
(b) wlf(d.z-rl = miffwr,z = (v %
3. ws[Poss(r),z] = liff wg,z |= #);
4. welSFi(r),zl = miff we,z = ¢l 55
Note that this definition uses the rhs of 2.
The following properties can be shown regarding wy in relation to w:
Lemma A.1.2. [Lakemeyer and Levesque, 2004]
1. For any w, ws exists and is unique.

2. Ifw = 2y then wy |= 2.

3. IfwE2 thenw = ws.
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4. Let @ be any bounded objective sentence, and suppose that it is rectified and in FNr. Let z € Z. Then
w = Rlz, o] iff ws,z = a.

Proof: We show item 4. The proof is by induction on the length of a. We treat the length of Poss(r) and
SFi(r) as the length of 7} and ;) plus 1. We only consider the non-trivial cases below:
case Poss(r).

We have wy, z |= Poss(r) = 1

iff wx, z |= 7} by definition of wx
iff w |= Rz, 7}] by induction
iff w |= R[z, Poss(r) = 1] by definition of R.

case SF;(r) =m.

We have wy, z |= SFi(r) = m
iff wx, z |= ¢;) by definition of wx
iff w |= R[z, ¢;¥] by induction
iff w |= Rz, SF;(r) = m] by definition of R.

case fluents f € F. Note that, by definition of Fnr, ground atoms are of the form f(#) = m. The proof is by
sub-induction on z.

L. we = f)=m

iff w |= f(#) = m by definition of wx

iff w |= R[(), f(7) = m] by definition of R.
2. wr,zorlEf=m

iffws,z |= yfj Lxﬁ by definition of wx
vy=xX
rmit

iff w|= Rz - r, f(i#) = m] by definition of R. Il

iff w |= Rlz, v "] by sub-induction

We now proceed to prove similar properties about epistemic states. Given X and a basic action theory X, let
us define ex* inductively by:

Loes' = {0 D[ w.{h ee}s
2. exk = {(ws,ex*) | (w, k1) € €F).
In addition, for brevity, let
e = OKnows[A, k] A OKnows/|B, j], and
® Yo = OKnows,[A, k] A OKnows,[B, jl.

Then, item 2 of Lemma A.1.2 is extended for knowledge in the following manner.
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Lemma A.1.3. Suppose efl, eé, w = Yo. Then egfl, e;/{;, w = o

Proof: Since OKnow;yli, *] is interpreted wrt i’s epistemic state, the proof is a simple induction on the modal
depth of the background theory. (Refer to Lemma 4.2.8 for the formal definition.) That is, when the modal
depth of the background theory is /, then we have a sentence of the form OKnows,[A, k] A OKnow;o/ [B, j]
suchthat k <[, j <land kor jisl.

The base case is a background theory of modal depth 1. That is, we may have a background theory of
0429 N\ OpZy’ (or 04 or OpXy'). So suppose e}, ep, w |= Oa(Zp) A Op(Zy'). We need to show that for all
worlds w', W', {}) € ex} iff w' |= Z. The case of ey, is analogous.

Suppose w |= 2. Then w |= X and therefore, by assumption, w € e}‘. By Lemma A.1.2, w = wy and
therefore, (w, {}) € es}.

Conversely, let (w, {}) € ex}. By definition, there is a (W', {}) € e}, such that wi. = w. But since w’ |= 2,
it follows from Lemma A.1.2 that w |= 2. Thus, ex}, {}, w |= Oa(2).

Assume that the hypothesis holds for theories of modal depth k—1, that is, if ef‘_l satisfies OKnow % [A, k—
1] then e;ﬁ satisfies OKnowy[A, k — 1]. (This is stated for B analogously.) Now, suppose that eﬁ, eé, w = ¥o.
Then, (w’,ei‘;l) € ek iff eﬁ,e’;*l,w’ = 29 A OKnows,[B,k — 1]. We have to prove that (w’, e’t‘;l) € ek iff

egﬁ, ef;l, w' |= 2 A OKnows|[B, k — 1]. The argument is then symmetric for eg.

7 k—1

Consider any ell;_] and w such that e;f‘, e’l‘;l, w = 2 A OKnows[B, k — 1]. Now, consider ey such that

{}, egk_l,w I= OKnows,[B, k — 1]. Since w I= 2, by Lemma A.1.2 w = wy and also, w |= 2. It follows that

(w, egkfl) € eﬁ by assumption. By induction hypothesis, {}, es’ Zﬁl,w I= OKnows[B, k — 1]. By definition,

1 k=1
= eB .
Conversely, consider any (w, e’l‘;l) € eﬁ. By assumption, {},e’l‘;',w E 2o A OKnows,[B,k — 1].

(w,es’ f{l) € ezf‘. An easy argument shows that ez’l;)f

By Lemma 4.2.8, wy |= 2. By induction hypothesis, {},e;’l‘;l,w = OKnows[B,k — 1]. By definition,

k—1
(wx,exy ) € esy. Il

We now generalize item 4 of Lemma A.1.2 for knowledge.
Lemma A.14. & el w = R[T, 2,2, z,a] iff esk, sl wr, 2 = .

Proof: The proof is by induction on z, a sub-induction on «.

Let z = (). The case of objective formulas proceeds as in Lemma A.1.2. We now consider A-subjective
formulas. The case of B-subjective formulas is symmetric.

We have es%, egfé, wr,z F Kaa

. k—1 ko k k=1 . L
iff for all (w,ep ') € exy, esh.ep W«

iff for all (w, e]l‘;l) c eﬁ, e;ﬁ, e;gfl, ws |= a by definition of e;ﬁ
iff for all (w,e};") € ek, ek, ™", w |= R[(), @] by sub-induction
iff ef\, e{g, w = KuRI(), al

iff ek, e, w = R[(), Ka] by definition of R.

Now, we consider the case of z - . The proof is precisely as in the base case, except for subjective formulas,

which we prove as follows:
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esh ey wr,z-r |5 Kpa
iff exk, ex12, wr, z [= B} by Theorem 4.2.10 where § is the rhs
iff e, eé, w [ Rlz,8"] by the main induction

iff ef\, e{g, w |= Rlz - r, Ksa] by definition of R. Il

We are now prepared to prove Theorem 4.2.12.

Proof: Let us denote T Ay as T"and 7y A ¢ as Iy.
For the only-if direction, suppose that I' |= @ and suppose that e, e}, w |= Ty. That is, w |= T and by

Lemma A.1.2, wy |= T. Further, by Lemma A.1.3, es%, es/3, wy |= T. By assumption, exk, s, wy = a.
Then, by Lemma A.1.4, &, e}, w |= R[(), al.

Conversely, suppose that [y |= R[(), @] and let €, e{g, w |=T. Then w |= 7. Suppose that ¢/ f,, ¢ {9, w =
Wo. By assumption ¢’%, e’{;, w = R[{),a]. By Lemma A.1.4, eg’ﬁ,eg/’{;, wy |E @. By Lemma A.1.2, wy = w.
By Lemma A.1.3, ez’f‘,e;/";,w)n I= T. An easy argument shows that eg’f, = eﬁ and e;/’é = e{g. Therefore

ek

fepw Eal

A.2 Proof of the Representation Theorem

To prove Theorem 4.3.2, we first obtain two useful results in OL,,. Now, given the set of possible O L,,-worlds

W and an objective sentence ¢, define the following:
o let Wy ={w|wkE ¢}
o let €¢I = W¢ X {{}},
o letesh = {(w, e | w e Wy}

Lemma A.2.1. Let ¢ and ¢’ be objective OL,, sentences and let e¢§ and e¢fé be as above. Let a be any

objective formula with free variables X. For any vector of standard names it and world w:
¥ ; . -
esps ey p W [E Kaay iff |= Resa, g1
Analogously for K ch;.

Proof: From Lemma 3.2.9, it follows that ek, {},w |= Kaa% iff e5, %, {}.w [ Kaa because K has
A-depth 1. So it is sufficient to show that:

es di (1w [ Kaal iff | Res[a, 12 (A1)

Note that eg,}* = {(w,{}) | w [ ¢}, and so (A.1) can be simply proved in OL. The proof is given in
[Levesque and Lakemeyer, 2001, see Lemma 7.2.2]. il
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Theorem A.2.2. Let a be any basic OL,, formula of maximal A, B-depth k, j and with free variables X. Let
e¢/’§, e¢/é be as before, w any world, and i be a vector of names. Then
k j v e
Copr ey W I @y iffw = Ha||¢,¢,;.

Proof: The proof is by induction on the structure of @. If « is an atom or an equality, the lemma clearly holds
since « is objective. By induction, the lemma also holds for negations, disjunctions and quantifiers.
Now, consider K. (The case of Kga is analogous.) We have

esk {1 w = Kaal
iff e¢z,e§_1, w = ag for all (w’, e];_l) € e¢f‘
iff w' = |l ¢,§ by the induction hypothesis
iff egk, {}.wl= KA||a||¢’¢,§since ||a\|¢,¢,§is objective
iff = REs[Ha||¢’¢,§, ¢]§ by Lemma A.2.1
iff = ||KA04||¢,¢,§ by definition of Res

iff w = ||Kacl ¢’¢,; because the result of Res is an objective formula that does not use predicates

and function symbols. Therefore,

Kaall, ¢,f is either valid or its negation is valid. Il
P it

We now consider the first main result about the representation theorem.

Theorem A.2.3. Suppose « is of maximal A, B-depth k, j. Let ¢, ¢’ and 0 be objective OL,, sentences. Then
ONY Eaiff F0D ||a||¢’¢/.
where y = OKnowy[A, k] N OKnowy [B, j].

Proof: For the if direction, suppose (e, ¢}, w) is a model of ¢ A 6. It is easy to verify that ek = e,k and

el = ey, and so, w is any world satisfying 6. Since y A 0 = @, &k, el w |= aiff w |= |||, 4 by Theorem

A.2.2. So any model of 6 satisfies |||, , . Therefore, 6 |= |||, , or = 6 D |||, -

Conversely, suppose 6 |= |||, . Now, let (ek, eé, w) be any model of ¢ A 6. It is easy to verify that

k — , k Jo— ; — — ki —
ey = ey, and ey = ey p. Further, since w = 6 we have w [= |||, ;.- By Theorem A.2.2, e}, ez, w [= a.

We now turn to the proof for Theorem 4.3.2, which follows rather directly from the above result.

Proof: Consider that ¥ A OKnows[A, k] A OKnowy/[B, jl = a
iff Yo A OKnows,[A, k] A OKnows,/[B, jl I= R[(), @] by the regression property (Theorem 4.2.12)
iff o = ||RI(). a]||2020, by Theorem A.2.3 because

1. To,Zp and X, are fluent sentences and therefore objective O L-sentences, and

2. R[(),a] is a basic OL-sentence by a straightforward adaptation of Lemma 4.1.12. I
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A.3 Proof of Compactness

In this section, we prove Theorem 5.5.9. The basic idea will be to show given a proper* KB ¢ and a closed
quantifier-free formula «, gnd(¢) U {—a} is satisfiable iff a propositional encoding of that theory is satisfiable
in propositional logic (PL). This will then allow us to invoke the Compactness property for PL so as to say
that if all finite subsets of gnd(¢) U {—a} is satisfiable then so is gnd(¢) U {—a}.

We begin by showing that for any proper™ KB ¢, if f(;72) is a primitive term mentioned in gnd(¢), then
gnd(¢) only mentions a finite number of equalities mentioning f (7). We identify this property as the limit

property. More precisely,

Definition A.3.1. (Limit property.) Given a (possibly infinite) set of primitive clauses S, we say that S has

the limit property if for every f(;71) mentioned in S, the set
{fm)on | o€ {=,+}, f(i1h) o n appears in a clause in S}

is finite. il

Proposition A.3.2. Suppose ¢ is a propert KB. For every primitive term f(7it) mentioned in gnd(¢), the set
{fM)on | o€ {=,+}, f() o nappears in a clause in gnd($)}
is finite.

Proof: The proof is a rather simple one, since by definition, a proper” KB ¢ is a satisfiable and finite set of
sentences of the form

INCER A E TR A GOEEH!
i

where t_;j are either variables or names. So then, an equality f(i71) o n appears in a clause, say c¢f, in gnd(¢)
only if V(e D ¢) € ¢, ef for some substitution of variables with names 6. That is, while gnd(¢) may
mention an infinite set of primitive terms, each primitive term f(72) appears in only finitely many equalities,

say f(i)ony,..., f(i) o ny, such that £(#) o n; appears in some ¢ and V(¢ D ¢) € ¢.1

Corollary A.3.3. Suppose ¢ is a propert KB and « is a quantifier-free closed formula. Then gnd(¢) U {—a}

has the limit property, assuming without loss of generality that —a is represented as a set of primitive clauses.

Proof: By Proposition A.3.2 and the fact that « is a quantifier-free sentence. il

For the next step, we demonstrate how to construct a propositional theory from a (possibly infinite) set of
primitive clauses S satisfying the limit property. We will assume a propositional language £’ such that for
each fluent primitive term (i) € £S,, there are an infinite number of propositional variables p#f é’m, p#f 1('7'), e

in £’. Intuitively, every primitive equality in £S,, has a corresponding proposition in £’. So then given S let:

e I'g be a set of sentences constructed in the following manner:

For every clause fi(7i1) oy ny V...V fi(7fig) o i in S, where o; € {=, #}, let I's include the sentence
O1ph My LV o pl | where o is the — symbol if o; is # and dropped otherwise. Intuitively, we
are constructing a propositional formula that replaces equalities and inequalities by their corresponding

propositional variables and their negations respectively.
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e Ag be a set of sentences constructed in the following manner:

For every f(m) appearing in S, let {f(##) o ny,..., f(7) of ni} be all the appearances of f(/A) in
equalities in S. Recall that, due to the limit property, we can enumerate a finite set of equalities as

required. Now, add the following sentences to Ag
pi™ > =\ pi™) fori# jandi,je{1,....k}.

We now prove the notion of satisfiability that we are after.

Theorem A.3.4. Suppose S is a (possibly infinite) set of primitive clauses satisfying the limit property. Then
Sor some w, w |= S iff As U s is satisfiable in PL.

Proof: We begin by constructing a Boolean valuation, that is, a mapping from propositional variables to

{0, 1}, using the world w. More precisely, let us define a Boolean valuation V* from w as follows:
For every primitive term f(i), w |= f() = niff V*(p,™) = 1.

That is, V" is well-defined in the sense that it assigns a truth value to every variable from £’. We extend the
definition of V" for arbitrary propositional formulas over Boolean connectives in an obvious way [see, for
instance, Smullyan, 1995]. Now, it is not hard to see that Ag is true under V. So what we will prove is that
w |= Siff T is true under V"

Now, let ¢ = fi(71) oy ny V ... V fi(#fg) of ny be any primitive clause in S. We have w = \/ f;(i;) o; n;

iff w = f;(m;) o; n; for some i, by definition

iff VW(pﬁ('ﬁi)) = Bool; where Bool; is 0 if o; is # and 1 otherwise, by construction

iff ©; p,’:’;.(’ﬁ") is true under V", where ¢; is — if o; is # and dropped otherwise

iff inhﬁ('n’) is true under V"

iff the propositional encoding of ¢ in I is true under V".
That is, every primitive clause ¢ € § is satisfied at w iff its propositional encoding in I's is true under V.
Therefore w |= S iff I's is true under V*. 11
Corollary A.3.5. Suppose S is as above. Then S is satisfiable iff T's U Ag is satisfiable in PL.

With this in hand, we prove Theorem 5.5.9.

Proof: The only-if direction is immediate. Now, consider that S has the limit property by Corollary A.3.3.
Clearly, then, every finite subset S C S also has the limit property. By Corollary A.3.5, §’ is satisfiable iff
I's U Ag is satisfiable in PL. By assumption, then, every finite subset of I's U Ag is satisfiable in PL. By
Compactness property, I's U Ag is satisfiable. Therefore, by Corollary A.3.5, S is satisfiable. il
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