Journal of applied logics (Print) ISSN 26831-8810
Journal of applied logics (Online) ISSN 26831 -8829

Journal of
Anplied Logics

The IfCoLog Journal of Logics and their Applications
Volume 12 e Issue 2 e February 2025

Special Issue: DEON 2023

Guest Editors

Clayton Peterson
Christian Stral3er

Available online at
www.collegepublications.co.uk/journals/ifcolog/

Free open access



JOURNAL OF APPLIED LOGICS - IFCOLOG
JOURNAL OF LOGICS AND THEIR APPLICATIONS

Volume 12, Number 2

February 2025




Disclaimer

Statements of fact and opinion in the articles in Journal of Applied Logics - IfCoLog Journal of
Logics and their Applications (JALs-FLAP) are those of the respective authors and contributors and
not of the JALs-FLAP. Neither College Publications nor the JALs-FLAP make any representation,
express or implied, in respect of the accuracy of the material in this journal and cannot accept any
legal responsibility or liability for any errors or omissions that may be made. The reader should
make his/her own evaluation as to the appropriateness or otherwise of any experimental technique
described.

© Individual authors and College Publications 2025
All rights reserved.

ISBN 978-1-84890-479-8
ISSN (E) 2631-9829
ISSN (P) 2631-9810

College Publications
Scientific Director: Dov Gabbay
Managing Director: Jane Spurr

http://www.collegepublications.co.uk

All rights reserved. No part of this publication may be used for commercial purposes or transmitted in
modified form by any means, electronic, mechanical, photocopying, recording or otherwise without prior
permission, in writing, from the publisher.


http://www.collegepublications.co.uk

EDITORIAL BOARD

Dov M. Gabbay and Jorg Siekmann

Marcello D’Agostino
Natasha Alechina
Sandra Alves

Jan Broersen

Martin Caminada
Balder ten Cate
Agata Ciabattoni
Robin Cooper

Luis Farinas del Cerro
Esther David

Didier Dubois

PM Dung

David Fernandez Duque
Jan van Eijck
Marcelo Falappa

Amy Felty

Eduaro Fermé

Melvin Fitting

Editors-in-Chief

Michael Gabbay
Murdoch Gabbay
Thomas F. Gordon
Wesley H. Holliday
Sara Kalvala
Shalom Lappin
Beishui Liao

David Makinson
Réka Markovich
George Metcalfe
Claudia Nalon
Valeria de Paiva
Jeff Paris

David Pearce
Pavlos Peppas
Brigitte Pientka
Elaine Pimentel
Henri Prade

iii

David Pym

Ruy de Queiroz
Ram Ramanujam
Christian Retoré
Ulrike Sattler

Jorg Siekmann
Marija Slavkovik
Jane Spurr

Kaile Su

Leon van der Torre
Yde Venema
Rineke Verbrugge
Jun Tao Wang
Heinrich Wansing
Jef Wijsen

Michael Wooldridge
Anna Zamansky



iv



SCOPE AND SUBMISSIONS

pure logical systems

proof theory

constructive logic

categorical logic

modal and temporal logic

model theory

recursion theory

type theory

nominal theory

nonclassical logics

nonmonotonic logic

numerical and uncertainty reasoning
logic and Al

foundations of logic programming
belief change/revision

systems of knowledge and belief
logics and semantics of programming
specification and verification

agent theory

databases

This journal considers submission in all areas of pure and applied logic, including:

dynamic logic

quantum logic

algebraic logic

logic and cognition
probabilistic logic

logic and networks
neuro-logical systems
complexity
argumentation theory
logic and computation
logic and language

logic engineering
knowledge-based systems
automated reasoning
knowledge representation
logic in hardware and VLSI
natural language
concurrent computation
planning

This journal will also consider papers on the application of logic in other subject areas:
philosophy, cognitive science, physics etc. provided they have some formal content.

Submissions should be sent to Jane Spurr (jane@janespurr.net) as a pdf file, preferably
compiled in ITEX using the IFCoLog class file.


jane@janespurr.net

vi



CONTENTS

ARTICLES |

Clayton Peterson and Christian Strafer

|[Extensionality vs Intensionality: A Perspectival Account of Conditional
| Ought with Definite Descriptions| . . . . . . . ... ... ... ......... 125
Xavier Parent and Dominik Pichler

'Term-Modal Deontic Logics as Fragments of Alethic First-Order Modal

[Togics|. . . . ... . 159
Stef Frijters and Robbe Van den FEede

|[Extensions and Variations of the DWE Framework with Applications|. . . . 189
Paul McNamara

|IA  Dynamic Logic of the Right to Know| . . . . . . .. ... ... ... ...... 221
Xu Li and Réka Markovich

vii



viii



EDITORIAL

CLAYTON PETERSON

CHRISTIAN STRASSER

1 Foreword

The special issue on Deontic logic and normative systems follows from the 16th
edition of the International Conference on Deontic Logic and Normative Systems
(DEON 2023) held at the Université du Québec & Trois-Riviéres (Canada) in July
2023. The special issue on Deontic Logic and Normative Systems stems from the 16th
edition of the International Conference on Deontic Logic and Normative Systems
(DEON 2023), held at the Université du Québec & Trois-Rivieres (Canada) in July
2023. The focus of DEON 2023 was on the theoretical and practical limitations of
automated behavior. 17 papers were published in the conference proceedings. After
the conference, a call for submissions was issued, inviting both unpublished papers
not included in DEON 2023’s proceedings and papers from the proceedings that had
been extended with substantial new content.

Xavier Parent and Dominik Pichler (both TU Wien) develop A perspectival ac-
count of conditional ought with definite descriptions, building on their contribution
to DEON 2023, which was honored with the J.J. Meijer Best Paper Award. They
introduce a reading of ought as an extensional operator allowing for salva veritate
substitution of co-referential terms, and they develop a perspectival account of obli-
gations within an approach combining both extensional and intensional modalities.

Term-modal deontic logics as fragments of alethic first-order modal logics by Stef
Frijters (KU Leuven) and Robbe Van Den Eede (KU Leuven and Vrije Universiteit
Brussel) extends results from modal logic to first-order modal logic by proving that
some term-modal deontic logics are fragments of first-order alethic modal logics
through an Anderson-Kanger reduction.
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PETERSON AND STRASSER

In Extensions and variations of the DWE framework with applications Paul Mc-
Namara (University of New Hampshire) tackles the disjunctive supererogation prob-
lem by introducing new deontic operators based on a revised semantics for the Doing
Well Enough (DWE) framework.

A dynamic logic of the right to know by Xu Li (University of Luxembourg) and
Réka Markovich (University of Luxembourg) makes use of the theory of normative
positions to analyze the conceptual ramifications of the idea of a ‘right to know’,
building on public announcement as well as ‘power to know’.

This special issue results from projects funded by the Fonds de recherche du
Québec [FRQSCAUDACE-310754], the Fonds National de Recherche du Luxem-
bourg [INTEGRAUTO INTER/AUDACE/21/16695098], as well as by the UQTR
Research Chair in Ethics of Al

Clayton Peterson and Christian Strafler
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EXTENSIONALITY VS INTENSIONALITY:
A PERSPECTIVAL ACCOUNT OF CONDITIONAL
OUGHT WITH DEFINITE DESCRIPTIONS

XAVIER PARENT*AND DOMINIK PicHLER'
TU Wien

{xavier,dominik}@logic.at

Abstract

The theme of extensionality in first-order deontic logic has been thoroughly
studied in the past, but not in the context of a combination of different types
of modalities. An operator is extensional if it allows substitution salva veritate
of co-referential terms within its scope and intensional if it does not. It can be
argued that one distinctive feature of “ought” (as opposed to the other modal-
ities) is that it is extensional. The question naturally arises as to whether it is
possible to combine extensionality and intensionality of different modal opera-
tors in the same semantics without creating the deontic collapse. We answer
this question within a particular framework, Aqvist’s system F for conditional
obligation. We develop in full detail a perspectival account of obligation (and
related notions), as was done for Standard Deontic Logic (SDL) by Goble. It is
called “perspectival”, because one always evaluates the content of an obligation
in one world from the perspective of another one. This requires using some
form of cross-world evaluation to handle non-rigid terms like definite descrip-
tions. The proposed framework allows for a more nuanced way of approaching
first-order deontic principles.

Keywords: First-order reasoning, extensionality, conditional obligation,
2-dimensional semantics, preferences, perspectivism, definite description

The present paper supersedes [33], which was based on [32] and was presented at DEON 2023. We
thank Lou Goble and Paul McNamara for their valuable feedback. We also thank two anonymous
reviewers for their valuable feedback.

*Supported by the Austrian Science Fund (FWF) through the ANCoR project [M-3240-N, doi:
10.55776/12982] and the LoDEX project [doi: 10.55776/16372]. For the purpose of open access, the
author has applied a CC BY public copyright licence to any Author Accepted Manuscript version
arising from this submission.

fSupported in part by the Austrian Science Fund (FWF) through the LoDEX project [doi:
10.55776/16372].



1 Introduction

The past 15 years have seen a renewed interest in so-called relativism or perspec-
tivism in the philosophy of language. Relativist or perspectivist accounts have been
put forth to explain discourse about knowledge, epistemic possibility, matters of
taste, contingent future events, modalities (including the deontic ones) and the like.
Here relativism is usually taken to be, or to presuppose, a semantic thesis. Under-
standing how some discourses function requires recognizing that speakers express
propositions whose truth or falsity are relative to parameters or perspectives in ad-
dition to a possible world—see Kolbel [25] for a thorough defense of this view, and
also MacFarlane [27]. The approach is often called “perspectivism” as it has a less
negative connotation than “relativism”, and we will stick to this term.

The purpose of the present paper is to show some of the usefulness of this view
for normative reasoning. We believe it may shed light on a topic that has been
overlooked in the recent papers devoted to first-order deontic reasoning, e.g. [10, 11,
37]. This is the topic of extensionality of “ought”. We do not claim to be original,
as we will pick up on a proposal made long ago by Goble [15, 16, 17]. It can be
summarized thus. An operator is extensional if it allows substitution salva veritate of
co-referential terms within its scope, and intensional if it does not. It can be argued
that one distinctive feature of “ought” (as opposed to the other modalities) is that
it is extensional. The problem is: a deontic logic in which “ought” is extensional can
be shown to collapse to triviality. Goble developed his own solution to this problem,
and we will refer to it as the original “perspectival” account. The basic idea is that
the content of an obligation at one world is to be evaluated from the perspective
of another one, so that some form of cross-world evaluation is made possible. This
idea of cross-world evaluation is familiar from the literature on multi-dimensional
modal logic (see e.g. [3, 14, 22, 38]). Other works in multi-dimensional deontic logic
we are aware of focus on the propositional case [7, 12, 13, 21]. The novelty lies in
linking the perspectival idea to first-order (FO) considerations.

Our goal is to improve the original account in two ways. By doing so, we hope
to strengthen the case for the perspectival idea, and provide more credibility to it.

e The original account is cast within the framework of Standard Deontic Logic
(SDL) [41], which is known to be plagued by the deontic paradoxes, in par-
ticular the paradox of contrary-to-duty (CTD) obligation [4]. We will recast
the account within the framework of preference-based dyadic deontic logic
[1, 6, 18, 20, 30]. Dyadic deontic logic is the logic for reasoning with dyadic
obligations of the form “It ought to be the case that v if it is the case that
©” (notation: O(¢/p)). Its semantics is in terms of a betterness relation over
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possible worlds. Initially devised to resolve the CTD paradox, dyadic deontic
logic is a recognized standard for normative reasoning. The idea of making
it two-dimensional is not entirely new: Lewis [26, p. 63] suggested to ana-
lyze conditionals within the framework of two-dimensional modal logic, but
his motivations were different.

e The original account does not allow for different types of modalities to interact.
We will lift this restriction, and look at the question of whether it is possible to
combine extensionality and intensionality of different modal operators in the
same semantics without creating the collapse. Aqvist’s mixed alethic-deontic
systems E, F and G [1, 30, 31] are obvious candidates for this study. Their
language includes an additional modal operator, O (“It is settled that”), en-
abling the capture of fundamental principles of normative reasoning, such as
“strong factual detachment”. Factual detachment, as referred to by Decew [8],
is the principle that allows one to infer O from ((¢)/¢) and the mere truth
of p. Van Eck emphasized the significance of factual detachment for normative
reasoning by asking:

“How can we take a conditional obligation seriously if it cannot, by
way of detachment, lead to an unconditional obligation?” [9, p. 263]

First discussed by Greenspan [19], strong factual detachment (the name is
Prakken and Sergot [34]’s) requires that Oy holds, rather than just ¢. There
is a widespread agreement among deontic logicians that, for CTD obligations,
strong factual detachment is more appropriate than factual detachment. Con-
sider a primary obligation of the form ()—y and its associated CTD obligation
O /p). Example: a person ought to breast-feed her baby, and if she does
not, she ought to use instant formula. Prakken and Sergot write:

“It is only if the violation of the primary obligation ()— is unavoid-
able if O¢ holds [she cannot breast-feed], that the [associated] CTD
obligation comes into full effect, and [is detached]” [34, §5.1]!

Of the three systems mentioned above, we choose to focus on F, because it is the
weakest one in which the collapse arises. The first-order extension of F' will be called
F". One could object that, in F, O is a soi disant modality, definable in terms of
O(—/—). For that reason, F¥ will contain two alethic modal operators [J and X.
The former will be definable in terms of O)(—/—), but not the latter.

The paper is organized as follows. Sec. 2 sets the stage, and defines a list of
basic requirements to be met by the logic. Sec. 3 develops in full semantic detail

'For further discussion, we refer the reader to [28, 34].
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the perspectival account of obligation (and related notions) alluded to above. Sec. 4
shows how the requirements are met. Sec. 5 concludes.

2 Setting the stage

We give a list of basic requirements that we think an adequate first-order (FO) de-
ontic logic should meet. The problem dealt with in this paper will be to devise a
framework meeting them. For ease of readability, we formulate the requirements
within the language of a monadic deontic logic. Our list is not meant to be exhaus-
tive.

2.1 Requirements

Requirement 1 (Extensionality for “ought”). O (“It ought to be the case that...”)
should validate the principle of substitution salva veritate (E-()), where ¢ is a for-
mula, t and s are terms, and s is the result of replacing zero up to all occurrences

of t, in v, by s:
t=s—=(Op ¢ Optos) (E-O)

Intuitively: two co-referential terms may be interchanged without altering the truth-
value of the deontic formula in which they occur.

A modal operator is usually said to be referentially transparent, when it satisfies
the principle of substitution salva veritate, and referentially opaque otherwise. As
pointed out by Castaneda [2] there are good reasons to believe that deontic operators
are referentially transparent. For instance, the inference from (1-a) and (1-b) to (1-c)
is intuitively valid:?

(1) a. It ought to be that the Pope blesses the pregnant woman
b. Jose is the Pope
c. It ought to be that Jose blesses the pregnant woman

Formally:

O B(1zP(x),1y(W(y) A Pr(y)))
j =12P(x)
O B, 1y(W(y) A Pr(y)))

2Qur original example in [33] was misleading. It used “The Pope ought to live a life of exceptional
sanctity” as a first premise. This is a generic statement about Popes, and not a singular statement.
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12 P(x) is a so-called definite description, and is read “the x that is P” (“the Pope”).
Definite descriptions are used to refer to what a speaker wishes to talk about. It is
hard to find counter-examples to the principle of substitution salva veritate in the
deontic domain. Castafieda (rightly) says: “a man’s obligations are his [the author’s
emphasis| regardless of his characterizations”. In other words, they are independent
of the way he is referred to. In daily conversations, one casually switches between
a proper name and a definite description, or between different definite descriptions
(the Pope, the direct successor of St Peter, ...). When using one instead of the other,
we are still talking about the same individual. This would just not be possible if
“ought” was not referentially transparent.

The above point applies to the bearer of an obligation, but also to the party to
whom the obligation is owed. In other words, it applies to anyone affected by the
consequences of the obligation, whether those consequences are positive or negative.
Consider:

(2) a. It ought to be that the Pope blesses the pregnant woman
b. Marie is the pregnant woman
c. It ought to be that the Pope blesses Marie

Intuitively, (2-c) is derived from (2-a) and (2-b) in a similar manner to how (1-c) is
derived from (1-a) and (1-b).

We adopt a “directly referential” approach to definite descriptions that is similar
to Kaplan’s concept of “dthat” [23]. Thus, the meaning of a definite description lies
in what it points out in the world. This “directly referential” take allows us to put
aside putative counterexamples like this one:?

(3)  a. Jose is the (actual) Pope: j = 1P (x)
b. It ought to be that Joey is the Pope: O(j" = 1P (z))
c. It ought to be that Joey is Jose: O(j' = j).

We add “actual” between brackets, a more accurate reading of our “2z¢(x)” being
“the z: actually ¢(z)”. (3-c) follows from (3-a) and (3-b), by substitution salva
veritate. Suppose (3-a) is true. Suppose also that Jose rigged his own election as
a Pope and that Joey is, in fact, the Cardinal who got the most votes. (3-b) is,
then, true. But intuitively (3-c) is false. The move to (3-c) is not warranted, not
because the principle of substitution fails, but because it rests on an equivocation
on “the Pope”, the use of which in (3-b) is not directly referential, but descriptive.
The meaning of “the Pope” in the sentence (3-b) is not the individual it points at
in the actual world, namely Jose.

$We owe this point (and this example) to Paul McNamara.
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Our interest is really in definite descriptions, and not proper names. Following
Kripke [24], a proper name is often taken to be a rigid designator, and assumed to
refer to the same individual in all possible worlds in which that individual exists.
Obviously, (E-Q) holds if ¢t and s are rigid designators. We build on the insights
of Kaplan and others, who, while accepting Kripke’s main argument about proper
names, observed that certain uses of definite descriptions appear to be directly refer-
ential. In these cases (E-()) also applies. Thus, the question becomes: how can we
account for the validity of (E-O), when one of s and ¢ (maybe both) is a definite de-
scription used in this manner? In this study, we do not assume the rigidity of proper
names; however, introducing this assumption would not affect our arguments.

Requirement 2 (Intensionality for “necessarily”). O (“It is necessary that ...”)
should not validate the principle of substitution salva veritate, where t and s are
terms (either a constant or a definite description):*

t=s— (0Op < Opiss) (E-0)
This requirement is best motivated using the following well-known example:

(4) a. Number of planets =8
b. O(8=278)
c. O(Number of planets = 8)

Consider the Aristotelian/Megarian tensed interpretation of 0, which takes the past
as well as the future into consideration [36, p. 125]. Under this interpretation, Q¢ is
taken as a shorthand for ¢ A Hp A Gy, where H and G mean “always in the past”
and “always in the future”, respectively. This interpretation of O is plausible. Under
such an interpretation, the move from (4-a) and (4-b) to (4-c) is not warranted.’

We believe this requirement makes sense for the most common (non-deontic)
interpretations of 0. However, we reckon there are also less common (non-deontic)
readings of O for which this requirement does not apply. For example, it does not
apply to “historical necessity” [40]. Noticeably, Oy is equivalent with ¢, if ¢ does not
contain the modality of the future (see law (6) in [40]), in which case the principle
of salva veritate holds trivially.

Requirement 3 (No collapse). The logic should avoid the deontic collapse. That
18, the formula ¢ <> O should not be derivable.

4Quine argues for this requirement in his [35].

®The number of planets happened to be 9. In 2006, the International Astronomical Union (TAU)
redefined the criteria for counting as a planet, resulting in Pluto losing its status as the ninth planet.
See https://science.nasa.gov/dwarf-planets/pluto/.
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A separate section is devoted to this requirement, taken from Goble [15, 16, 17].

The raison d’étre of our last requirement is this: obligations are there to make the
world a better place; they are constantly violated, but should not be so. Therefore,
our account should make the notion of definite description well-behaved with respect
to negation. That is to say:

Requirement 4 (Self-negation). The logic should be able to account for the mean-
ingfulness of a deontic statement denying a property of an individual identified using
that very same property.

Consider the following instantiation of the principle of substitution salva veritate:

(5)  a. Jose is the (actual) Pope: (j = 12P(x))
b. It ought to be that Jose is not Pope: (O—P(j)
c. It ought to be that the (actual) Pope is not Pope: O—P(1xP(z))

(5-b) is true, if the election was rigged. (5-c) makes perfect sense. Self-negation like
the one in (5-c¢) cannot be accounted for in (a straightforward FO extension of) SDL.
The reason is that O—P(1zP(x)) is not satisfiable, assuming there exists a Pope in
the best of all possible worlds. Such an obligation tells us that in the best of all
possible worlds, the Pope z is not Pope. But this is a contradiction (assuming that
such an z exists). Of course, the claim is not that in the best of all possible worlds
there is an x that is Pope and is not Pope. Rather—to anticipate our solution—the
claim is that the individual z who is Pope in the actual world (viz. Jose) is not Pope
in any of the best worlds. This is a relation among objects in possible worlds that
cannot be captured in the standard possible world semantics. The semantic analysis
of (5-¢) calls for a “cross-world” mode of evaluation.

We emphasize that the use of an “actually” operator in discussions concerning
the a priori has been motivated by very similar considerations. Here is the kind of
example commonly discussed (see, e.g., [5, p. 350]):

(6) It might have been that everyone actually happy was sad
As observed by Hughes and Cresswell, (6) cannot be formalized as

OV (Hx — Sx)

They write: “that envisages a possible world in which all happy are sad, and this
can only be so if no one at all is happy” [5, ibidem|. For this reason, it has been
suggested to translate (6) as

OVr(AHx — Sx) (#)
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where A is a modal operator read as “actually”, whose semantics is defined in terms
of “truth on the diagonal”. Intuitively, this sentence holds in world w if there is an
accessible world v such that everybody who is happy in w is sad in v. There are
similarities between the two approaches. A more thorough comparison should be
postponed to another occasion.

One could object that (5-c) is better formalized as

Fz(P(x) A O~P(x)) ($)

($) is unproblematic. But note that as a spin-off of the extensionality of the deontic
operator the principles of universal instantiation (UI) and existential generalisation
(EG) hold unrestrictedly, that is, even if ¢ is within the scope of ():°

Jz(x =t) = (Vep(z) = ¢(t)) (UI)
Jz(x =t) — (e(t) — Jzp(z)) (EG)

Given the assumption Jz(x = 1yP(y)), ($) and (5-c) are inter-derivable. Thus the
principle of extensionality turns an apparently unproblematic formula, (Jz(P(z) A
(O~—P(x)), into a problematic one, (O—P(1zP(x))). Our task is to account of the
meaningfulness of the latter formula.

We show below the inter-derivability of ($) and (5-c). Jlzg is a shorthand for
JxVy(p < y = x).

(a) Jz(x =19 P(y)) (Hypothesis)
(b) Jx(P(z) A O—P(x)) (Hypothesis)
(c) JzP(x) (a)

(d) Ax(P(x) AN O—P(x)) (FO 4+ b + ¢)
(e) Va(P(z) = O~P(z)) (FO +d)

(f) P(ryP(y)) — O~P(yP(y)) (e + Ul

() P(1yP(y)) (a)

(h) O~P(1yP(y)) (f+g)

Derivation 1

(a) 3z(z =1y P(y)) (Hypothesis)
(b) O~P(1yP(y)) (Hypothesis)
(c) P(iyP(y)) (a)

(d) P(ayP(y)) AO=P(ryP(y)) (b+c)
() Jz(P(z) N O~P(x)) (d + EG)

SThis is in general not the case in first-order modal logic.
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Derivation 2

2.2 Collapse

We explain in more detail how the collapse mentioned in requirement 3 arises. The
discussion draws on Goble [15, 16, 17]. We say the deontic collapse arises in a logic
if the formula ¢ <> (O is derivable in this logic. This means that everything that
is true is obligatory and vice versa. Goble pointed out that, if the principle of
substitution salva veritate holds, then the deontic collapse follows. We reiterate and
amplify his main points.

The derivation of ()¢ — ¢ appeals to the derivation of ¢ — (v, so we begin
with the former. As originally given by Goble, derivation 3 invokes the law of
contraposition, the law of double —-elimination, and the D axiom for ():

(Hypothesm)
—mp (D axiom)
(
(

JO

b
c) ~gp
d) ¢

a)
)

]

v — Oy and contraposition)
Double —-elimination)

N N N N

Derivation 3

One may be tempted to block this derivation by just abandoning the principle
of contraposition or the principle of double —-elimination. However, this would not
block the derivation of ¢ — (O, which is already counter-intuitive. We turn to
this implication. We do not give the original argument,” but a variant one, which
highlights the role of 0.

Proposition 1. Consider a deontic logic containing (i) the usual principles of FO
logic, (ii) the principle of substitution salva veritate for “ought” t = s — (Qp
Owres) (E-O), (i) the principle Op — Q¢ (020) and (iv) the principle of
inheritance “If = o — ¥ then = Op — Ov” (In). Then ¢ — O is derivable from
O3y(y =1).

Proof. In this derivation we assume that = and y do not occur free in ¢:

"Goble’s derivation can be found in [15].
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Hypothesis)
Hypothesis)

Derivation 4

Some comments are in order:

o We show ¢ — Oy, where the original argument shows O — (¢ — Q).

o Our derivation starts from the supposition O3y(y = ¢). This may be read as t
necessarily denotes. We take this supposition to be harmless. We do not want
the collapse even under this assumption.

o Line (c) “drags” ¢ inside the scope of the definite description. (c) is read: ¢
is the-unique-z-identical-with-t-and-¢. Line (f) “drags” ¢ outside the scope of
the definite description. Both moves are allowed in FO logic.

o The principle (E-Q) is applied on line (e); t is replaced by the co-referential
term “the-unique-z-identical-with-t-and-¢”. The intuitive meaning of (e) may
seem difficult to grasp. As explained in Sec. 4.3, the two-dimensional semantics
presented in this paper can be of help.

o Line (f) is obtained by applying (In). This final move will be discussed further
in a moment (see derivation 5).

To avoid the deontic collapse, the following ways out suggest themselves:
Option 1: revise the laws of first-order logic;

Option 2: abandon (020);

Option 3: abandon (In), or restrict its application.

We will go with option 3. Thus, in derivation 4, the move from (e) to (f) will be
blocked. A good reason for choosing this path is that option 2 alone would not block
the original derivation of the collapse in a mono-modal setting, which uses (In) and
the laws of FO logic. Note that, in Aqvist’s system F, (In) is not a primitive rule,
but is derivable from (02(Q)) and two extra principles:

o the principle of necessitation for O : “If F ¢, then F O¢” (N-O)
o the K axiom for O: O(¢ = ¢¥) = (O — Ov) (K-O)
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In a system in which (In) is not primitive, like Aqvist’s one, the move from (e) to
(f) is explained thus:

(@) FJy(y=1x(z =t AN p)) = ¢ (FO)
(b) F O[Fy(y =1z(z =t Ap)) =]  (N-O)
() FOByly=12(z=tAp)) = ¢ (020)
(d) FOFly=1(z=tNp)) = Op (K-O)

Derivation 5

Ultimately, the solution will consist in restricting the application of (N-O) so as to
block the move from (a) to (b). However, the final effect will be the same: (In) will
go away in its plain form.®

Proposition 2 indicates that the extensionality of O can lead to a collapse, re-

gardless of the stance on whether () is extensional.”

Proposition 2. Consider the same deontic logic as in Prop. 1, but with (E-Q))
replaced with (E-01). In such a logic, ¢ — QO is derivable from O3y(y =t).

Proof. As before we assume that z and y do not occur free in ¢:
(a) ¢ (Hypothesis)

( (Hypothesis)

( (FO + a)

(d)oFy(y=1x(z=tAyp)) (E-O+b+c)

( (020)

( (In)

Derivation 6

3 The perspectival account

In this section, we develop in full detail our perspectival account. The basic idea
is that the content of an obligation at one world is to be evaluated from the per-
spective of another one. What we mean by this is the following. Formulas will

8This is an adaptation of Goble’s solution to our bi-modal setting. Goble uses an axiomatization
of SDL in which (In) is primitive. One could have used instead an axiomatization of SDL in which
the rule of necessitation for () is primitive, and (In) is derivable from it. Whatever axiomatization
is chosen, the effect is the same: both rules hold in a restricted form.

9This observation is new to the literature. Again, we will block the last step of the derivation.
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be evaluated with respect to two dimensions, or pair of worlds (v, w). World v is
where the evaluation takes place, and world w is the one from the perspective of
which formulas are evaluated (call it the reference or actual world, if you wish).
Throughout the paper the reference world will be represented as an upper index in
the notation v =". What is meant by “¢ is evaluated in v from w’s perspective” is
this: when determining the truth-value of ¢ in v, the terms occurring in ¢ get the
same denotation as in w.

To keep the logic as close as possible to the original F, we use two alethic modal
operators, [J and K. The first is extensional, and the second intensional. [ is
definable in terms of () (see Appendix B), and is thus dispensable.

Definition 1. The language L contains:

A countable set of variables V :={z,y,z,...}

A countable set of constants C :={c,d,e,...}

o Two propositional connectives N\, —

e Three first-order logic symbols V,1,=

o A binary obligation operator O(—/—)

o Two unary alethic operators [J and X

e For each n € Z™ a countable set of n-place predicate symbols

P .= {A", B", ...}, we define P := |, en P"

We can now define inductively the well-formed terms and formulas used in our
logic and their respective complexity ("...7).

Definition 2 (Terms and formulas).

o Terms:

— FEvery element of VU C is a term of complexity 0
— If p is a formula and x € V' then 1wy is a term with "1z ="'+ 1

o Formulas:

— If R" € P is a n-place predicate symbol and ti,...,t, are terms then
R™(t1,...,tn) is a formula with "R™(t1, ..., tn) " = > iy t;

— If v is a formula and x € V then Yz is a formula with "Vre? :="Tp 141

— Ifty and ty are terms then t1 =t is a formula
with "ty =t ':="Tt1 "+t '+ 1

— If v is a formula then —p is a formula with =@ :=T¢p 14+ 1

— If v is a formula then Ly is a formula with "7 : =T 7+ 1

— If ¢ is a formula then Ry is a formula with "Wp 7 :=Tp1+1
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— If ¢ and ¥ are formulas then ¢ A is a formula
with "o A1 =TT+ Ty 741

— If ¢ and v are formulas then O(¢/p) is a formula
with "O( /) = 9" + Y1+ 1

— Nothing else is a formula

Definition 3 (Derived connectives). Let t be a term. We define E(t) as Jx(x =t),
where x is the first element of V' not appearing in t. The symbols V, L, T, —, >
,Op, 0, P(./.),3,3! and # are introduced the usual way.

Definition 4 (Frames). F = (W, >, D) is called a frame, where

o W #0 is a set of worlds.

o mC W x W is a binary relation called the betterness relation. When w > v,
we say that world w is at least as good as world v.

e D is a function which maps every world w € W to a non-empty set D,,.

D is called the domain function, and D,, is called the domain of w.
D := Upew Dw s called the “actual” domain and Dt := D U {D} the (whole)
domain.

The individual domains (D,,)wew contain all objects which are within the range
of the universal quantifier at a world w. The actual domain D is not contained in
the domain of any world'® and is used as the value assigned to definite descriptions
that do not designate (uniquely).

Definition 5 (Models). M = (W, =, D, I) is called a model (on the frame F =
(W, =, D)), where I is a function (called interpretation function) such that:

o forceC andwe W: I(c,w) € DT
o for R"eP and w e W: I(R",w) C (DF)"

I(c,w) = a says that a is the denotation of ¢ in w.

Definition 6 (Variable assignment). Given a model M = (W, =, D,I) we call a
function g : V- x W — D% a variable assignment (of M).

Roughly speaking, g(z,w) = a says that a is the denotation of z in w. Note
that g(x,w) does not have to be an element of the domain of w.!'! Note also that
the variable assignment and the interpretation function are world-dependent. This

Oy ¢ D.
" The element a does not even have to be contained in the actual domain.
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is because we do not assume rigidness of terms, as mentioned at the beginning of
Sec. 2. To adopt a more mainstream approach using rigid constants and world-
independent variable assignments, one must add an assumption: I(c,w) = I(c,v)
and g(z,w) = g(x,v) for every constant ¢ and variable z, and every world w and v.

We amend the usual notion of an x-variant as follows. An x-variant of some
variable assignment g at a world w is a variable assignment h that agrees with g on
all values except for x, whose value in every world remains constant, and an element
of D,,. Formally:

Definition 7 (z-variant). Assume a model M = (W, =, D, I), a variable assignment
g of M and an element of the whole domain d € DT. We write g,—q for the variable
assignment which replaces the value assigned to x at any world by d:

d if (z,v)e{a}xW
g(z,v) otherwise

ga::>d(za 1)) = {

A wariable assignment h is an x-variant of g at w iff h = gy—q for some d € D,,.

“Best”, in terms of which the truth-conditions for ()(—/—) are cast, is defined
by:

Definition 8 (best). Given a model M = (W, =, D,I) and a set of worlds X C W
we define
best(X) :={we X :YveWwe X =wrv)}

best(X) is the set of worlds in X that are at least as good as every member of X.

Remark 1. We define “best” using the concept of optimality, following the termi-
nology of [29]. This is in keeping with Aquist [1]’s own proposal. Whether other
notions, like maximality, would make a significant difference or only result in mini-
mal changes to the logic as in the propositional case [30] remains an open question
for future research.

The construct “M, v ):;” ©” can be read as “p holds at v under g if looked at
from the point of view of (an inhabitant of) w”.

A non-denoting definite description is assigned the value ID. This element can
verify a given property in a given model. For example, nothing rules out the possi-
bility that D € I(R,w) . In this case R(7zB(x))) holds in w even if 72 B(x) does not
denote in w. The only thing that cannot happen is that D € D,,. Intuitively, one
may want to be able to talk about the properties of non-existing individuals, as in
“Santa Claus has a beard” or “Santa Claus is not giving gifts to bad children”.
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Definition 9. Let M = (W, =, D,I) be a model, g a variable assignment, x € V
and c € C. We define

. IP(2) = gl 0)
o I7(c) = I(c,w)

h(z,w) if there exists a unique x-variant h of g at w
o IJ(1zp) = such that M,w =} ¢

D otherwise

The forcing relation |= can be defined inductively as follows:

o M,v sy R (t1, .y tn) i (I (t1), .., I3 (tn)) € I(R™, )

o M,v iy —pie MvlEY ¢

e Mivly oA o Mv iy ¢ and M, v =g

o M,v g Vap o M,v =y ¢ for all z-variants h of g at v
e M,v ):;U t1 =t & I;U(tl) = Ig(tg)

e MiviEy Up:eVueW Muly ¢

e M,v =y My e Vu Yo' € W M, u ):g, 7

o MyvEy O/e) =& best(llellpl,) S 11¥ll50

We drop the reference to M when it is clear what model is intended.

Definition 10 (Truth in F¥). Given a model M = (W, =, D, I), a variable assign-
ment g, a formula ¢ and a world w we define what it means that ¢ is true in M at
w under g (in symbols: M, w =4 ¢) as

Mow g oo M,w =] ¢

The meaning of [, K and () is easier to explain using the following derived truth
conditions.

Remark 2 (Derived truth conditions).
e MiwE,HpeYoeW MvlEy ¢

e Myw iy Ry & VuYveW Mulp ¢
o Mw g O/e) & best(llellal,) C 10150

When evaluating the truth-value of [y at w, one moves to an arbitrary world v,
and determines the truth-value of ¢ in v from w’s perspective. This means giving
to the terms occurring in ¢ the denotation they have in w. When evaluating the
truth-value of M at w, one moves to an arbitrary world u, and evaluates ¢ in u from
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every other world’s v perspective. As a consequence, we have M, w =4, Ky — Ho
for every w, g and formula .

For obligation, the idea is similar. The standard evaluation rule puts O(v/¢p)
as true at w whenever all the best p-worlds are 1-worlds. The p-worlds and the -
worlds in question are those according to w’s perspective. This is how the principle
of substitution salva veritate will be validated for () and [J, and invalidated for X.

Definition 11. Given a model M = (W, =, D, I). = is reflexive if
Yw € W(w = w), and = fulfils the limitedness condition if for every ¢, g and w € W
we have

llpllgas # 0 = best(llollg0,) # 0

U is the class of models in which = is reflexive and fulfils limitedness.

Intuitively, the limitedness condition validates the dyadic version of the D axiom
(with ¢ replaced with ¢) involved in derivation 3 of the collapse (see Subsec. 2.2).

Definition 12 (Validity in F¥). We set:

o © holds at w in a model M (notation: M,w = ¢) if for every variable assign-
ment g, we have that M,w =4 ¢;

o ¢ is valid in a model M (notation: M = @) if for every world w we have
Mw = p;

o s walid in a class M of models (notation: M = @) if for every model M € M

we have M = @;

@ 1s valid (notation: = @) if ¢ is valid in the class U as defined above.

4 Benchmarking

We test the account introduced in Sec. 3 against the requirements discussed in
Sec. 2.

4.1 Extensionality / intensionality / self-negation

A proof of the principle of extensionality in its general form is given in Subsec. 4.2.
For simplicity’s sake, we only discuss the examples considered in Sec. 2.

Proposition 3 (Extensionality of (), requirement 1). We have:
(OB(1zP(x),1y(W(y) A Pr(y))) Aj = 1zP(z)) = OB(j,1y(W(y) A Pr(y)))
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Proof. When a formula does not contain a free variable its truth-conditions do not
depend on which variable assignment is assumed. Therefore for this and all future
proofs (in which no free variable is involved) we always deal with an arbitrary variable
assignment. Now, if w =y’ j = 10 P(z), then for every u € best(HTHﬁj‘w)

u =y Bz P(z),1y(W(y) A Pr(y))) < u =g B(d,9(W(y) A Pr(y)))

This is because the terms on both sides of < get the denotation they have in w.
Therefore:

best (|| Tlly1,) € 1B P(a), 1y (W (y) A Pr(y)))ly%

g7w

& best(|| T|[37%) S 1B, (W (y) A Pr(y)))lls

g7w
This proves the claim. ]

Proposition 4 (Intensionality of X, requirement 2). We do not have:
c=12B(x) - (K(c = ¢) +> K(c =12B(x)))

Proof. Put M = (W,=,I,D) with (an arrow from v to w means v > w, and no
arrow from from w to v means w % v):

W ={w,v}

=:= the reflexive closure of {(v,w)}
Dy :={a}, D, :={a,b}

I(B,w) :={a}, I(B,w):={b}

(c,w):=a, I(c,v):=a

~

The condition of limitedness is fulfilled. We have:

s w =y ¢=12B(z) since ¢ and 727 B(z) denote a in w
o w =y M(c = c) since ¢ = ¢ is a tautology
o wlEY W(c =12B(x)) since w Ey ¢ = 12B(x)1?

O]

Proposition 5 (Self-negation, requirement 4). The sentences (5-a), (5-b) and (5-c)
are simultaneously satisfiable.

12¢ and 7z B(x) do not have the same denotation in v.
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Proof. We give a model which satisfies all three formulas in the same world.

W = {w,v}

=:= the reflexive closure of {(v,w)}
Dy :={a}, D,:={a}

P(a), j=a j=a I(P,w):={a}, I(P,v):=10
I(j,w):=a, I(j,v):=a

As before > is limited. We have:

e wl=y j =12P(z) since j and 12 P(x) denote a in w
o wy O~P(j) since a is not P in v
o w =y O~P(1xP(z)) since a (=the unique P in w) is not P in v

The paradox is resolved by having Jose, who is the pope in the actual world w,
not be the pope in the best world v. Therefore O—P(7zP(x)) can be satisfied. [

4.2 Extensionality (general form)

We show the principle of extensionality in its general form. Where ¢ is a formula and
s and t terms, let s, s be the result of replacing zero up to all unbound occurrences
of t,3 in ¢, by 5. We may re-letter bound variables, if necessary, to avoid rendering
the new occurrences of variables in s bound in .

Proposition 6. Consider some g and some w in M such that w ):19“ t =s. Then,
for all v in M,

v ':z; Y 7 Press (#)
provided t is not contained in the scope of the X operator in p.

Proof. By induction on the complexity n of a formula ¢. The base case, if ¢ is
R(t1, ..., tym) with "R(t1,...,tm) " = 0, follows from the definitions involved. For the
inductive case, we assume (#) holds for all £ < n, and for all v in M. We only
consider three cases—the other ones are left to the reader:

e v :=Vx 1. Given the restrictions put on ¢ and s, we have the following chain
of equivalences:

3By an unbounded occurrence of ¢, we mean that no variables in ¢ are in the scope of a quantifier
or a definite description not in t.
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v =g Vo iff v = ¢p for all z-variants h at v
v ) ess  for all z-variants h at v (by IH)
v ):;U vz ¢tt—>s

e 0:=0OW/Y).
vy Ox/v) iff best(|[¥]7%) < [IxIIy%
best(|[ts|[)h) € xes| )% (by TH)
v ):;U O(XtC—)s/wtC—)s)
vy OX/Y)tss

o ¢ = R(t1,....,ty). Assume v =g R(t1,....tm). If t appears only as one of
the t;’s, then we are done. So let us suppose that ¢ appears in one (or
more) of the t;’'s. W.lLo.g. let ¢t only appear in t; = 2ztp. By the IH
w ):’g" 1) > Py sg, SO I;”(n‘w) = I;”(7a:z/1t<_>5). Consider some v € W. We
have (I3 (12v), ..., I'(tm)) € I(R,v), so (I’(171ss), s I (tm)) € I(R,v).
Hence v =) R(t1,...,tm)t—s as required. For the converse implication, the
argument is the same.

O

Corollary 1 (Extensionality). The principle (E) is valid:
Et=s— (¢ pirs) iftis not in the scope of X (E)
Proof. This follows from Prop. 6 putting v = w. 0

Remark 3. We draw the reader’s attention to the proviso “if t is not in the scope
of W7 At first, it may seem that all terms, including definite descriptions, are rigid.
However, this is not the case. As the proviso indicates, the terms do not exhibit
a rigid behavior by themselves. It is the operators () and [ that treat the terms
rigidly, ensuring they remain tied to the original world.'* By contrast, the modal
operator X does not treat terms rigidly, as shown in Prop. 4.

Goble [15, p. 347] makes a similar point.
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4.3 Deontic collapse

We start by explaining how the collapse is avoided semantically. We define a model
in which the formulas at steps (a)-(e) in derivation 4 are true in the actual world w
but the formula at step (f) is not.

Example 1. Put ¢ := A(c). M is defined by

W= {w,v}

=:= the reflexive closure of {(v,w)}
Dy :={a}, D,:={a}

I(c,w) :=I(c,v) :=a

Afa), c=t=a c=t=a I(t,w) :=1(t,v) :=a

I(A,w) :={a}, I(A5v):=10

We have

(a) w =4 Ac) since I(c,w) =a € I(A,w)
(b) w =g B3y(y =t) since I(t,w) = I(t,v) =a € Dy,

and I(t,w) = I(t,v) =a € D,
(¢c) wiEgt=1z(x =tAA(c)) since I(t,w) =a=I7(1z(x =t A A(c)))
(d) wi=, OJy(y =t) since I(t,w) = a € D,®
(e) wiEg OFy(y = 12(x =t A A(c))) since I (1x(xz =t A A(c))) = a € D,
not-(f) w =g OA(c) since I(c,w) =a ¢ I(A,v)

We briefly explain the last two steps:

o (e) holds, because v =7 Jy(y = 1x(xz =t A A(c))), where v is the best world.
This formula picks up the unique x for which x =t A A(c) holds in w, namely
a. It tells us that such an x exists in v, but not which properties it has in v
(existence not being a property).

e (&) does not imply v = A(c); hence not-(f). The clause v = A(c) says that
the denotation of ¢ in w, namely a, has property A in v—this is not the case.

In other words, statements v = y(y = 12(x =t A A(c))) and v =5 A(c) talk about
the same individual ¢, but in two different worlds,'S where it can evidently verify
different properties.

'®By definition v ¥ 3y(y = t) holds if there exists an y-variant h of g at v such that
h(y,w) = I(t,w). This is equivalent to I(t,w) being an element of D,.
164y in the former case, and v in the latter case.
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This model gives a counter-example to the principle of inheritance. The implica-
tion Jy(y = 1x(x =t A A(c))) — A(c) is valid, but the implication OJy(y = 1z(z =
t N A(c))) = OA(ce) is not valid.

To explain proof-theoretically how the deontic collapse is avoided, we introduce
the notion of “variable only” version ¢* of a formula ¢. Intuitively, ¢* is obtained
by substituting, in ¢, a new variable for every definite description and constant
occurring in ¢. This ensures that ¢* contains only variables, making it impossible
to apply the rule of inheritance (and necessitation) from which the collapse follows.
Formally:

Definition 13 (Variable only version, Goble [16]). Given a formula ¢, we define ©*
as the formula in which all terms t1, ..., t,, which are not variables and are occurring
in the formula o, have been replaced by x1,...,xn, € V respectively. The variables
T1,..., Ty are the first, pairwise different, elements of V such that x1,...,x, do not
occur in .

Example 2. Let A, B and C be predicate symbols, x,y,z € V the first three variables
of V, c € C a constant and p € WF a well-formed formula:

o A(ryp,c)* = A(xz, 2)

o VxA(1yB(y,d),x)* = VzA(z,x)
« A(yB(1zC(x,y)),y)" = A(z,y)
« Aly,y)" = Ay, y)

In Sec. 2.2, we mentioned that the collapse will be avoided by restraining the
application of the rule of necessitation for M. We are now in a position to define
formally our new rule:

If = ¢" then =Xy (N*-X)

Like in Goble’s original solution, N*-X entails the following restricted form of inher-
itance:

If = (41 = )" then |= O(¥1/¢) = OW2/¢) (In*)

Before showing the validity of these two rules, we observe that the other law
involved in the collapse, Xy — (O(v/¢), still holds. This follows at once from the
following:

Proposition 7. We have
=Xy — (X207)
F Oy — OW/e) (120)
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Proof. (K20]) is straightforward, and may be left to the reader. For ((120)), let us
assume w |=4 (09 holds for a fixed model M = (W, >, D, I), a world w € W and a
variable assignment g. This is equivalent to Hng\f‘w being equal to the whole set of
worlds W. Hence we can infer that for any formula ¢ we have best(ngHé‘@) CW=
|[¥]|2,, which, by definition, means w =, O(¥/¢). O

g,w?

In Sec. 1, we pointed out that combining alethic and deontic modalities allows
us to express fundamental principles, such as the law of strong factual detachment
(SFD). We note that the distinction between extensional and intensional contexts
has no bearing on the validity of this law, as this one continues to hold for both
types of alethic modal operators.

Proposition 8 (Strong factual detachment). We have:
= OW/e) ANBp = O (K-SFD)
= OW/e) ANBp = O ([J-SFD)

Proof. (X-SFD) follows from ([3-SFD) and (K2[), so we concentrate on ((-SFD).
Assume a model M, a world w and a variable assignment g such that

w =g OW/¢) (1)

w =4 Ho (2)
By Def. 10,

w =y OW/¢) (3)

w =g Cp (4)

Let v € best(HT\@f‘w).

» By (4)7 v ):ZJ ¥
o Let u = ¢. Clearly, u = T, so that u € || T||M,. Hence v > u.

g7w

This shows that v € best(\|cp\|g\f‘w). By (3),v € H@/JHg\jlw, and so by Def. 9 w ) O.
By Def. 10, w =, Ot. By Def. 12, & [-SFD.
O

We now show that the rules (N*-X) and (In*) preserve validity. To show this we
need the following two lemmas.

Lemma 1. Given a formula ¢ and a model M, then

M= " = M ER(g")
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Proof. Let ¢ be a formula and M = (W, =, D, I) a model. If for every world w € W
and every variable assignment g of M it holds that w =4 ¢*, it follows that w =}’ ¢*
holds for every world w € W and every variable assignment g of M. Now let us
take two arbitrary but fixed worlds v,w € W and an arbitrary but fixed variable
assignment g and define a new variable assignment h : V x W — DT of M as:

g(z,w) if u=w
h(z,u) =< g(x,v) if u=w
g(x,u) otherwise

Since h and g only swap how they see the variables at w and v, and ¢* does not con-
tain constants or definite descriptions, we get Vu(u =y ¢* < u [=} ¢*). Therefore
from v =} ¢*, which holds by assumption, we can infer v =g’ ¢*. Since v,w € W
and g were arbitrary we can conclude M = Kp*. O

Lemma 2. Given a formula ¢ and a model M, then

ME=MEyp

Proof. This proof is done by contraposition. Suppose there are M = (W, =, D, I),
w € W and g such that w ] ¢. Let t1,...,t, be all terms in ¢ which are replaced
by the corresponding variables 1, ..., z, in ¢*. Then for the variable assignment

B0 = Io(t) if (a:,v') € {2;} x W where i€ {1,...n}
g(z,v) otherwise
we have w &} ¢*. -
Putting those two lemmas together, we can prove the soundness of (N*-X):

Lemma 3. Given a formula ¢ and a model M then

M " implies M E=Xp

Proof. M E ¢* = MEK(p*) & ME (Kp)* = M = Ke. O
Theorem 1. We have
If E ¢* then = Ko (N*-IX)
If |= (1 = ¢)” then |= O1/0) = O(¥2/) (In¥)
Proof. The first rule follows at once from Lem. 3. The second rule follows from the
first one and Prop. 7. O
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We end this section by showing that the rule of necessitation in its plain form
fails for X. Here is a counter-example. The formula Jy(y = 12 R(z)) — R(1zR(z)) is
valid in any model. To see why, fix a model M = (W, =, D, I), a variable assignment
g, and a world w € W. Assume w =4 Jy(y = 1wR(x)). Hence, there exists a y-
variant h of g at w such that h(y,w) = I}’(7R(x)). This means that h(y,w) = a
for some a € D,. By definition of 72zR(x), a is the unique element in D,, s.t.
a € I(R,w). Sow =, R(1zR(x)). Since y does not occur in R(7zR(x)) we conclude
w =4 R(1zR(x)) as required.

Now we define a model in which X[Jy(y = 12 R(z)) — R(1zR(zx))] is not valid:

Example 3. Consider the model M := (W, =, D, I) with

W= {w,v}
=:= the reflexive closure of {(v,w)}
R(a) R(b) Dy = {a,b}, D, :={a,b}

I(R,w) :={a}, I(R,v):={b}

We have v =y Jy(y = 12R(x)), as I (1zR(r)) = a € Dy. But v 7 R(1xR(z))
because I (10 R(z)) = a ¢ I(R,v). So M [ X[Fy(y = 12R(z)) — R(1zR(x))].

5 Concluding remarks

We have defined and studied a new perspectival account of conditional obligation.
A number of requirements were identified, and shown to be met by the framework.
The framework allows for a more nuanced way of approaching first-order deontic
principles. Topics for future research include:

(i) to investigate variant candidate truth-conditions for KX
(ii) to find a suitable axiomatic basis;

Ad (i): the truth-conditions for X in Def. 9 allowed us to make the minimal changes
to the axiomatic basis of F. The most significant change is that Lewis’s absoluteness
principle O(¥/¢) — B O (¢¥/p), stipulating that obligations are necessary, goes
away. This may be considered good news. But (X2()) remains, and this law may
be considered counter-intuitive. The following alternative truth-conditions may be
used:

w =g Rp iff Vo : v =) @
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Intuitively: w =4 My holds, if ¢ holds at all v under the hypothesis that the terms
occurring in ¢ take the reference they have in this very same world. With this
definition of X, (K2()) goes away, and the rule of necessitation holds without any
restriction.

Ad (ii): we have identified a sound axiomatic basis for the logic. This logic is defined
in Appendix C. Completeness is left as a topic for future research.

Appendix A: Universal instantiation

In Sec. 2, we observed that the principles of universal instantiation (UI) and existen-
tial generalisation (EG) hold in our logic even if the replaced term appears within a
deontic operator. We are now going to prove this observation and discuss what these
principles tell us about our logic. They are inter-derivable, so we focus on (UI).

In the following .=+ denotes the result of replacing all free occurrences of the
variable z, in a formula ¢, by the term ¢.

Proposition 9. Consider some o, some g, some world w in M and a term t such
that no bound variable in @ appears free in t. Then for d .= I;”(t) and for all v the
equivalence

vy Yest SV, L@ (#)
holds, provided x is not contained in the scope of the X operator in .

Proof. The proof is by induction on the complexity n of a formula ¢ and in a
similar fashion to the proof of Prop. 6. The base case, if ¢ is R(t1,...,ty,) with
TR(t1,...,tm)" = 0, follows from the definitions involved. For the inductive case, we
assume #’ holds for all £ < n, and for all v in M. We again only consider three
cases:

o ¢ := Vy 9. In the case that y is the variable x, the formulas p,—; and ¢
are the same 17 and the evaluation via the variable assignments g and g,
coincide. In the case that y is not x, then given the restrictions put on ¢, we
have that y does not appear free in t. Therefore we get the following chain of
equivalences:

Ysince all & in ¢ are bound by V.
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v ’:1; (Vy w)x:n iff v ':1; Vy <ww:>t)
v =R y= for all y-variants h of g at v

v =, ., ¥ for all y-variants h of g at v (by IH)
v 4 for all y-variants b’ of g,—4 at v (since x # y)
vg L, YU

« 9:=0N/¥).

v EY O(x/¥)amt iff best(|[tomt|[2h) C [IXamt]
best(|[¢|[2 ) C X[ ., (by TH)

9z=d,W 9z=d,W

gy OX/P)

o ¢ = R(t1,....,tn). Assume v =g R(t1,...,tm)z=t. If x appears only as one
of the t;’s, then we are done. So let us suppose that x appears in one (or
more) of the ¢;’s. W.l.o.g. let z only appear in t; = 7y3. By the IH w =
Vet & w =y ), 50 17 (1 ast) = 1) (1y3). Consider some v € W. We
have (I (19 Ya=t), o 1) (tm)z=t)) € I(R,v), so (I2_ (1), ..., 150 _ (tm)) €
I(R,v). Hence v = R(t1,...,tm) as required. For the converse implication,
the argument is the same.

M
g7w

O]

Corollary 2 (Universal instantiation). The principle of (Ul) is valid:
= E(t) — (Voo — wz=t) if x is not in the scope of K

Proof. This follows from the fact that w =y’ E(t) holds if and only if d := IJ’(t) € Dy,
holds. Therefore w =y E(t) implies that g,—, is a z-variant of g at w. Now
using Prop. 9 and putting v = w we obtain w 7 ¢,=¢ from w =7 E(t) and
w =y Vrp. O

(UI) highlights the difference between Va O (¢¥(x)/¢) and Q(Vzip(x)/p). (UI)
can be applied to the former but not to the latter formula. This is because the Barcan
formula, as well as the converse Barcan formula, do not hold.!® Va(O(¢)(z)/p) states
that v is an obligation for each existing individual under condition ¢. O(Vxy(x)/p)
states that Vai(x) is obligatory under condition ¢. This means that in an optimal
p-world everyone fulfills /. This does not imply that someone currently existing has
to fulfill v. As an example let us contrast the two sentences:

18 Also, Vo O (1/¢(z)) and O(3p/Vap(x)) do not imply each other.
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(7)  a. Everyone should live eco-friendly: Vx Op(x)
b. It should be that everyone live eco-friendly: QOVay(x)

Unlike (7-b), (7-a) describes an obligation binding each existing individual. From
(7-a) and E(t) one gets O¢(t). By contrast (7-b) does not warrant the move to
Owp(t) even in the presence of E(t). This is as it should be.

Example 4. Consider the model M := (W, =, D, I) with

W= {w,v}

=:= the reflexive closure of {(v,w)}

Dy :={a}, D, :={b}

R(a) R(b) I(t,w) :=1I(t,v) :=a

I(R,w) :={a}, I(R,v):={b}

We have v =y VaR(x), as gz is the only z-variant of g at v and I} _ (x) =b €
I(R,v). Furthermore w =y E(t) holds, since I;’(t) = a € Dy. But v £ R(t)
because I/ (t) = a & I(R,v). Hence M K E(t) — (OVzR(z) — OR(t)).

For our final example, we take a look at the application of existential generali-
sation when the term appears in the antecedent:

(8)  a. There exists a (current) Pope: E(1xP(z))
b. It ought to be that John says grace if the Pope joins him for dinner:

O(G(j)/D(1zP(x)))
¢. There exists someone such that John ought to say grace if this person
joins him for dinner: 3y O (G(j)/D(y))

The inference from (8-a) and (8-b) to (8-c) is both intuitively and formally valid.
On the other hand, O(G(j)/3JyD(y)) does not follow from (8-a) and (8-b), as shown
below.
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Example 5. Consider the model M := (W, =, D, I) with

W= {w,v}

»=:= the reflexive closure of {(v,w)}
Dy, :={a,b,c}, D, :={a,b,c}
1(j,w) = 1(j,v) = b

P(a),G(b), D(a) P(a), D(c) I(P,w) :={a}, I(Pv):={a}
I(G,w) :={b}, I(G,v):={}
I(D,w) :={a}, I(D,v):={c}

o wy E(1xP(z)) since I'(1xP(z)) = a € Dy
« w =g O(G())/DxP(x))) since
best(||D(1xP(x))l1%,) = {w} € {w} = IG()I|3%
o wlEy O(G()/FyD(y)) since best(|[JyD(y)llgn,) = {v} € {w} = |G()lgh

Appendix B: Inclusion of F
The following is an axiomatization of Aqvist’s system F.

Axioms:

All truth-functional tautologies

S5-schemata for O and ¢ (S5)
O (¥ = x/e) = (OW/¢) = Ox/»)) (COK)
O @W/e) =00 (/) (Abs)
0y — O¥/) (O-nec)
O(p < ¥) = (Ox/¢) < OX/¥)) (Ext)
O (¢/¢) (Id)
O /eny) = OW = x/¢) (Sh)
Op = (O(W/¢) = P(¥/¢)) (D)
Rules:

IfF ¢ and F¢ — x then F x (MP)
IfF¢ then F0Ogp (N)

152



An explanation of the axioms can be found in [31]. The distinctive axiom of the
system is (D*). This is the dyadic version of the D axiom. We now show that the
system FV is a first-order extension of F:

Theorem 2. The rule (MP) and all the axioms of F, where O is replaced with [J
and O is replaced with ¢, are valid in F".

Proof. This proof works very similarly to the propositional case. We therefore limit
ourselves to (D*). Suppose w = 9. Then, there is some v € W such that v |= ¢.
Suppose w =g O(¥/¢). Then, best(ngHé‘fw) C ||l¥| E\,Aw- By limitedness, there is
v € W such that v’ € best(| |g0]|g\”lw). Combining the two, it immediately follows that

best (||l [22,) N [[]])L, # 0, which is equivalent to w =¥ P(¢/¢). O

As mentioned in Sect. 3 the operator [ can be defined in terms of () in F¥, in
the same way as O can be defined in terms of () in F. Formally:

Theorem 3. =Gy < O(L/—¢p).
Proof.

w =g D iff H‘PH_{;\,/(w =W truth conditions for [J
H—mpHﬁjtw =0 truth conditions for —
best(||—|50||g\jlw) =0 by limitedness
best(|1-lI,) € IILIA
w =g O(L/~p) truth conditions for O

O

In Sec.1, we mentioned that X is a primitive modality in F”. This directly follows
from the fact that, unlike (), X is an intensional modality. Consequently, we do not
have the validity of all the axioms of F with O and ¢ replaced with X and &,
respectively. For a full list of valid axioms, see Appendix C.
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Appendix C: Axiomatisation of F"

A sound Hilbert axiomatic system of the logic proposed in this paper is shown below.
An explanation of the axioms and rules of FO logic with definite descriptions can
be found in [39].

Axioms:

All truth functional tautologies

All axioms of system F
S5-schemata for X and &
X — e

Xy = KO (¥/¢)

M (p < ¢) = B(OK/#) < OX/¥))

t=s5—= (@ pros)
E(t) = (Voo = pp=t)

Jrdy(z =y)
t=t
t#£s—Lt#s

Vy((Va(p <z =y)) =y =12¢)
E(1zp) — xp

Va(E(x) = ¢) = Vo
(Vxp AVa) < V(e A1)

Rules:

If
If
If
If
If
If
If

Feand ¢ — x then
F " then F X

- OW/e) then FEO (6/¢)
Fo—t#£xthen F -

F o — ¢ then - ¢ — Vo

F @ — [ then ¢ — HVay
F o — K then ¢ — XV

with O replaced with [J and ¢ with ¢

if ¢ is not in the scope of K

if z is not in the scope of X

where x ¢ free(p
where x ¢ free(p
where x ¢ free(p
(

where x ¢ free(p

)
)
)
)
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Abstract

In contrast to what has become known as standard deontic logic, Anderson
and Kanger independently proposed alethic modal logics with a deontic con-
stant, in which an obligation operator can be defined. It can be proven that
several deontic logics are fragments of these alethic modal logics. This has been
called “one of the main mathematical results on propositional monadic deontic
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logic”. We show that a similar translation theorem can be proven for a number
of predicative deontic logics, known as term-modal deontic logics (TMDLs).

In this paper we define several TMDLs and several first-order (alethic) modal
logics (FOMLs) with predicative constants, as well as a translation from the
TMDLs to the FOMLs. We prove that a number of the TMDLs are fragments
of the FOMLs. This is interesting not only from a conceptual, but also from
a technical perspective. It shows that (some) term-modal logics are actually
reducible to orthodox (i.e. not term-modal) FOMLs. We also present a few
negative results, showing that some TMDLs cannot straightforwardly be shown
to be fragments of FOMLs. Finally, we briefly discuss the possible repercussions
of both the positive and negative results for other reductions, in particular for
the reduction of propositional multi-modal logics to propositional uni-modal
logics.

1 Introduction

The best studied system of deontic logic is Standard Deontic Logic (SDL). SDL is
just the normal propositional modal logic KD, where the modal operator, written as
0O, is interpreted as obligation. This logic is inspired by Von wright’s early work [27],
though SDL differs from Von Wright’s proposal in significant ways [20]. Along the
same lines, several deontic logics with a primitive obligation operator and a normal
modal semantics have been proposed.

A different approach to deontic logic was introduced by Alan Ross Anderson
[1, 2] and Stig Kanger [17, 15], although the philosophical idea behind this approach
can be traced back to the philosopher and mathematician G. W. Leibniz. The latter
analysed ‘p is obligatory for a’ as ‘p is necessary for a’s being a good person’ [16].
Inspired by a similar intuition, Anderson and Kanger do not use a primitive obliga-
tion operator, but instead an alethic modal operator and a propositional constant.
They then define the obligation operator in this new language.

Kanger and Anderson work this out in different ways. In the Kangerian ap-
proach, the propositional constant G is to be read as “what morality prescribes”
[17]. Tt is obligatory that ¢, denoted as Oy, is then defined as “it is necessary for
what morality prescribes that ¢”, O(G — ¢). In the Andersonian approach, a dif-
ferent propositional constant, S, is used. This denotes some bad state of affairs [1,
p. 103], a violation of a rule [2, p. 348] or a sanction being applicable [16]. It is
obligatory that ¢, can then be defined as ‘not ¢ necessarily implies a bad state of
affairs’, ‘not ¢ necessarily implies a violation of a rule’ or ‘not ¢ necessarily implies
the applicability of a sanction’. These two approaches are equivalent if we simply
take S to be the classical negation of G [20]. In what follows, we call such systems
Andersonian-Kangerian logics.
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It turns out that all logical principles validated by SDL and other logics like it,
are also validated by Andersonian-Kangerian logics. One can define a translation
that assigns to each formula of SDL (or a closely related system) a formula of an
Andersonian-Kangerian logic. It has been proven that for every SDL-formula ¢, ¢ is
a theorem of SDL iff the translation of ¢ is a theorem of the Andersonian-Kangerian
logic. Aqvist calls this translation theorem “one of the main mathematical results on
propositional monadic deontic logic” [4]. In this paper, our main goal is to expand
this result to predicative deontic logic.

Predicative (or quantified, or first-order) deontic logic has long been understud-
ied. Presumably, this was because it was either thought to be trivial, in view of the
results on first-order modal logic in general, or because there are certain problems
(e.g. the interpretation of the Barcan Formula in a deontic context) for which there
was no solution at hand [16, 8]. Whatever the reason might have been, the result
is that most systems of deontic logic cannot capture elementary patterns of deontic
reasoning that involve quantification.

Recently, this has changed with the introduction of term-modal deontic logics
(TMDLs) [8, 11, 22].} The language of these TMDLSs contains obligation operators
indexed with terms (variables or constants) of the language. This allows for a great
increase in expressivity, as illustrated in Table 1 (taken from [8, 11]). In addition,
this indexing solves many of the problems plaguing earlier attempts at constructing
a system of first-order deontic logic (as argued in [8, 11]).

It is obligatory for Alfred that ¢ (07

© is obligatory for every philosopher (Vx)(Px — Ozyp)
f)ovirg{gn; has an obligation towards b (V) OI; Hab)

b has an obligation towards everyone
else to help them

Every parent of a sick child has an obli-
gation towards the child to care for it

(Vz)(x # b — Of Hbx)

(V) (Yy) ((Pxy A Sy) — O4Cxy)

Table 1: Illustrating the expressiveness of TMDLs

In this paper, we prove a translation theorem for TMDLs. We define a family
of first order modal logics (FOMLs) that model the Andersonian-Kangerian ideas
in a predicative context. These logics use an orthodox (that is, not term-modal)
modal operator and two predicative constants Q and Q2. So for example, ‘it is

!The renewed interest in predicative deontic logic is also illustrated by [21], which points out a
shortcoming of the current TMDL-approach.
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obligatory for a that ¢’, Ogp, can be defined in these logics as ‘a being a good
person necessarily implies ¢’, O(Qa — ¢).

The paper is structured as follows. In Section 2 we define and discuss a family
of TMDLs, and in Section 3 we do the same for a family of FOMLs based on the
Andersonian-Kangerian ideas. Section 4 is dedicated to proving the translation the-
orem for each of these logics. In Section 5 we discuss some other possible extensions
of the TMDLs from Section 2. Some of these extensions are more appropriate for
non-deontic interpretations of the term-modal operator. We show that the reduc-
tion of these extensions does not always go as one might expect, and discuss the
repercussions of these results for propositional multi-modal logic. Finally, Section
6 summarizes the results, briefly discusses their implications, and sketches possible
paths for future research.

2 Term-Modal Deontic Logics

Term-modal deontic logics are based on term-modal logics that were themselves
developed for epistemic logic [23, 7, 18]. The main innovation of term-modal logics
is that instead of an orthodox modal operator, the language of term-modal logic
contains a modal operator that is indexed by a term (variable or constant) of the
language. Semantically, this is mirrored by the use of a ternary (or quaternary)
instead of a binary accessibility relation.

In this section we start out by defining the language that is shared by all TMDLs
discussed in this paper (Section 2.1). We then define the semantics (Section 2.2) and
an axiomatisation (Section 2.3) of the weakest TMDL that we discuss in this paper:
TMK. This is a term-modal variant of the normal modal logic K. In Section 2.4
we define different extensions of TMK.

2.1 The Language of TMDLs

The definition of the language of TMIDLs is taken from previous work [8, 11]. Let
C = {a,b,...} be the set of constants and V = {x,y,...} be the set of variables.
We let o, 3, ... range over C' and v,&, ... over V. Let T'= C'UV be the set of terms
(always denoting agents) and 6, k, ... the metavariables ranging over it. For each
natural number n we let P" be a set of n-ary predicate symbols and we let P be the
union of all P™. We let P range over P. Lastly, we let ¢,, x be metavariables for
formulas and we use I', A, © as metavariables for sets of formulas. Our language £
is defined by the following Backus-Naur form:

pu=Ph...0, | 0=k|-p|oVe|Ogp|0lp| (V)p
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The other Boolean connectives are defined in the standard way. Additionally,
(Fv)e =a4r 7 (Vv)—, Pop =4f 70p—p and Pﬁcp =gf —Oﬂ—mp. We will often write
0 # k instead of -0 = k.

The notion of free and bound variables are as usual, with two additions (cfr.
Fitting et al. [7]): (1) The free occurrences of variables in Oy are all free occurrences
of variables in ¢ and in addition 6 if € is a variable, and (2) the free occurrences of
variables in Oj¢ are 0, if 0 is a variable, , if k is a variable, and all free occurrences
of variables in ¢. We define the set S of sentences as consisting of those formulas
@ € L such that all variables in ¢ are bound.

The two term-modal operators Oy and O denote undirected and directed per-
sonal obligations. A formula Ogy is read as ‘0 has an obligation that ¢’ and Of as
‘0 has an obligation towards « that ¢’ Here, 0 is the bearer of the obligation, i.e. the
agent who is at fault if the obligation has been violated, and « is the counterparty
of the obligation.

The second term-modal operator (Of) is very useful to model reasoning with the
Hohfeldian rights-relations [8, 11]. For example, ‘a has the right to vote’ becomes in
the Hohfeldian analysis: ‘everyone else has towards a the obligation not to prevent
a from voting’ This can be formalised as: (Vz)((z # a) — O%—Pxa), where Pxy
is interpreted as ‘x prevents y from voting’. The expressiveness of this language is
further illustrated in Table 1. For a more detailed discussion, see [8, 11].

2.2 Semantics of TMK

TMK-models (Definition 1) do not differ substantially from other models for first-
order modal logic with constant domains, except for the two accessibility relations.

Definition 1. A TMK-model is a tuple M = (W, A, R, RP, I), where:

1. WH#0D

2. A#0D

3. RCWxAxW

4. RPCWxAXxAXW

5. I is an interpretation function that assigns to every 8 € T a p € A and to
every pair (P,w) € P" x W an element of o(A™) for every natural number
n € N.

The set W is the world domain, consisting of possible worlds w,w’,..., and A
is the agent domain, consisting of agents p, p1,p2,.... Both are non-empty and are

allowed to be at most countably infinite.? R and R are two accessibility relations.

2The agent domain is the analogue of the (object) domain of first-order logic. It is possible to
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The set R(w,p1) =gf {w' € W | (w,p1,w’) € R} is interpreted as the set of worlds
where all the obligations that agent p; has in world w have been fulfilled. Similarly,
RP(w, p1,p2) =ar {w' € W | (w,p1, pa, w’) € RP} is interpreted as the set of worlds
where all obligations that agent p; has towards ps in world w have been fulfilled.

After definining what it means to be a v-alternative (Definition 2), we are in a
position to give the semantic clauses (Definition 3). The only non-standard clauses
are SCH and SC6. Semantic consequence and validity are defined in the usual way
(Definitions 4 and 5). In what follows, we will omit the subscript TMK when this is
clear from the context. Throughout this paper we treat both constants and variables
as rigid designators and we only consider models with constant domains.

Definition 2. For any v € V, M’ = (W, A, R,RP,I') is a v-alternative to M =
(W, A,R,RPI) iff I' differs at most from I in the member of A that I' assigns to
v.

Definition 3 (Semantic Clauses). For any TMK-model M = (W, A, R, RP I):
SC1 M,wl= POy ...0, iff (1(61),...,1(6,)) € I(P,w)

SC2 M,w = -y iff M,w B~ ¢

SC3 M,wEeVy iff Myw = ¢ or M,w =1

SC) M,wE=0=kiff 1(0) =I1(k)

SC5 M,w = Ogpp iff M,w' = ¢ for all w' € R(w,1(0))

SC6 M,w = Of¢ iff M,w' |= ¢ for allw' € RP(w, I(6),I(k))

SC7T M,w = (Yv)y iff for every v-alternative M': M’ w = ¢

Definition 4 (Semantic consequence). ¢ is a semantic consequence of I', T lFpvk
iff for every TMK-model M = (W, A, R, RP I) and w € W: if M,w |= v for all
Y €T, then M,w = ¢.

Definition 5 (Validity). ¢ is valid, Frmk ¢ iff for every TMK-model M =
(W, A,R,RPI) andw € W: M,w |= ¢.

2.3 Axiomatisation of TMK

A sound and strongly complete axiomatisation of TMK is obtained by closing a
complete axiomatisation of classical propositional logic (CL) with all instances of
the axiom schemata in Table 2 under the rules of Table 3.3 ¢(0/k) is the result of
replacing all free occurrences of k in ¢ by 0, relettering bound variables if necessary

expand the agent domain to include objects that are not agents. This is discussed in Section 3.5.3
of [8].

3The proof of soundness and strong completeness is a straightforward variation on the com-
pleteness proof for TMDL in [8, 11].
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to avoid rendering new occurrences of ¢ bound in ¢(0/k). ¢(0//k) is the result
of replacing various (not necessarily all or even any) free occurrences of £ in ¢ by
occurrences of 0, again relettering if necessary [24].

Theoremhood and derivability are defined as follows. A formula ¢ is a TMK-
theorem (denoted Fryvk ) iff ¢ can be derived from the TMK-axioms and rules.
¢ € S is TMK-derivable from I' C S (denoted I' Fryvk ¢) iff there are ¥, ..., 1, €
I such that Frmk (Y1 A ... AYy) — . From this it follows immediately that Frvk
is compact. We write F instead of Frypk where this does not lead to confusion.

(K) | Oalp = ¥) = (Oap — Oayp)  (UI) (V) — w(a/v)
(BF) (V)Onp — On(Vr)p (REF) a=«

(DK) | O5(p — ¢) = (Ofp — O5¢)  (SUB) | (a=3) = (¢ = ¢(a//B))
(DBF) (Vv)0he — 05 (Vw)e (ND) (a# B) = Oy(a # B)

0
(DND) | (a#B) — 0%(a # B)
Table 2: Axiom schemata of TMK

(MP) if ¢ — ¢ and ¢, then ¢
(NEC) if - ¢, then - Oy
(DNEC) if - ¢, then - Oy

(UG) | iftk ¢ — ¢(a/v) and a not in ¢ or v, then F ¢ — (Vv)y

Table 3: Rules of TMK

2.4 Extensions of TMK

One of the points of contention in propositional deontic logic is what principles
should be accepted. For example, the scheme Op — —O—y is valid in SDL, but in
the face of deontic conflicts one could argue that this should be given up [14]. These
discussions are also relevant for TMDLs: TMK does not validate Ogp — =0y,
but an extension of the logic might. We will not take a stand on such discussions
here. Instead, we propose a family of TMDLs. Each member of this family is
obtained by adding different axiom schemes and corresponding frame conditions
from Table 4 to TMK. For example, the TMDL discussed in [11] is obtained by
adding the axiom schemes (D) and (DIU) (and the corresponding frame conditions)
to TMK.* For all these logics, the proof of soundness and strong completeness is a

4One could also argue that TMK itself is already too strong. We refer the interested reader to
[12] for a discussion of term-modal logics weaker than TMK.
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straightforward variation on the proofs for TMDL in [8, 11].

(D) Opp — Py For all p e Aand w € W: R(w,p) # ()

(DD) ho — Py Forallp,p’ € Aandw € W: RP (w,p,p’) # 0
(+) 0¢(Opp — ¢) | Forallw,w’ € W and p € A: if w' € R(w, p),
then w' € R(w',p)

(D+) O0;(0Ofp — ¢) | For all w,w’ € W and p,p’ € A: if v’ €
RP(w,p,p), then w’ € RP(w', p,p)

(7) 0g(PgOgp — ¢) | For all w,w’,w” € W and p € A: w' €
R(w,p) and w” € R(w',p) implies w’ €
R’ p)

(D7) | O5(P505¢ — ) | For all w,w',w” € W and p,p’ € A: v €
RP(w,p,p) and w” € RP(w',p,p') implies
w' e RD(w”,p,p’)

(DIU) 0%¢p — Oup For all w € W, p1,p2 € A: R(w,p1) C
RD(w’phm)

Table 4: Additional axiom schemes for TMDLs

Other axiom schemes could have been added to Table 4. We discuss the most
important of these alternative schemes in Section 5. However, we think that the
schemes presented in Table 4 are among the most plausible candidates for inclusion
in a TMDL. The schemes (D) and (DD) are the term-modal analogues of the fa-
mous ought-implies-can principle in propositional deontic logic. Under a plausible
reading, the schemes (4) and (D+) can be used to model the intuition that iter-
ated deontic modalities of the same kind do not add any meaning. For a deeper
discussion of such intuitions for propositional deontic logic, see for example [5]. The
conditions associated with (+) and (D+) are sometimes called shift reflexivity, or
secondary reflexivity (see e.g. [25, 6]). Aqvist calls it almost reflexivity [4, p. 209].
The propositional analogue of (7) and (D7) is also discussed by Aqvist, and for that
reason (7) and (D7) are included in Table 4. Aqvist calls the corresponding frame
condition almost symmetry [4, p. 209].> Finally, the scheme (DIU) concerns the
interaction between directed and undirected personal obligations. Arguments for
and against this principle in a predicative context were discussed in [8, 11].°

®To see why this is called almost symmetry, it might help to note that (7) is equivalent with
Oo(p — OgPgyp), while symmetry corresponds to the axiom (B): ¢ — OgPgp (see Section 5.2).
5 A non-monotonic version of this principle was proposed in [10].
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3 The Alethic Modal Logics

As mentioned in the introduction, the goal of this paper is to prove a translation
theorem for different TMDLs. This means that we must also define a family of first-
order modal logics inspired by Andersonian-Kangerian (and Leibnizian) intuitions.
Each of these logics is built around an alethic modal operator and two predicative
constants Q and Q2. To define this family of logics, we take the same approach as
in Section 2. We first define the language shared by all the logics in this family in
Section 3.1. Then we give the semantics and axiomatisation of the weakest logic in
the family, AK, in Sections 3.2 and 3.3. Finally, Section 3.4 defines the extensions
of AK by giving a list of axiom schemes (and corresponding frame conditions) that
can be added to AK.

3.1 The Language of AK

The language of AK is built using the same constants, variables and predicate
symbols as the language of TMDLs.” We add to this an orthodox modal operator
0, and two predicative constants Q and Q? with arity 1 and 2 respectively. Our
new language £ is defined by the following Backus-Naur form:

0u=PO...0,|0=r|-p|oVe|Op|(W)e| Q| Q%k

The other connectives are defined in the standard way, with the addition that G¢ =4
—O-¢. The notions of free and bound variables are as usual. A formula ¢ € £? is
a sentence, ¢ € S?, iff all the variables in ¢ are bound. Note that the language of
AK contains no term-modal operators, but only orthodox modal operators.

The main novelty in the language £ lies in the predicative constants. Qx can
be read in different ways. Staying close to the Leibnizian intuitions, we will read Qx
as ‘x is a good person’. However, this choice is rather arbitrary. We can also stay
closer to a Kangerian or Andersonian interpretation and read Qx as ‘z’s obligations
have been fulfilled’ or ‘x is not in violation of any obligation’ From a technical
point of view, nothing hinges on the precise interpretation of the constant. The
same goes for Q2. The formula Q%zy can be read as ‘z is a good person when it
comes to their dealings with 3’, ‘z’s obligations towards y have been fulfilled’, or ‘x
is not in violation of any obligation that x has towards 3. A predicate similar to Q>
was proposed by Lindahl [19, p. 163] to solve some problems with Kanger’s formal
treatment of rights. Following Lindahl’s suggestion, we will read Q%zy as ‘y has not
been wronged by z’.

"This will be important for the proof of the translation theorem (Theorem 1).
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3.2 Semantics of AK

The semantics of AK is fairly standard. Definition 6 gives the definition of AK-
models. This does not differ significantly from that of familiar constant-domain
models for first-order modal logic, except for the addition of the functions f and
f?. Definition 7 gives the semantic clauses for AK. A v-alternative, semantic
consequence and validity are all defined analogous to those definitions for TMK in
Section 2.2.

Definition 6. An AK-model is a tuple M = (W, A, R?, f, f2,I), where:

W #0

A#0D

ROCW xW

f and f? are functions such that:

[ A= p(W)

fPrAX A= (W)

I is an interpretation function that assigns to every 6 € T a p € A and to
every pair (P,w) € P" x W an element of o(A™) for every natural number
n € N.

Crds i oo
o =

The relation R should be given an alethic instead of a deontic interpretation:
RO(w) =4¢ {w' | (w,w') € RP} is the set of worlds that are possible at w. The
function f(p) can be interpreted as the set of worlds that are (deontically) ideal
for agent p. Alternatively, we could say that f(p) is the set of worlds where p is
praiseworthy, where p is not blameworthy, or where p satisfies her obligations/the
demands placed on her. Similarly, f(p,p’) is the set of worlds where p’ has not been
wronged by p, or where p’s obligations toward p’ have been fulfilled.

Definition 7 (Semantic Clauses). For any AK-model M = (W, A, R®, f, f2,1):

SC1 M,wl= POy ...0, iff (1(61),...,1(6,)) € I(P,w)
SC2 M,w = -y iff M,w B~ ¢

SC3 M,wEeVy iff Myw = ¢ or Myw =1

SC) M,wkE=0=xkiff 1(0) =I1(k)

SC5 M,w = Oy iff M,w' = ¢ for all w' € R%(w)

SC6 M,w = (Yv) iff for every v-alternative M': M’ w = ¢
SC7T M,w k= Q8 iff we f(I(0))

SC8 M,w = Q%0k iff w € f2(1(0),I(k))
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3.3 Axiomatisation of AK

A sound and strongly complete axiomatisation of AK is obtained by closing a com-
plete axiomatisation of CL with all instances of the axiom schemata in Table 5
under the rules of Table 6. Theoremhood and derivability are defined in a manner
completely analogous to that in Section 2.3. The proofs of soundness and strong
completeness are straightforward adaptations from the standard proofs. See Sections
4.4 and 4.6 of [8] for details.

(QK) | O(p = ¢) = (Op — Oy)  (QREF) a=a
(QBF) (V)By — O(Ww)e (QSUB) | (a = f) = (¢ = ¢(a//B))
(QUI) (V) = p(a/v) (QND) (a #B) = O(a# f)

Table 5: Axiom schemata of AK

(QMP) if ¢ = 1 and ¢, then 9
(QNEC) if - ¢, then F Oy
(QUG) | ifF ¢ — ¢¥(a/v) and a not in ¢ or ¥, then - ¢ — (Yv)y

Table 6: Rules of AK

3.4 Extensions of AK

As we did for TMK, we will now define a family of extensions of AK. Each member
of this family is obtained by adding any number of axiom schemes and corresponding
frame conditions from Table 7 to AK. For all these logics, the proofs of soundness
and strong completeness again straightforward.

(QQ) | Q9 — Q%0k | For all p1,pr € Aand w € W: f(p1) C f*(p1,p2)
(AQ) ©Qh For all p € Aand w € W, R9(w) N f(p) # 0
(ADQ) OOk For all p,p’ € Aand w € W, R (w) N f2(p,p’) #0
(AT) Op — ¢ | RY is reflexive
(AB) © — 00y | R? is symmetric

Table 7: Additional axiom schemes for AK

The axiom schemes in Table 7 deserve a short explanation. The scheme (QQ)
corresponds to the intuition that whenever one is a good person, then one has not
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wronged anyone.® This corresponds to the intuition behind (DIU). The schemes
(AQ) and (ADQ) model the intuition that it is always possible to be a good person
or not to wrong another person (i.e. to fulfill one’s obligations to other persons).
These schemes correspond to (D) and (DD). For an alethic interpretation of the O
operator, (AT) is usually considered to be a plausible axiom scheme: if ¢ is necessary,
then ¢ is the case. We will need this scheme to prove the translation theorem for
TMDLs that contain (+) and (D+). Similarly, (AB) seems plausible for an alethic
interpretation of O and is needed to prove the translation theorem for TMDLs that
contain (7) and (D7).

We could have added more schemes to the table. For example, (A4) Op — OO
and (A5) O — OOy are plausible candidate schemes for an alethic interpretation
of the O operator. However, these schemes will only be discussed in Section 5 and
play no role in the translation theorems in the next section.

4 The Translation Theorems

This section contains the most important positive results of this paper, the proofs of
the translation theorems for TMDLs. In Section 4.1 we define the translation from
the language of TMDLs to that of the first-order Andersonian-Kangerian logics
and comment on the implications of this translation. In Section 4.2 we prove the
translation theorem for the two weakest logics, i.e. we show that TMK is the deontic
fragment of AK, that for every ¢ that is a theorem of TMK, the translation of
w is a theorem of AK. Section 4.3 shows how this proof can be expanded to the
extensions of TMK and AK discussed before.

4.1 The Translation

Definition 8 gives a translation 7, based on [3, p. 114]. The translation is trivial
except for clauses 5. and 6. These clauses capture the Leibnizian-Andersonian-
Kangerian intuitions discussed in the introduction. In fact, we would argue that
clause 5. better represents the Leibnizian analysis than the propositional proposals
by Anderson and Kanger did. Leibniz is after all analyzing an (undirected) personal
obligation with a bearer, which is a nuance that gets lost in the usual uni-modal
propositional approach.

Definition 8 (Translation). Let ¢ € L. Then:

80ne could even wonder about the other direction: if 6 has not wronged anyone, then 6 is a
good person, (Vv)(Q%*0v) — Qf. Accepting this and (QQ) would mean that Q is definable in terms
of Q2 (and vice versa).
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1. T(POy,...,0,)=Pby,....0, 5 T(Ogp)=0(Q0 — T(p))
2. TO=k)=(0=k) 6. T(Ofp)=0(Q0k — T(p))
3. T(~) =-T(p) 7. T((W)e) = (VW)T ()

4. T(eVip)=T(p)VT()

There is a difference in the expressiveness of the language of the TMDLs and
that of AK. Note that the translation is not surjective: for every formula in the
language of TMDULs there is a formula in the language of AK, but not vice versa.
For example, there is no ¢ € £ such that 7 (¢) is of the form O(¢) — Qf). Such
formulas can be used to express ‘deontic sufficiency’: O(¢) — Qf) means that the
truth of ¢ is sufficient for 6 being a good person (see [25]).

4.2 Proof of the Translation Theorem for TMK

The proof of the translation theorem for TMK, Theorem 1, mostly follows that for
the propositional case as laid out by Aqvist [3, 4]. However, there are some important
complications associated with the step to the term-modal level. The proof starts
with Lemma 1, which shows that for every theorem of TMK, its translation is a
theorem of AK. For the other direction it remains to prove that for every ¢ € L, if
T (v) is a theorem of AK, then ¢ is a theorem of TMK (Lemma 5). To prove this,
we first define a model M* for every TMK-model M (Definition 9).? This definition
is significantly more complicated than its propositional counterpart, and as a result
the following lemmas and their proofs are more complicated as well. In the next step,
we prove what Aqvist calls the “easy lemma”: each model constructed according to
Definition 9 is an AK-model (Lemma 2). Then we prove Lemma 3, the lemma “on
relations”, stating that the accessibility relations in the TMK-model M correspond
to those in the AK-model M*. Finally, we prove the “crucial” Lemma 4: for any
world w in the original TMK model, this world models ¢ iff the corresponding
worlds in the AK-model M* model T ().

Lemma 1. For all p € L: If Frvmk @, then Fax T (¢).

Proof. The proof is a simple induction on the length of the derivation. For the base
cases (i.e. derivations of length one), ¢ is an instance of one of the axiom schemes
of TMK. We leave it to the reader to see that for each axiom scheme 1 of TMK,
T () is a theorem of AK (see also [8]). For the induction step, it suffices to prove

9The definition of this model differs significantly from that of the model that plays the same
role in the proofs in [8] and [9]. The definition of M™ that we present in the present paper is based
on a kind of tree unravelling. It thus has the advantage that it is easier to understand for the reader
already familiar with unravelling. This change also affects (the proofs of) the next few lemmas and
theorems, but in most cases this change is positive: the proofs become shorter and easier.
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that if ¢ has been obtained by an application of one of the rules of TMK to some
TMK-theorem(s), then 7(¢) is a theorem of AK. O

Definition 9. Let M = (W, A,R,R",I) be a TMK-model. We define M* =

(Wi, A, R%,fM,f]ﬁ,Ijm as follows.

1. Wy, is the smallest set such that:

1.1. Forallw e W, (w) € W},

1.2. Forallp € A, if (wr,...,wy,) € Wi, and w € R(wy,p), then (w1, ..., wy,p,w)
c Wiy

1.3. For all p,p’ € A, if (wy,...,w,) € Wi, and w € RP(wp,p,p'), then (w1, ...,
Wy, p,p,w) € Wi,

2. Forall(wy,...,wy,) € Wiy, R ((wi, ..., wn)) = {(wr, ..., wn,p,w') | (wr,. ..,
Wy, pyw'y € Wit U{{wi, ... wy,p,p/,w') | (wy,...,wy,p,p' ,w') € Wi}

3.1. Forallp e A, fu(p) = {{w1,...,wp,p,w) | (wi,...,wy,p,w) € Wi}

3.2. For all p,p’ € A, f3(p,p) = {(wi,...,wn,p, 0, w) | (w1,...,wn,p,p,w) €
Wi}

4.1. ForalleT, I}, (0)=1(0)

4.2. Forall P € P and (wy,...,wy) € W*, I} (P, (wi,...,wy)) = I(P,wy)

For any TML-model M, M* gives a model consisting of several tree-like struc-
tures, where the name of every world in W* represents a finite path through the
model M. This is illustrated by Example 1 in the appendix. In what follows we
omit the subscript M where this does not lead to confusion.

Lemma 2 (Easy Lemma). Given a TMK-model M = (W, A,R, R, I), M* =
(W* A, R®, f, f2,I*) is an AK-model.

Proof. 1t suffices to prove that M™* satisfies all the conditions in Definition 6. This
is easily checked by comparing Definitions 1, 6, and 9. 0

Lemma 3 (Lemma on Relations). Let M = (W, A, R, RP,I) and M* = (W*, A, R,

f, f2,I*). For allw,w' € W, and all p,p’ € A:

1. w" € R(w,p) iff there is at least one { wy,...,w,p,w’ ) € W* and for all
(wy,...,w,p,w) € W*, (wr,...,w,pw) € R((wy,...,w))N f(p),

2. w' € RP(w,p,p') iff there is at least one (w1, ..., w,p,p',w') € W*, and for all
(wy,...,w,p,p,w) €W, (wy,...,wpp,w)eR2((wr,...,w))N f2(p,p).

Proof. This follows from Definition 9. For 1, the left to right direction follows from
clauses 1 (1.2), 2 and 3.1 of Definition 9, and the other direction follows immediately
from clause 1 (1.2) of Definition 9 (note for both directions that by clause 1, W* is
the smallest set satisfying 1.1 - 1.3). For 2, the left to right direction follows from
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clauses 1 (1.3), 2 and 3.2 of Definition 9, and the other direction follows from clause
1 (1.3) of Definition 9. O

Lemma 4 (Crucial Lemma). Let M = (W, A, R, RP,I) be a TMK-model, w € W,
and ¢ € L. Then for all (wy,...,w) € W*:

M,w = p iff M* {wy,...,w) = T(p)

Proof. The proof proceeds by induction on the complexity of ¢. In view of Defini-
tions 8 and 9, all cases are straightforward except for the cases where ¢ is of the
form Ogy) or Op.

We only write out the case where ¢ is of the form Oy, since the case for Oj1) is
entirely analogous. For the left to right direction, suppose M, w = Ogtp. To prove
that M*, (wi,...,w) = O(Q8 — T (1)) holds, we need to show that 7 (1) holds
in every successor of (wi,...,w) that satisfies Qf. By Lemma 3, such a successor
must be of the form (wy,...,w,I(#),w’) for some w' € R(w, I(#)). By assumption,
M, w' | 1, and by the induction hypothesis, M*, (w1, ..., w,1(0),w’) = T (¥).

For the other direction, suppose M*, (wy,...,w) = O(Q0 — T(¢)). To show
that M,w = Ogt), we need to show that M,w’ = ¢ for all w' € R(w,I(0)). By
Lemma 3, for any such w', (w1,...,w,1(0),w') € R((wy,...,w)) U f(I(F)). By
the assumption, Mx, (w1,...,w,I(f),w') &= T(¢). By the induction hypothesis,
M, w'" = 1. O

Lemma 5. Forall o € L, if Fak T (), then Frvk .

Proof. Suppose that rvi ¢. By completeness of TMK, there is a TMK-model
M = (W, AR, RP I) and a w € W, such that M,w [~ . By Lemmas 2 and 4,
there is an AK-model M* = (W*, A, R?, f, 2, I*), such that M*, (w) }~ T (¢). By
the soundness of AK, Fak T (p). O

Theorem 1. {p € L| Frvmk ¢} ={pv € L] Fak T(p)}

Proof. This follows immediately from Lemmas 1 and 5. O

4.3 The Translation Theorems for the Extensions

In this section we prove the translation theorem for each of the extensions of TMK
that were defined in Section 2.4. The first column of Table 8 gives a list of axioms.
Adding any combination of these axioms and the corresponding frame conditions
(see Table 4) to TMK gives an extension of TMK. Note that we demand that
either both or neither of () and (D+) are added, and that either both or neither of
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(7) and (D7) are added.'?. To find the logic of which such an extension of TMK is
the deontic fragment, simply add the axioms that are on the same lines in the second
column of Table 8 (and their corresponding frame conditions) to AK. For example,
TMK extended with (DIU), (+) and (D+) is the deontic fragment of AK extended
with (QQ) and (AT). In what follows we sketch how the proof of the translation
theorem needs to be adapted for each of these extensions.

Definition 10. For any (wy,...,w,) € W*, (wy,...,w,)~ is the previous world: if
(wi, ..., wy) is of the form (wy,..., wp—_1, p, Wy), then (wi,...,wy)~ =gf (W1,...,
Wp—1), and if (wi,...,wy) is of the form (w1,...,wp_1,p,p,wy), then (wi,...,
wn>_ =df <w1, ey ’an_1>.

TM-axioms | AK-axioms | Modification to definition of M*

(D) (AQ) no changes

(DD) (ADQ) no changes

(4+) and (D+) | (AT) add U{(w1,...,wy)} to clause 2

(7) and (D7) | (AB) add U{{ws,...,w,)~ } to clause 2

(DIU) (QQ) add Uf(p1) to clause 3.2

Table 8: Term-modal and Andersonian-Kangerian axiom schemes

Theorem 2. For any combination of lines from Table 8, let TML be the extension of
TMK obtained by adding the axiom schemes (and corresponding frame conditions)
from the first column to TMK, and let AKL be the extension of AK obtained by
adding the axzioms (and corresponding frame conditions) from the second column to

AK. Then{p e L] FrvmL ¢} ={p € L] FakL T(p)}.

Proof. For each of the logics, the proof is mostly analogous to that for TMK and
AK in Section 4.2. We go through each of the lemmas and definitions in that section
and describe where the proof changes substantially.

Proving the analogue of Lemma 1 is straightforward. The proof is analogous
to that for Lemma 1, except that there are more cases to prove. For example, if
the line with (D) and (AQ) is included, then we need to prove that Faky, O(Q60 —
) — —0(Q0 — —p). This follows from (AQ) and the properties of normal modal
logic. The other cases are analogous; each time the theorem follows from the axiom
added to AKL and the properties of normal modal logic.

10This is not a problem, since any argument for the acceptance of (4) is in all likelihood also an
argument for the acceptance of (D+), and any argument for (7) is likely also an argument for (D7).

174



TMDLs As FRAGMENTS

The definition of M™* needs to be adapted in some cases. These changes are
described in the third column of Table 8. The easy lemma (Lemma 2) is straight-
forward (for the cases for (+)/(D+) or (7)/(D7), simply note that because of the
modifications, R? is reflexive or symmetric). For the Lemma on relations (Lemma
3), there are also no significant changes. Even for the cases where we add (+) and
(D+), or (7) and (D7), the proof still goes through, since the right to left directions
of the proof do not rely on clause 2 of Definition 9.

For the crucial Lemma (Lemma 4) there are no significant changes necessary
for (D), (DD), (7) and (D7), or (+) and (D+). For (DIU) the difference is worth
commenting on. When we prove that M*, (wq,...,w) = O(Q%0x — T(¢)), under
the assumption that M,w = Of1, it is no longer the case that every element of
RO((wy,...,w)) N f2(I(F),1(x)) is of the form (w1,...,w,1(#),I(k),w'), since it
might also be of the form (wy,...,w,I(0),w’). However, in this case the proof
simply follows from the proof for the undirected case, since by the frame condition
corresponding to (DIU), M, w [= Oy follows from M, w = Of. O

5 Some other schemes: (4), (5), (B) and (T)

So far the story has been quite elegant. We have a reduction result for TMK and for
all the extensions of TMK with any combination of the axiom schemes (D), (DD),
(+) and (D+), (7) and (D7), and (DIU). Furthermore, these results mirror the
results that Aqvist discusses for the propositional case [3, 4.1 However, Aqvist also
considers the schemes (4) and (5) (Table 9). These schemes have some plausibility
in the context of deontic logic (see for example the discussion in Chapter 6.2 of
[6]). More importantly however, these schemes are relevant for other interpretations
of the term-modal operators (e.g. doxastic or epistemic interpretations, recall that
term-modal logic was originally developed in the context of epistemic logic). The
same holds for the schemes (B) and (T) (Table 9). Therefore, we discuss these
other schemes in this section: Section 5.1 discusses the schemes (4) and (5), Section
5.2 discusses (B), and Section 5.3 discusses (T). We show that with these schemes
the story becomes considerably less elegant, and diverges more from Aqvist’s story.
Finally, in Section 5.4 we briefly sketch the repercussions of these results for uni-
modal and multi-modal propositional deontic logics.

Two comments on this section are in order. First, to contain the size of this
section, we focus only on the term-modal operator with one index.!? Since the

"The only exception is (DIU), since Aqvist does not discuss (a propositional variant of) this
scheme.
12We thus implicitly adapt the previous definitions to no longer contain references to e.g. f2.
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(4) | Ogyp — 090y || (A4) | Op — OOy || Transitivity of R/R%
(5) | PeOgp — Opyp || (AB) | ©Op — Oy || Euclideanness of R/R®
(B) | ¢ = OgPoy (AB) | p = OOy Symmetry of R/R®
(T) | Ogp — ¢ (AT) | Op — ¢ Reflexivity of R/R%

Table 9: Further axiom schemes and their corresponding frame conditions

new schemes are mostly interesting for non-deontic interpretations, this seems to
be the most interesting case anyway. However, our results are easily translatable
to term-modal operators with two (or more) indices. Secondly, also for reasons of
space we have moved the proofs for some of the negative results and for the frame
correspondence results of some new schemes to a technical appendix.

5.1 The (4) and (5) schemes

Given Aqvist’s results in [3, 4], one might expect that TMDLs satisfying (4) and/or
(5) would be reducible to AKLs satisfying (A4) and/or (A5). Unfortunately, Lemma
6 shows that this is not the case.!

Lemma 6. Let TML be any basic extension of TMK (i.e. an extension discussed
in Section 2) extended with axiom schemes (4) and/or (5), and let AKL be any
basic extension of AK also containing the (A4) and/or the (A5) scheme. There
exists a TML-sentence ¢ such that vy @, but IFaxrL T ().

The proof for Lemma 6 can be found in the appendix. The counterexample used
for (4) is the formula P,Pyip — Pyip, and that for (5) is Poi) A Py T — PyPat). As
the proof shows, the problem lies in the fact that the (A4) and the (A5) scheme
do not distinguish between different agents, which does not combine well with the
transitivity and euclideanness of R¥. Instead of (A4) and (A5), we need the weaker
schemes (A4Q) and (A5Q) (Table 10). The frame conditions corresponding to (A4Q)
and (AbQ) are p-transitivity and p-euclideanness (Table 11. This is proven in Lemma
7 (the proof can be found in the appendix). Theorem 3 proves that the reduction
does work for these systems.

Lemma 7. The frame conditions corresponding to the axiom schemes (A4Q) and
(A5Q) are p-transitivity and p-euclideanness.

13In the conclusion of [9] it was speculated that when one considers TML-models without the
RP-relation, this reduction would work. The proof for Lemma 6 shows that this was mistaken.

176



TMDLs As FRAGMENTS

(A4Q) | O(Qa — ) — O(Qa — O(Qa — ¢))
(A5Q) | C(QaAy) = O(Qa — O(Qa A y))

Table 10: The schemes (A4Q) and (A5Q)

RY is... ‘ iff for all w,w’,w” € W, p € A:
if w' € R(w) N f(p) and w” € RP(w') N f(p), then w" € R¥(w)
if w' € RO(w) N f(p) and w” € R2(w) N f(p), then w” € RO (w')

p-transitive
p-euclidean

Table 11: Definition of p-transitivity and p-euclideanness

Theorem 3. Let TML be any basic extension of TMK (i.e. an extension discussed
in Section 2) extended with aziom schemes (4) and/or (5), and let AKL be the
corresponding extension of AK satisfying (A4Q) and/or (A5Q). Then Fomr ¢ if
and only if FaxL T (), for every TML-sentence ¢.

Proof. The ‘only if’ part is straightforward, since the translation of any instance of
(4) or (5) is an instance of (A4Q) or (A5Q) respectively. For the ‘if’ part, let R?”
be the p-transitive or p-euclidean closure of R? respectively. We define M* using
this new relation R?* instead of R?. The proof for the ‘if’ direction is now entirely
analogous to that in Section 4, except for the easy lemma. This lemma follows
immediately from the fact that R?* is closed under p-transitivity or p-euclideanness
respectively. The alterations needed in the proofs for the cases where TML does
contain these schemes are straightforward. O

From a technical point of view, this reduction works. We have reduced a term-
modal (deontic) logic to an alethic, uni-modal, first-order modal logic (with a pred-
icative constant). However, from a conceptual or philosophical perspective, this re-
sult might leave some unsatisfied. The philosophical motivation for the Andersonian-
Kangerian (and Leibnizian) reduction is that the deontic modals obligation and
permission can be expressed in terms of a purely alethic modality and a deontic
constant. However, the conditions of p-transitivity and p-euclideanness are only
motivated by deontic considerations. Thus, one can argue that O is no longer a
purely alethic modality. This is in contrast with, for example, conditions of reflexiv-
ity, transitivity or euclideanness. These conditions can be justified without recourse
to any deontic considerations. On the other hand, the conditions corresponding to
(AQ) and (ADQ) are also only justified by deontic considerations. Similar condi-
tions have been used in the propositional case (see [3, 4]). As far as we know, no
one has objected to them in that context. So if one were to object to p-transitivity
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or p-euclideanness on these grounds, then one would also have to object to earlier
treatments of the (D) scheme in the propositional case.

5.2 The (B) scheme

The next scheme that we consider is the (B) scheme. The frame condition corre-
sponding to this scheme is the symmetry of the accessibility relation R. It does
not seem to be intuitive for a deontic interpretation of O, and Aqvist does not
discuss it. Nevertheless, for the reasons sketched above it may still be interesting
to investigate the possibility of reducing a term-modal system containing the (B)
scheme to a uni-modal alethic counterpart. We start by noting that it does not
suffice to add the alethic version (AB) of the (B) scheme to AK. Indeed, consider a
model M = (W, A, R®, f,I) where W = {w,w'}, A= {p}, R? = {{w,w), (v, w)},
f(p) = {w'} and I is arbitrary. This model satisfies all instances of the (AB) scheme,
since R¥ is symmetric, but it does not satisfy the translation of all instances of the
(B) scheme. Consider for example the instance T — O4P, T of (B), where T denotes
any propositional tautology. Its translation simplifies to O(Qa — <& Qa)), and this
is not satisfied in world w.

We thus need a different axiom scheme on the alethic side to possibly make the
reduction work. Similarly to the previous section, we could try an axiom scheme
that is closer to the translation of the (B) scheme, mentioning the predicate Qa:
(ABQ) ¢ — O(Qa — <&(Qa A ¢)). The frame condition corresponding to the
(ABQ) scheme is p-symmetry, as defined in Table 12. This frame correspondence
is proven in Lemma 8. Unfortunately, Lemma 9 shows that the (ABQ) scheme
does not give us the desired reduction result, since the p-symmetry of R? does
not handle the presence of multiple agents well (the counterexample used is the
formula P,yp A Py T — PyPa1). The proofs for these two lemmas can be found in
the appendix. We have no positive reduction results for extensions of TMK with
the (B) scheme.

R% is... ‘ iff for all w,w’,w” € W, p € A:
p-symmetric | if w' € RY(w) N f(p), then w € R®(w') N f(p)

Table 12: Definition of p-symmetry

Lemma 8. The frame condition corresponding to the (ABQ) axiom scheme is p-
symmetry.
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Lemma 9. Let TML be any basic extension of TMK extended with scheme (B),
and let AKL be the corresponding extension of AK containing the (ABQ) scheme.
There exists a TML-sentence ¢ such that lfrmr ¢, but IFakr T ().

5.3 The (T) scheme

Another axiom scheme that is commonly used in modal logic is the (T) scheme. The
frame condition corresponding to this scheme is the reflexivity of R. This scheme
does not seem plausible in deontic logic, since obligations can be violated. However,
it seems undeniable in epistemic logic, as knowledge is true by definition. Thus it is
also worthwhile to see whether it is possible to have a reduction for this scheme.

Let us ponder which axiom scheme(s) should be added to our extension AKL of
AK so that the translation of every instance of (T) becomes a theorem in AKL. Such
a translation is of the form O(Qa — T (¢)) — T (¢). The weakest way to ensure
that sentences of this form are theorems in AKL, is to simply include O(Qa —
T(¢)) = T () as an axiom scheme. This is highly unconventional, however, as it
makes explicit reference to the translation of a formula of another system, namely
TML. An option which does more justice to the autonomy of the system AKL, is
to include the axiom scheme O(Qa — ¢) — ¢ for every AKL-formula ¢ without
any restriction. However, this has as a result that Qa is a theorem of AKL (simply
let ¢ be Qa). Consequently, the scheme O(Qa — ¢) — ¢ reduces to Op — ¢,
which is exactly the (AT) scheme.

An argument against the usage of O(Qa — T (¢)) — T (¢) as an axiom scheme
is obtained by looking at the frame condition corresponding to it. Given the above,
it is easy to see that this is the reflexivity of R?, combined with f(p) being equal to
the entire set W for all p € A. We thus find that the frame condition corresponding
to the scheme O(Qa — T(p)) — T(y) is exactly the frame axiom corresponding
to the (AT) scheme (i.e. reflexivity of R?), together with the frame condition
corresponding to the axiom scheme Qa (i.e. f(p) = W for all p € A). This gives
us an additional reason to drop the artificial scheme O(Qa — T (¢)) — T(p) in
AKL and instead replace it by the scheme O(Qa — ) — ¢, or equivalently, by the
(AT) scheme together with the axiom scheme Qa. However, the fact that Qo is a
theorem for every constant «, causes the translations of TML-formulas to lose the
reference to the agents occurring in them. Indeed, we would have an equivalence
between Frnr Oap and Faxy, O7 (), but the latter would also be equivalent
to Frvr, Oge. However, O, and Ogy should not be equivalent in general, for
that would undermine the entire purpose of including multiple agents. We can thus
conclude that no meaningful reduction of term-modal logic with the (T) scheme to
alethic logic can be obtained in this way.
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5.4 Consequences for Propositional Deontic Logic

In Aqvist’s work [3, 4] the deontic systems under discussion are propositional, and
uni-modal: their language contains only one modal operator and the relevant mod-
els contain only one accessibility relation. These logics are then reduced to propo-
sitional, uni-modal alethic modal logics that contain propositional constants. The
negative results in the present section have little bearing on such reductions. In fact,
the conceptual /philosophical problems sketched above for the reductions of systems
containing (4) and (5) disappear in this case. Furthermore, the counter-examples
to the reduction of systems containing (B) rely on the presence of multiple agents.
Thus, they are not applicable to the reduction of uni-modal systems of deontic logic.
Finally, in the discussion on (T) we have not used any kind of quantification in our
argumentation. Only the presence of multiple agents made the proposed reduction
fail. When considering only one agent, i.e. in the uni-modal propositional deontic
logic, the reduction does go through. However, the alethic system is equivalent to
the deontic system in this case, since the deontic constant is a theorem of the alethic
system, and hence sentences of the form Oy translate to Q.

A reduction that keeps closer to the ‘spirit’ of the present paper is a reduc-
tion of propositional multi-modal logic. For reasons of complexity, one might prefer
to work with a propositional multi-modal (deontic) logic instead of a term-modal
logic.'* Consider for example a propositional language with a finite number of modal
operators O, ..., 0,, interpreted over Kripke models containing n accessibility re-
lations. For conceptual reasons similar to the ones discussed in the present article,
it would be interesting to see if such a logic is a fragment of a propositional, alethic
uni-modal logic whose language contains only one modal operator, 0. The posi-
tive results of Sections 4 and 5 show that a reduction of a number of propositional
multi-modal (deontic) logics to uni-modal (alethic) logics is possible, as the proofs
in those sections are easily translated to the propositional level. Unfortunately, the
counterexamples to some reductions that were discussed in Sections 5.1, 5.2, and
5.3 also apply to the multi-modal case, since they do not rely on any first-order or
term-modal characteristics. Therefore, the negative results of this section would also
have to be taken into account in the multi-modal propositional case.

6 Conclusion

In this paper we have defined a family of TMDLs and a family of first-order modal
logics inspired by the Andersonian-Kangerian view on deontic logic. In Sections 4

14 This would of course imply a loss in expressiveness, as discussed extensively in [11, 8].
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and 5, we have gone on to show that many of the TMDLs are reducible to the
Andersonian-Kangerian logics. In other words, we have shown that the TMDLs
are a fragment (the deontic fragment) of the Andersonian-Kangerian logics, i.e.
of first-order modal logics extended with two predicative constants. At first glance,
the TMDLs may have seemed highly unorthodox because of the ternary/quaternary
accessibility relations and the term-modal operators. However, the results in Section
4 show that these TMDLs fit neatly with the canon of deontic logic.

On a conceptual level, it is often argued that the Andersonian-Kangerian reduc-
tion shows that the notion of obligation can be analysed in non-deontic terms. The
same arguments can be made for the reduction presented in this paper. However,
whether this argument is convincing depends on the reading of the constants, both
in the propositional and the predicative case. If Q6 is for example read as ‘0 fulfils
all of their obligations’, then the reduction is merely an analysis of obligations in
terms of obligations. Even if Qf is read as ‘0 is a good person’, then it might still
be debated whether Q is not still a deontic constant (see [20] for a more detailed
discussion).

The positive results of Sections 4 and 5 stand in stark contrast with the negative
results of Section 5 (especially in Sections 5.2 and 5.3). In Section 5.4, we have
discussed how these negative results affect reductions of uni-modal and multi-modal
propositional deontic logics. In possible future work it might be fruitful to combine
the positive and negative results of Sections 4 and 5, by looking at other possible
reductions. For example, it seems likely that the negative results of Section 5 can
be avoided if we do not reduce TMDLs to first-order modal logics, but instead to
logics that contain an alethic term-modal operator Oy. If we define a translation
T’ such that T'(Ogp) = 0yp(Q08 — T'(¢)), then the discussed counter-examples
can be avoided. There is some philosophical motivation for considering an alethic
term-modal operator. For example, what is possible for one agent might not be
possible for another agent, since these two agents might have the ability to execute
different actions that give different results. Alternatively, what one agent considers
possible might be different from what another agent considers possible, since both
have different information at their disposal. One thing that this approach loses, is
the reduction from term-modal to orthodox, i.e. not term-modal, modal logic.

There are other paths open for future work as well. In this paper we have used
constant domains and have treated constants as rigid designators. It is still an open
question whether this is actually the way to go for deontic logic, see for example
[13, 8, 21]. If we can prove a similar reduction for variable domain semantics or non-
rigid designators, then it might be argued that such questions about deontic logic
can be reduced to the (much better studied) corresponding questions for alethic
modal logic.
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There are also a number of possible term-modal logics for which a (satisfying)
reduction to an Andersonian-Kangerian style system has not yet been proved. This
does not only concern logics satisfying the schemes discussed in Section 5. One can
also think of the dyadic or non-normal TMDLSs presented in [8].

A final, more philosophically inspired, possibility for future work is to explore
the connection between AK and virtue ethics. Very briefly, virtue ethics judges the
correctness of an action not by the consequences of that action (as consequentialists
might do), nor by whether that action corresponds to a previous set of rules (as a de-
ontologist might). Instead, the virtue ethicist would say that an action is obligatory
iff the action exemplifies some positive characteristic of the agent. Our definition of
‘@ is obligatory for a’ as ‘p is necessary for a being a good person’ seems to fit this
point of view rather well. Virtue ethics has mostly been overlooked in the literature
on deontic logic, so it might be worthwhile to investigate whether this link can be
substantiated.'®
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7 Appendix

Example 1.

Let M = (W, A, R,RP I) be a TML-model such that: W = {wy,ws, w3}, A =
{p17p2}) R = {<wlap17w2>7 <w2ap27w3>}7 RD = <w27p1)p25w2>}5 and let I be an
arbitrary interpretation function. This model is graphically represented by Figure
1. Figure 2 graphically represents the first ‘layers’ of the model M*.

Lemma (Lemma 6). Let TML be any basic extension of TMK extended with
aziom schemes (4) and/or (5), and let AKL be any basic extension of AK also
containing the (A4) and/or the (A5) scheme. There exists a TML-sentence ¢ such

that lfrmr ¢, but IFakr T ().

Proof. We first consider the case where AKL contains the (A4) scheme. Let ¢ be
the sentence P,Pyyp — Pyp, where 9 is any formula of the form Paj...a,. Let
M = (W, A, R, I), where W consists of three different worlds wy, ws, w3, A consists
of two different agents pi1,pa, I is such that I(a) = p1, I(b) = p2 and 9 is true only
in world ws, and R? is as depicted in the following sketch (where p1, p2 denotes two
different arrows, in contrast with Figure 2 where p1, po denotes one arrow).

p1,p2

p2 P1
O p1 Q b2 Q
w1 w9 w3

184




TMDLs As FRAGMENTS

<w17p17 ’w2>

(wi, p1, w2, p1, P2, w2) (wy, p1, w2, p2, w3)

(w2)

<w27p17p27w2> <w27p27w3>

/

(w2, p1, P2, w2, P1, P2, W2) (wa, p1, p2, w2, P2, w3)

/

Figure 2: The model M*

Note that M is a TML-model, and that R is serial, secondary reflexive, almost
symmetric, transitive and euclidean. Note furthermore that M, wy ~ PoPytp — Py,
as wy € R(wy,I(a)), ws € R(ws, I(b)) and M, ws =1 , but R(wy, I(b)) = {w;} and
M, w1 % 1/)

The translation of ¢ is
T (PuPptp — Pypp) = O(Qa A O(QbAY)) = O(Qb A ).

Now let M* = (W*, A*, R?, f, I*) be an arbitrary AKL-model with world w}, and

185




FRIJTERS AND VAN DEN EEDE

suppose that M*, wi = O(QaA<O(QbAY)). Then there exist worlds wi € RP(w})N
f(I(a)) and wj € RP(w3) N f(1(b)) such that M* wj = 1. Since M* is an AKL-
model, R? must be transitive. Hence it follows that w} € R?(w?), implying that
M*, wi = <&(Qb A ). This shows that M*, wi = O(QaAC(QbAY)) — O(QbAY)
for any world w} in any AKL-model M*, and thus that IFaxr, O(QaAO(QbAY)) —
O(QbAY).

We now consider the case where AKL contains the (A5) scheme. Let ¢ be the
sentence P,y A Py T — PyPgt, where v is any predicate Paj...a, and T is any
propositional tautology. Let M = (W, A, R, I), where W consists of three different
worlds wy, wa, w3, A consists of two different agents pi, pa, I is such that I(a) = pi,
I(b) = py and 1 is true only in world wy, and R® is as depicted in the following
sketch (again, pi, p2 denotes two arrows).

w1
2N
w2 w3
Pp1,p2 Pp1,p2

Note that M is a TML-model, and that R,, and R, are both serial, secondary re-
flexive, almost symmetric, transitive and euclidean. Note furthermore that M, w; [~
Patp APy T — PyPot), as wy € R(wy,I(a)) and M, w2 = ¢, and ws € R(wi, (b)),
but R(wi, (b)) = {ws} and R(ws,I(a)) = {ws}, and M, ws = 1.

The translation of ¢ is
T(Poh APy T — PpPatp) = O(Qa Ah) AOQb — O(Qb A O(Qa A ).

Now let M* = (W* A* R?, f, I*) be an arbitrary AKL-model with world w?,
and suppose that M* wi = O(Qa A ) A CQb. Then there exists a world wi €
RO (w})N f(I(a)) such that M*, w} |= ¢, and a world w3 € RP(w}) N f(I(b)). Since
M* is an AKL-model, R? must be euclidean. Hence it follows that wj € R%(w3),
implying that M*, w} = G(Qb A <&(Qa A vp)). This shows that M*, wi = <&(Qa A
P)ANOQb — O(QbAC(Qa A1) for any world wi in any AKL-model M*, and thus
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that IFaxr ©(Qa A ) A GQb — G(Qb A O(Qa A ).

O]

Lemma (Lemma 7). The frame conditions corresponding to the axiom schemes
(A4Q) and (A5Q) are p-transitivity and p-euclideanness respectively.

Proof. We prove the statement only for (A4Q), as the proof for (A5Q) is analogous.
Let (W, A, R?, f) be an AK-frame, and suppose that R is p-transitive. Let I
be an interpretation function, and consider the model M = (W, A, R?, f, I). Let
w € W, and assume that M, w | O(Qa — ¢), where « is any constant and ¢ any
AK-sentence. Pick w' € R¥(w) N f(I(a)) and w” € RP(w') N f(I(a)) arbitrarily.
Then w” € RQ(w), using the fact that R is p-transitive. By the assumption, it
follows that M,w" = ¢. Since w' € R?(w) N f(I(a)) and w” € RO (w') N f(I(a))
were chosen arbitrarily, we have that M,w = O(Qa — O(Qa — ¢)). This shows
that M, w = O(Qa — ¢) — O(Qa — O(Qa — ¢)).

Now suppose that R is not p-transitive. Then there exist w,w’,w” € W and
p € A such that w' € R9(w) N f(p) and w” € RP(w') N f(p), but w” ¢ R%(w).
Let I be an interpretation function such that I(«) = p, and such that ¢ is satisfied
precisely in the worlds of the set R?(w) N f(p). Then M,w = O(Qa — ¢) —
0(Qa — O(Qa — ¢)), since M, w" I~ . O

Lemma (Lemma 8). The frame condition corresponding to the (ABQ) scheme is
p-symmetry.

Proof. Let (W, A, R9, f) be an AK-frame, and suppose that R¥ is p-symmetric.
Let I be an arbitrary interpretation function and define M = (W, A, R?, f,I). Pick
w € W arbitrarily, and let o be a constant and ¢ an AK-sentence. Then M, w |=
e — O0(Qa — <&(Qa A ¢)). Indeed, suppose that M,w = ¢, and pick w' €
R (w)N f(I()) (assuming without loss of generality that such world exists). Since
RC is p-symmetric, we know that w € R?(w’) N f(I()). It follows that M,w =
O0(Qa — < (Qa A p)).

Now suppose that R? is not p-symmetric. Then there exist w,w’ € W and p € A
such that w’ € R9(w) N f(p), but w &€ R(w') N f(p). Let I be such that I(a) = p
and ¢ € £ is an atomic formula satisfied only in w. Let M = (W, A, R?, f, I). Then
M,w ¢ — O(Qa — &(Qa A p)), since M, w' = O(Qa A ). O
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Lemma (Lemma 9). Let TML be any basic extension of TMK extended with
scheme (B), and let AKL be the corresponding extension of AKX containing the
(ABQ) scheme. There exists a TML-sentence ¢ such that lfomr ¢, but IFaAkL

T (o).

Proof. Let ¢ be the sentence P, T A Pyp — Ppip, where T is any tautology not con-
taining modal operators, and v is any predicate Paj ...a,. Let M = (W, A, R, I),
where W consists of two different worlds wq,ws, A consists of two different agents
p1,p2, I is such that I(a) = p1, I(b) = p2 and such that v is true only in world wy,
and R is as depicted in the following sketch.

1,P2 p2 1,P2
P1,P Cwl w23p,p

Note that M is a TML-model, since R is serial, secondary reflexive, transitive,
euclidean and symmetric. Note furthermore that M,w; = P, T A Pytp — Py, as
w1 € R(wy,I(a)), we € R(wy, (b)) and M,wy = ¢, but R(wiy,I(a)) = {w1} and
M, w1 b& w
The translation of ¢ simplifies to ¢Qa A SG(Qb A Y) — O(Qa A ¢). Now let
M* = (W*, A*, R9, f,I*) be an arbitrary AKL-model with world w}, and suppose
that M*, w} = ©QaA<O(QbAY). Then there exist worlds wi € R?(wi)Nf(I(a)) and
wi € RP(wi)Nf(I(b)) such that M*, wj = 1. Since M* is an AKL-model, R® must
be p-symmetric. Hence it follows that w} € R?(w3) N f(I(a)), and furthermore that
wi € RO(w}) N f(I(b)). Consequently, also w} € RP(w}) N f(I(a)) holds, implying
that M*,w} = O(QaAt). This shows that M*, wi = CQanO(QbAY) — &(Qany)
for any world wj in any AKL-model M*, and thus that Faky, ¢QaAO(QbAY) —
O(Qa A ).
e
w; w3

3
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Abstract

Building on McNamara’s DWE (Doing Well Enough) framework, a sub-
stantial generalization and refinement of that framework extends its expressive
resources by adding two ordering operators, changing the underlying semantic
ordering’s scope, and adding a number of other operators making fuller use of
the resulting expanded frames. A solution to DWE’s “Disjunctive Supereroga-
tion Problem” is provided via two semantic characterizations of permissible su-
pererogation stronger than that of DWE’s. The new framework also allows us
to represent a divide in normative ethical theory between classical deontologists
and consequentialists by, among other things, allowing for models distinguish-
ing what is best to do from what one ought to do and from what one must do.
It also allows for modeling supererogatory hole scenarios (Ulla Wessells) and
consequently, for modeling the more recent and much-discussed all or nothing
problem scenarios (Joe Horton). We use the enriched resources to explore care-
fully modeling these problem cases, bringing greater resources to bear on the
cases, as well as indicating some potential challenges with some positions taken
on the problems. It also becomes clear that the classical deontological conflicts
with consequentialism are close cousins to the just-mentioned problems with su-
pererogation; each involves a growing divide in normative ethics over whether
something as good as something permissible must be permissible. 1t is also made
emphatically clear just how much impact it has if endorsed. In this paper, our
focus will be on the semantic framework and its expressive power.

Keywords: DWE, supererogation, must, ought, the least one can do, good as ok is
ok, supererogatory holes, all or nothing cases, deontology, consequentialism
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1 Introduction

In a variety of places (e.g. [12, 13, 15, 16, 17]), McNamara developed and supported
his DWE framework as a good first approximation for modelling supererogation
and associated concepts. However, there are artificial limitations in the semantic
framework and substantial limitations in its expressive power, as well as in the logic
of the supererogation operator itself.! We aim to rectify these lacks by expanding
on and modifying the DWE framework, thereby generating a much richer and more
adequate framework. The resulting language is complex and so we will focus here
on some semantic results with an eye to putting them to use in modeling some
classical debates between deontologists and optimizing consequentialists (for general
background, see [1]), as well as in modeling more recent “hot” issues in ethical
theory: Wessels’ “supererogatory holes” (see especially [24, 25]), and Horton’s “all
or nothing problem” [7].2 The framework developed here can accommodate different
and nuanced positions on these topics, as well as those that deny the basic intuitions
often expressed (e.g. that there are supererogatory holes or that there can be all
or nothing problem scenarios). It will also hold some of the same significance that
the DWE framework has had for ethical theorists and we will see that the proposed
operators for going beyond the call improve significantly on DWE’s analysis, adding
more nuance and subtlety while not succumbing to DWE’s “Disjunctive Problem of
Supererogation.”

Section 2 sketches the classical DWE framework and raises a number of ques-
tions about it by way of motivating the substantial expansions to be offered. Section
3.1 supplies those with a new language, which will include two ordering operators.3
It then provides the semantics. The result is a new framework, “DWE(>).” Sec-
tion 3.2 turns to reflections on the expanded semantic framework, with proofs of
an important fragment of validities and invalidities that help us zero in on some
payoffs: a resolution of the Disjunctive Supererogation Problem as well as modeling
the aforementioned issues in ethical theory. In Section 4 we turn to a strengthened
semantic framework, DWE(>), where we add a semantic constraint to the prior
frames and then show its quite powerful reductive significance by contrasting inva-
lidities without the constraint with validities generated by the constraint, thereby

!Some of these limitations have been previously noted in print (see especially [17], Section 5.10)
and in prior conference presentations; in [17] and [18] expansions of the framework are explored,
but we do so here in a number of different ways making much fuller use of a generalization of the
DWE semantic framework articulated there.

2Section 6.1 of [17] gives a brief critical exposition of Wessel’s framework, and for just a couple
of reactions to Horton’s piece, see [20] and [21].

3[6] put an ordering operator to good use in discussing models for supererogation. We follow,
and there will be added benefits beyond those for supererogation.
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further highlighting some more payoffs of the general DWE(>) framework. Section
5 concludes with some brief reflections on the framework’s ability to provide con-
ceptual space for nuanced positions on supererogatory holes and deontology, as well
as some reflections on future directions. The Appendix contains sample proofs of
justifications for derivative (often shorter) truth-conditions used in many operator
clauses as well as a selection of proofs of theorems from Section 4 where they would
distract from the comparisons constituting that section.

2 The DWE Framework and Some Limitations

2.1 Sketch of DWE’s Language and Semantics*

Imagine a language for classic truth-functional propositional logic with the usual
operators, -, &, V, —, <>, and these primitive deontic operators of DWE added:

OBy: It is overridingly Obligatory (for Jane) that .

Mlyp: The Minimum involves/implies (its being the case that) (.
MAyp: The Mazimum involves/implies (its being the case that) .
INp: It is a matter of Indifference that .5

Here are a few of DWE’s defined operators:

PEp = =0OB—¢p It is Permissible that .
IMyp = OB—p It is Impermissible that .
Sy = —INyp It is Significant that .

BCyp = PEy & Ml—p It is Beyond the Call that ¢.

PSe = PEp & MA-¢ It is Permissibly Suboptimal that .

Next, let us define the frames for the DWE framework employing a set of worlds
(W), a world-relative acceptability relation (A), and a world-relative weak preference
relation (27):

4See Section 5.6 of [17], as well as [12], [13], and [16] for expositions of this framework.

®We leave the intended relativization to an agent tacit in the remaining glosses on all operators.
On the legitimacy of personal but non-agential readings of deontic operators, see especially Sections
1.3 of [14], briefly summarized in, Section 5.7 of [17], as well as the earlier [9]. See below on the
qualifier “overridingly” in the reading here of OB.

6That is, the language envisioned is ¢ =:=p | ~¢ | ¢ — ¢ | OBy | Mlp | MAy | IN¢p, where
p € S (sentence letters).
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Definition 2.1. F = (W, A, =), is a DWE Frame, where:
1. W # ¢
2. A CW? and Vi3jAij (Seriality-A)
3. = CW3:
a) (kmijorjzik) onlyif (Aij & Aik) [Confinement of 2Z; to A
b) (Aij & Aik) only if (k ;i j or j i k) [Connectivity of 7; for A]
c)ifj ik and k 7o; L then j 72; 1 [ Transitivity of 7; |

Here is a pictorial representation:

at least one i-acceptable world — |
weakly ordered i-

. acceptable worlds
a level of /-acceptable worlds — — P

_—

Figure 1: DWE Frames

For simplicity, the frames are pictured as if there are upper and lower limits
for the weak ordering. The context is classical: the focus is on modeling things
that are overridingly obligatory, so on contexts where there is always an acceptable
alternative (per world i)—one where all such overriding obligations are met. It is
analytic that overriding obligations can’t conflict with one another and overriding
obligations provide the natural context for the new notions introduced in DWE
(those beyond SDL), since they reside primarily in the domain of what is optional
(what is permissible to be realized and permissible to not be realized). Note that
for a world, i, the i-relative ranking relation is confined to the set of worlds that
are i-acceptable. We define the following derivative notions (dropping parentheses
where confusion is unlikely):

Definition 2.2. In a DWE Frame, (W, A, 7):

o) A ew: Aig);

b)jmik € ik & ks

¢)jrik Cimik & —(kmig).
Models are defined as usual. Here are the truth conditions for the four primitive
operators of DWE:
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Definition 2.3. DWE’s Basic Deontic Operator Truth-Conditions:

(OB M |=0Bp: Vj(Aij — M = ¢)

[MI] M |=iMlp:  3j(Aij & VE(j Zi kb — M i 9))

[MA] M |=; MAg: 3j(Aij &Vk(k Zij — M Er )

IN M =i INg:  VilAij — 3h(kmij & M by 9) & Fh(k ~i j & M g —)]

Here are truth conditions for our sample five defined operators:

Definition 2.4. Some of DWE’s Derivative Truth-Conditions:
[PE] M = PBp:  3j(Aij & M 5 ¢)
IM) M =iIMp:  Vi(Aij — M E; —)
S M [=iSlp:  3j(Adj & [Fh(k ~ j — M=y @) VVk(k % j — M by
—p)])
[BC| M |=iBCp: Jj(Arj & M |=j ) & Jj[Aij & VE(j Zik — M =i —p)]
[PS] M |=iPSp: Jj(Aij & M |=; ) & Vj[Aij & Fk(k =~ j & M =i, )]

Fig 2 Illustrates,

AL
} Give info in person
Give Info < } Give info by telephone

} Give info by email

Figure 2: DWE Illustration

Imagine you must provide a colleague with some delicate info. Suppose you can
do so in exactly three ways, ordered on the right of the figure to reflect their value.
All three delivery options on the right are permissible (they occur in acceptable
worlds). You are obligated to provide the info (you do so in all acceptable worlds),
what you ought to do (the mazimum) involves giving the delicate info in person (you
do so in the best acceptable worlds), the least you can do (the minimum) involves
giving the info via email (you do so in the lowest ranked acceptable worlds); it is
beyond the call to give the info in person or by phone since each is permissible but
excluded from the minimal “acceptables” (acceptable worlds), and it is permissibly
suboptimal to give the info by email or by phone, since these are precluded from
the maximal acceptables. Each of these option is significant since there is a level
of acceptable worlds (set of equi-ranked acceptables) throughout which that option
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occurs. Lastly, assume that it is a matter of indifference that you wear a belt, since
all the acceptable levels of value can be achieved with or without wearing that belt.”

Let’s pause to state DWE’s Disjunctive Supererogation Problem (see Section 5.10
of [17]):

Proposition 2.5. = (IMy & BCyp) — BC(¢V1)). [The Disjunctive Supererogation
Problem|

Proof. Assume M =;IMvy & BCyp, that is by definition, M =;IMy & PEp & MI-p,
so that (1) Vj(Aij — =; ), and (2) 3j(Aij & M |=; ¢) and (3) Jj(Aij & VE[j Z;
k' — M =i —]). (2) entails (4) Jj(Aij & M =; ¢ V). Fixing j in (3), we
get (5) Aij’ and (6) VKk[j' =i k — M | —¢]. For arbitrary k, suppose (7)
j' i k & Aik. Then from (6), it follows that (8) M =x —¢. But (1) and (7) imply
(9) M =i —, and so we have (10) M =i —(¢ V ¢). But k was arbitrary in (7),
so we have (11) Vk[j' =i k — M = —(¢ V 9)]. But (11) conjoined to (5) yields
(12) 35(Aij & VE[j =i k — M Ex —(¢ V)], and this conjoined to (4) is the
truth-condition for M =;BC(¢ V ). O

To illustrate:

Acceptable worlds;

L.sotvlf —» = :
no f worlds here

BC(t v

No tvf — = =

f sotvf —» '@ » Unacceptable worlds

—

Figure 3: The Disjunctive Supererogation Problem (for DWE).

Tiny Tim is caught in a burning building and you pass by. The least you can
do (e.g. go for help) precludes rescuing Tiny Tim (i.e. MI=t), which we assume is
permissible (PEt), so per DWE, BCt. Add that fanning the flames is impermissible
(IMf); so it is beyond the call for you to be such that either you rescue Tiny Tim or
fan the flames (BC(t V f)). Upshot: Here going beyond the call seems to not really
require that you go beyond the call. McNamara himself described the intuition

"We leave the logic determined by the semantics aside ([10]).
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behind his analysis of supererogation as “doing more good than you would have
done had you done the least you could have done” (e.g. [17, 16]), but this condition
seems to not be met by realizing (¢ V f).8

2.2

DWE Reinterpreted

Here we will reinterpret the DWE operators in anticipation of substantial revisions
and expansions of that framework. Doing so will help pave the way for understanding
various similar but distinct concepts and modeling them as distinct.” We begin by
raising some questions about the DWE framework:

Why not order the worlds generally per ¢ and then integrate that ordering
with a subset of i-acceptable worlds?

Given the confinement of >—; to A%, doesn’t IN amount to indifference-among-
permissible-alternatives, not indifference per se (i.e. over a full ordering of
acceptable and unacceptable worlds)?

Is the permissible maximum the maximum in the full ordering? Is the best
per se the acceptable best? Is what I ought to do the best or the acceptable
best?

Is going beyond the call merely going beyond the permissible minimum (short
for "the minimum among the permissibles") or must it also be permissibly
done?

Given that there is a semantic ordering, would it be worthwhile to introduce
a preference operator to reflect the semantic ordering?

Can we solve DWE’s Disjunctive Supererogation Problem?

Before exploring answers to these questions, let’s add anticipatory qualifiers to
DWE’s naive operator labels (which we imagine as relativized to an agent).

8There is also no ability to express that ¢ does more good than ) in DWE.
9This of course leaves open whether or not the concepts might be necessarily coextensive.
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DWE Operators with Anticipatory Qualifiers:

OBy: It is overridingly Obligatory that .

MIFp: The Permissible Minimum involves/implies .

MAP: The Permissible Maximum involves/implies .

INP ! It is Indifferent qua what is permissible that .
def

IMy = OB—¢
PE, ™ —|OB—|<p
OMgp = —|OB<,0

(It is Impermissible that ¢.)
(It is Permissible that ¢.)
(It is Omissible that ¢.)
OP¢y =l OBy & ~OB—¢ (It is Optional that ¢.)
NOyp defOBgo VvV OB-p (It is Non-Optional that ¢.)
STP» NP, (
BCPy “PEp & MIP—p
(
(It

It is Significant qua what is permissible that .)

It is permissibly Beyond  the Call
the permissible minimum) that ¢.)

PSPy =l PEyp & MAF - is Permissibly Suboptimal

qua what is permissible that ¢.)

The underlining introduces the intended qualified readings with the conceptual
qualifiers and the operators now have a corresponding © indicator added.!® This
will allow us to more easily grasp conceptual distinctions to be made next.

3 DWE(>)

3.1 The DWE(>) Framework

We expand the DWE language with additional operators (with the readings and
qualifiers for DWE operators in Section 2.2 retained) but note that some DWE-basic
operators will now be defined operators. Let’s call the new framework “DWE(>)”
since two ordering operators will play a key role.

Definition 3.1. The Language of DWE(>) follows. As with DWE, we assume a
classical propositional logic language with these additional deontic operators:

OThey reflect DWE’s constraint of the ordering relation to A®.
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The Primitive Operators of DWE(>) and Their Readings:

> It is at least as good that ¢ as that 1.'!
@ >Fap: It is at least as good among the permissibles that ¢ as that 1.

MIPp:  The Permissible Minimum involves .
MT p: The de facto Minimum (worst per se) involves .
BMP*go: It is unalterably permissibly Beyond the permissible Minimum that
12
©.

BMy: It is Beyond the permissible Minimum that .
INPy: It is Indifferent among the permissibles that .
Vip: It is Valuatively Indifferent that ¢.*

Some Defined Operators and Their Readings:

o>0 " (o> 0) & (> )
o~ (o> ) & (> )
o >P 0 (o 2P ) & (1 >F )

o ~P (o >P ) & (1 =P )

BMPo ™ PRy & BMy

PEy "™ (p =P )

IMp S —(p =P o)

OB ~(=p = —p)

OMp = (—p =P —p)

0Pp Y (o >P ) & (~p >F —p)
NOp & (= >P =) v=(p > )
MAFp o =P -

It is better that ¢ than that .
It is just as good that ¢ as that 1.

It is better among the permissibles that
than that .

It is just as good among the permissibles
that ¢ as that .

It is permissibly Beyond the permissible
Minimum that @.

It is Permissible that .

It is Impermissible that .

It is overridingly Obligatory that .
It is Omissible that .

It is Optional that .

It is Non-Optional that .

The permissible Mazimum implies .

1o > 1) on the proposed reading might seem to entail the truth of » and + ([3, 4]), but here we
wish to reflect the value the propositions would have from a world ¢ if they were realized ( i.e. “>”
has a subjunctive flavor). Similarly for >¥. The ordering operator formulas should be read with
that in mind. We will drop parentheses where the intent is clear for these dyadic operators.

12The “unalterably” qualifier indicates that the semantics will guarantee that any such ¢ can’t be
impermissibly realized, in contrast with for example BMF . (See Proposition 3.16 and comments

there).

!3That is, the language envisionedis p :=p | =0 | @ = @ | > @ | > ¢ | MIF¢ | MI'p |
BM™ ¢ | BMy | INT | VIp, where p € S (sentence letters).
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MA ¢ déf ©> P The Mazimum per se implies .

BCPy e PEp & MIP—yp It is Beyond the Call (as in DWE) that .

PSPy et PEp & MAP—p It is Suboptimal among the Permissibles
that .

SOy def MA' - It is Sub-Optimal per se that .

SI o = INTp It is Significant among the Permissibles
that .

VSp def Vip It is Valuatively Significant that .

Cly = Vip & INTyp It is Completely Indifferent that .

WSy def VSp v SIPp It is Weakly Significant that .

For the semantic framework for DWE(>), the only modifications of the DWE
Frames are in clauses 3a and 3b, but we include all the clauses here:

Definition 3.2. F'= (W, A, ), is a DWE( > ) Frame, where:

1. W # ¢, [non-Emptiness]

2. ACW? and VidjAij, [Seriality-A]

3. CWS3:
a)j Zij, [Reflezivity of 7;]"*
b)kmijorjgzik, [Connectivity of 7]

¢) Jmik& ki) — jzil [Transitivity of 7Zi]

Now, for each i in W, the connected weak ordering is not confined to A*, but
ranges over all of W. This may seem a small change, but as we shall see, the
enrichment it brings is quite substantial: it opens a great deal of space for expressing
different notions and positions of interest in ethical theory, and toward the end
we will be looking at an additional fundamental constraint that has substantial
additional impact. Fig 4 pictures some key potentials in the frames.

Here the central bar is the weak ordering of W per i, the right bar is the sub-
ordering of the i-acceptables, the left bar is the sub-ordering of the i-unacceptables.
As the arrows and angling suggest, the selection is order-preserving: for any two
worlds j, k both appearing among one of the two sets of non-central worlds, the
ordering relation they have there just is the one they have in the i-ranking of W;
but as indicated, there can be gaps.

The changes in the frames call for some qualifications in the truth conditions
for the classical DWE operators to restore their intended meaning, and we also

1 Clause a) follows from Clause b) of course.
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W i-ranked

:
i

(A'# @)

Figure 4: DWE(>) Frames

must introduce new clauses for the new operators. All the familiar basic clauses for
the traditional SDLish operators (OB, PE...NO) will hold (but that claim must
be justified since these are all now defined operators and so their explicit truth
conditions are those given via the conditions for their definiens). In the case of
the non-SDLish operators of classical DWE that were interpreted via an ordering
relation confined to A?, those conditions must be qualified to restore the intent.

Assume we have sufficient clauses for the truth-functional operators: —, &, V,
—, <». The truth conditions for DWE(>)’s basic operators follow:

Basic DWE(>) Deontic Operator Truth-Conditions:

=] Mip > VilM |55 ¢ — 3k(k Zi j & M =g ¢)]

SR M i > (M =5 0 & Aij) &VE[(M = ¢ & Aik) — (M
© & Ail & 17 k)]

[MIP] M =, MIF 35 (Aij & VE[j i k & Aik) — M =i ¢))

[MI'] M =MT'¢p: V(i ik — M g )1

[BMP"] M =BMY p: 3j(Aij & M =, ) & 35/ (Aij’ & VE[(§' i k & Aik) —
(M~ &VIM e = (L= 5" & Ail))]])

[BM] M E,BMe: 3i'M =) ¢ & Fj[Aij & VE[(J Zi k & Aik) — [M =i
~p &VIM =0 — 1 )])]
[INP] M [=INF o VilAij — Fk(k~;j & Aik & M =1 @) &
Jk(k ~; j & Aik & M =i —p)]
[VI] M = VIp: VilBk(k =i j & M |5y ¢) & k(b =i j & M = —p)]
So i ¢ > v will hold (in a model M) iff “¢ tracks v¢” in the —; ordering,

that is, for every i-world, there is a @-world i-ranked (per Z;) at least as high;

¢

15We cannot define Mlyp as —p > ¢ for “—~p > ¢” says -y at its best outranks any ¢ worlds.
But there could be flip flop levels of worlds all the way down, and there could be models where the
worst of all worlds could be a = world. We could introduce a mirror image “<” operator that says
@ < 1 holds iff for all ¥ worlds, there is a ¢-world ranked at least as low, but for our contrastive
purposes we only need an MI operator.
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whereas =; ¢ >F ¢ will hold iff “¢ tracks ¢” among the i-acceptables (the i-
acceptable worlds) per 7;—more explicitly, there is an i-acceptable ¢-world and
for all i-acceptable ¥-worlds (if any), there is some i-acceptable p-world i-ranked
(at least) as high. |=;MI" ¢ holds iff there is an i-acceptable world j such that all
i-acceptables i-ranked as low are p-worlds; whereas M =;MI'p holds iff there is a
world j such that all worlds i-ranked as low are @-worlds.!6 M |:Z-BMP*<p holds iff
there is at least one ¢-acceptable p-world and there is an i-acceptable world j such
that a) from there on down among the i-acceptables ¢ is precluded and b) every
p-world is both i-ranked above j and i-acceptable. M =;BMy holds iff there is a -
world (i.e. ¢ is possible) and there is an i-acceptable world j such that a) from there
on down among the i-acceptables ¢ is precluded and b) every ¢-world is i-ranked
above j (whether i-acceptable or not). This allows for impermissibly exceeding the
permissible minimum, as needed to map some conceptual space in current ethical
theory. ):iINPcp holds iff among the i-acceptable worlds, for every level (equivalence
class per =;) there is a p-world and a —p-world at that level; i.e. the realization of
no i-acceptable level of value hinges on ¢’s status. Similarly for =, VIp except with
no restriction to the i-acceptable worlds—for every i-level per se, there is a p-world
and a —w-world at that level.
Here are truth conditions for the defined operators:

Defined Deontic Operator Truth Conditions:

[>IM =i ¢ > 4 Fj[M i o & VR(M Hc Y = j =i k)]

[~M i o ~ VilM =i — 3k(k Zi j & M =i )] &
ViIM =y o — (ki g & M =y )]

SPIM i >P 4 F[M ) o & Aij & VE(M = ¢ & Aik = j =i k)]

P i ~P g 3ROy & Aij & M g b & Aik) & TR by
Y & Aik) — (M = o & Ail &1 7 k)] & VE[(M =g
w&Azk)%Hl(M):lw&:Azl&:l> k)] 17

16Since j =; 4, in both cases, j must itself be a p-world, and so only if, respectively, ¢ is
permissible, ¢ is possible.

'"This was incorrectly stated in [19] with the unintended consequence that neither ¢ nor ) need
be permissible.

200



EXTENSIONS AND VARIATIONS OF THE DWE FRAMEWORK WITH APPLICATIONS

[BCPIM =BCPo:  Fj(Aij & M |=; ) & Fj(Aij & VE[(5 720 k & Aik) —
M =y, —p))'®

[BMP|M =BMPp:  Fj(Aij & M |=; ) & FjlAij & VE((5 i k & Aik) —
M =k o &VI(M =19 — 1 )])]

[PSPIM PSPy Fj(Aij & M =; ¢) & Fj[Aij & VE[(k =i j & Aik) —

[M =1 —o))
[SO]M EiSOy: (M ):j ©) & VE(k 2 7 — M =i o)
[SIP|M =;STF Jj(Aij & [Vk((k ~; j & Aik) — M 1 @) V
Vi((k ~; j & Aik) — [M =1, —p)])
[VS]M |=;VSep: Jj[Vk(k=ij — M @) VVk(k~ij — M = —p)]
[CI]M EiCly: Vj[AZj — Jk(k~;j & Atk & M i ) &

Jk(k = 5 & Aij & M =i —p)] & Vj[Fk(k =~ j & M =
¢) & Jk(k ~; j & M =y ~p)]

[WS] M =, WSep: Jj(Aij & [VE((k ~; 7 & Aik) - M =i @) VVE((k =~
j & Aik) — M =, —9)]) & FjVE(E =i j — M =y
@) VVEk(k ~i j — My —p)].

For these, we often use derivable truth conditions that are more compact than
those we might otherwise derive explicitly from the definitions and truth conditions
of the primitive operators, and all these need justificatory proofs that the truth
conditions via their definiens and the explicit conditions for those are equivalent to
the ones given above. These are left out given space constraints except for a sample
in the Appendix.

Ei ¢ > 1 holds iff there is a ¢-world i-ranked higher than any ¢-world, |=; ¢ ~ ¥
holds iff ¢ tracks ¢ (for every t-world there is a p-world i-ranked as high) and
vice versa. [=; ¢ >P ¢ holds iff there is an i-acceptable ¢-world that outranks
every i-acceptable ¢-world, and =; ¢ ~F 1 holds iff for every i-acceptable 1-world
there is an i-acceptable -world i-ranked as high, and vice versa.'® For the next
six defined SDL-style operators, standard truth conditions are given since they are
easily derivable, so that for example =;PE¢ holds iff =; ¢ >F ¢ holds by definition,
but that is equivalent to there is an i-acceptable -world. ):iMAPq) holds iff there
is an i-acceptable world where all i-acceptable worlds i-ranked as high are p-worlds;
while =;MA’p holds iff there is a world such that all worlds i-ranked as high are

18We include DWE’s BC operator and definition for reference even though it is defective. Es-
sentially, it says that there is a permissible way to do ¢ that is beyond the call.

19 Although ¢ ~ 9 and ¢ ~F 1) might be said to represent a sort of indifference, they are strictly
weaker than VIp and IN¢p, respectively. Imagine all i-levels, and all i-acceptable levels, can be
placed one-to-one with 1, 2, 3, ..., and for each odd-mapped such level there are all p-worlds and
for each even-mapped such level, there are all ~g-worlds; then ¢ ~ ¢ and ¢ ~F ¢ are true, but
VIp and INy are false. That VIp and INy are respectively as strong is easily seen.
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@-worlds. |=;BCP¢ holds iff there is an i-acceptable @-world and there is an i-
acceptable world j such that all i-acceptables i-ranked as low exclude ¢. BMFyp
holds iff the conditions for BMy mentioned above hold as well as those for PE¢p.
):iPSPcp holds iff there is an i-acceptable @p-world and there is an i-acceptable world
j such that all i-acceptables i-ranked as high exclude ¢. In contrast =;SO¢ holds iff
there is a p-world (¢ is possible) and there is a world j such that all worlds i-ranked
as high exclude ¢. =;SIFp holds iff |=; “INF ¢, that is, iff there is an i-acceptable
world j such that either all ¢-acceptable worlds i-ranked equally with j are -worlds
or all i-acceptable worlds i-ranked equally with j are —@-worlds—the status of ¢
is essential to realizing some i-acceptable level; whereas =; VS holds iff there is a
world j such that either all worlds i-ranked equally with j are ¢-worlds or all worlds
i-ranked equally with j are = -worlds—the status of ¢ is essential to realizing some
i-level of value (i-acceptable or not). Finally, =;Clp holds iff the conditions above
for both |=;VIp and =;INF ¢ are met.

3.2 Some Applications and Reflections on the DWE(>) Framework

Here we highlight some key features of the semantic framework, but with a special
focus on some applications to ethical theory.

First, let’s note that an option’s being an unalterably permissible case of going
beyond the permissible minimum entails that it is beyond the permissible minimum
(whether permissible or not) and entails that it is permissible as well:

Proposition 3.3. = BM "y — (BMyp & BM )

Proof. Assume M =BM" ¢, that is (1) 3j(Aij & M =, ) & (2) 3j[(Aij &

VE[(j =i k & Aik) — [M Ep e & VUM = ¢ — (I = j & Adl))]]). Note
that (2) at once implies the sightly weaker (2') 3j(Aij & VEk[(j =i k & Aik) —
M =, —¢ & YI[(M = ¢) — [ > j]) by predicate logic alone. But (1) also
implies the weaker (1) 3j'M k; ¢, which conjoined to (2’) is the truth condition
for M =;BMyp. Also, since (1) is the truth condition for M ,PEep, by definition,
we have =;BMF . O

Corollary 3.4. =EBM""¢ — PEp.

In Section 2.1 we explained DWE’s Disjunctive Supererogation Problem and
proved the following (now merely adapted to our alternative notation):

E (IMy & BCyp) — BC(p V). [The Disjunctive Supererogation Problem)
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Why does DWE have this problem? Given =;BCF ¢, nothing guarantees that
©’s realization will produce more good than the permissible minimum, only that it
can (i.e. there is an acceptable world where it does). In effect it amounts to saying
if @ is permissibly realized, then its realization in that way will yield more good than
the permissible minimum. In contrast, none of our three variants of going beyond
the permissible minimum fall prey to this problem:

Proposition 3.5. ¢ (IMy & BM""¢) — BM""(p Vv 4). [No Disjunctive Su-
pererogation Problem)

Proof. Let M be such that: W = {i,j, k}, A" = {i,5}, M i ¢ & ¢, M |=;
- & =, M =1, —p & 1, and i =; j =; k (with reflexivity of »=; for i, 7, k).?°
M =,IMg) is obvious. For M = BM " ¢: Aii & M |=; ¢, so a) 3j(Aij & M |=; ¢).
Also Aij and so both j 2Z; j and Aij and M =; —¢ (but not j 7Z; ¢ and not Aik);
and M [=; ¢ but not so for j or k, and i >=; j & Aii. So b) 3j'(Aij" & VE[(j' =i
k& Aik) — [M o &VI(M ;¢ — (1= j' & Ail)), and b) conjoined to a)
yields M =BM"" . For M ~;BM"(p v ¢): First, i (and only i) does satisfy the
condition on j in a') 3j(Aij & M =; (¢ V ¢)). But each world fails to satisfy the
condition of § in o) 37 (Aij’ & Yk[(7' =i k & Aik) — [M =5, =(o V) & VI(M =
(pV) = (I =7 & Ail))]]); for i does not meet it since although Aii and 7 7; i
hold, M =; —(¢ V v) fails; nor does k meet it since ~Aik; nor does j meet it since
although Aij, j ;i j, M |=; ~(¢ V), and M |=; (¢ V) hold, k > j fails (as does
Aik). O

Corollary 3.6. [£ (IMy & BMyp) — BM(p V 1)). 2
Corollary 3.7. [ (IMy & BM'p) — BMT(p V)
Corollary 3.8. - BC"p — BMp.?

20For invalidating models, I will assume reflexivity without stating it is so, and likewise I will
not remark on transitivity, connectivity, and seriality being satisfied when obvious.

2 Given the proof of = BMY ¢ — BMg in Proposition 3.3, we need only show that =;BM(¢V))
fails in the model for Proposition 3.5. Tracing through the model makes that apparent: in brief, the
only world in the model that can fit the condition on j in 3j[Aij & VE((j =i k & Aik) — M =5
—(p V) is j itself, but j does not meet condition VI(M ; (¢ V) — 1> j) since i (¢ V) yet
Jj>k.

22Recall BMF ¢ d;fPEgo & BMy. Since = BMY ¢ — BMyp, we need only note that |=;PEg
holds in the model for Proposition 3.5 (obvious) and that =;BM(p V %) fails in the model for the
reasons just noted for the first corollary. So =;IMw & BMF ¢ holds, but not so for =PE(p V
¥) & BM(p V).

BDWE’s BCPp ““PEyp & MIP—p. But in the model for Proposition 3.5, the truth-conditions
for PE(p V 1)) and MIF=(p V 1) are satisfied (by 4 and j respectively), but not so for BM(p V %),
as noted for the first corollary.
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Observation 3.1. Neither BM, BMY, nor BMY™ fall prey to the disjunctive su-
pererogation problem.

BMy, BMY» and BMP" ¢ each require that to be beyond the permissible min-
imum at all, ¢ must guarantee the realization of more good than the permissible
minimum does, with BMP ¢ entailing that ¢ can be permissibly realized, and with
BMP*cp guaranteeing that ¢ can only be permissibly realized. All three operators
fit McNamara’s frequent gloss on going beyond the call as “doing more good than
the permissible minimum?”, although he assumed it must be permissible to do so as
well, which BMP and BMP” entail, unlike BM. Let’s verify the latter claim—that
we can model impermissibly going beyond the permissible minimum—next.

Proposition 3.9. [~ BMy — PEp

Proof. Let W = {i,j}, A® = {j}; i =; j and let ¢ be true at i only. Then M =;BM,
since (1) 3jM =; ¢, namely 4, and (2) j satisfies 3j(Aij &VE[(j i k & Aik) —
M =, —p &YIM = ¢ — 1= j]), for Aij, and only j itself satisfies the condition
on k that j =; k & Aik and it also satisfies M = —; lastly, the only p-world is ¢
and ¢ >; j. Nonetheless M [~ PEy, since ~3j(Aij & M |=; ¢) for only j satisfies
Aij but M W . O

Corollary 3.10. = BMyp — BM' . %
Corollary 3.11. - BMy — BMYp.%5

We have thus made conceptual space for impermissibly doing more good than
the permissible minimum.

Observation 3.2. The permissibility-entailing supererogation operators are ordered
via proper entailment from left to right as BMY*, BMY, BC. If we include the
permissibility-neutral BMy, the new beyond the permissible minimum operators are
ordered in strength left to right as: BMP*QD, BMPp, BMy, that is,

= BM™p — BMPyp; = BMPy — BMP"p;* = BM p — BCPy; and W
BCPp» — BMPyp; |= BMPp — BMyp; = BMy — BMFp.

Lastly, for BCPy and BMyp, neither entails the other. Proofs for these claims are
straightforward.

24The first conjunct of the truth condition for BM" ¢ is just the truth-condition for PE.
By definition, = BMF ¢ — PEep.
26We prove = BM o — BMP ¢ directly and discuss it below (Proposition 3.5)
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The next invalidity pair shows that our two maximizing operators are indepen-
dent; it also illustrates how we can model the tension between classical deontological
views and classical optimizing consequentialist views.

Proposition 3.12. a) £ MA'p — MAPp and b) = MATp — MA'o.

Proof. Let W = {i,j}, A" = {i}, j =i, M =; =, and M = ¢. Then

a) M =;MA’yp, for j satisfies 3jVk(k ==; j — M =g @), but M EMAFP o, that is,
—3j(Aij & VE[(k i j & Aik) — M =g ¢]), since the only i-acceptable world is 4
itself and it is ranked as high as itself yet M ~; o.

b) Same model except now M |; ¢ and M [=; —¢. Then M E,MAPp, for i
satisfies Jj(Aij & VE[(k i j & Aik) — M =g ¢]), since Aii holds and so does
VE[(k =i i & Aik) — M [y ] since only i satisfies the conjunctive antecedent
of the quantified conditional and M |=; ¢; but M &, MA’p, since neither ¢ nor j
satisfy the condition on j in 3jVk(k 7=; 7 — M = ¢): i doesn’t since j 7Z; i, but
M [=; ¢, and j doesn’t since j 7Z; j but M j=; . O

Corollary 3.13. £ MA'¢ — PEp.

Note that the first invalidating instance for formula a) in Proposition 3.12 fits
with a classic case where you, a surgeon, can save five lives by distributing the
organs of one healthy person (sacrificing “the donor”) to five others who will die
if they don’t get them.?” Here, as above, the classical deontologist can claim that
although worlds where five are saved are better than those where none of them are,
it is nonetheless impermissible for the agent to access any of those worlds. Fig 5
pictures the model.

Note also that the fact that MAP and MA’ come apart raises questions about
“ought.” Should “ought” be associated with the best per se, or the permissible bests?
Do we say that the surgeon ought to perform the surgery since the result will be best
even though she must not since impermissible or do we say that the agent ought to
do the best of the permissibles and so she both must not and ought not distribute
the organs? It seems that the latter must be said if we think that MAY and MA’
can diverge.?® We can define such classical deontological dilemmas in DWE(>) as
follows:

#7See [21], p.206; but there are multiple cases of this sort such as Trolley cases ( [2, 22]) and
framing the innocent cases [11] to name two others. The cases all circle around the classical
Deontologist’s central claim: that there are harms “that cannot be justified by the production of a
greater good, or the avoidance of a greater harm, for others” ([8], p.464).

28 A reviewer objects that “this example requires that the deontologist be willing to rank worlds
on consequentialist grounds, which would of course be a violation of deontological principles”. In
the subsequent examples (supererogatory holes and the all or nothing case) we will see that these
examples make no sense unless something better than the permissible minimum can be done that is
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W i-ranked:

A”
@. organs \ ~: NO organs

harvested harvested

= MA'p & IMp & MAP ¢ & (¢ > ~p)

Figure 5: Organ Harvesting Deontological Model

Definition 3.14. A set of formulas encodes a classical deontological dilemma in a

DWE(>) Model M at a world i “ there is a formula ¢ such that:

=i MA p & IMPp.?

Let’s next model a minor adaptation of a key case of Wessels’ for supererogatory
holes using this interpretation of three simple formulae:

¢ = I donate exactly $50 (US dollars) and save exactly one life;
1 = I donate exactly $5000 and I save exactly 100 lives.
x = I donate exactly $5000 + $50 and save exactly 200 lives

For x, we might imagine a dystopian future with an online fundraiser for which
reaching a $5050 threshold triggers another 100 lives saved. Add that $50 is the per-
missible minimum and $50 is of modest utility for me, $5000 is a very big sacrifice,
but $50 more is just a very slightly bigger sacrifice. Assume as suggested that ¢, 1),
x are mutually exclusive. Let model M be such that:

itself impermissible to do. Thus, we set aside the question of how a deontologist might alternatively
rank outcomes (e. g, worlds) so as to be able to later deny that any outcome involving impermissible
actions can be better than one with only permissible actions, as in this case. Indeed, section 4
models ruling out such cases as that above, but it also rules out supererogatory holes (and so all
or nothing cases) where a better option is impermissible. The goal of this paper is to find an open
space for allowing such cases and for seeing what might disallow them structurally, and what the
consequences might be.

2Note that = MA'p + (p > —) by definition, and =IMp — (= > ). but not the
converse. We might define a generalized deontological dilemma via this more general condition on
models: there is a formula ¢ such that for all ¢ such that =;PEy, =; ¢ > ¢ . Here ¢ need not be
best, just better than anything permissible (and so itself not permissible).
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What follows? =MI ¢ & BMy & BMP 'y & (¢ > ¢), yet |=IMyp. Here al-
though we imagine that ¢ outranks the minimum, ¢, the fact that a very marginally
greater donation (adding $50) than that of ¢ provides such a large return in saved
lives that it makes ¢ impermissible even though v is (much) better than the permis-
sible minimum, ¢. The “hole” is said to stem from the existence of the still higher
ranked accessible alternative y; x is supererogatory and it “removes 1” from the
ranking of the permissible options—it bumps it into the impermissibles bucket, but
does not change its relative ranking. This is illustrated in Fig 6.

W i-ranked:

i \é’
%/ 7 $5000 + $50
\ @: $50

|= MI*p & BMy & BM™ 'y & (v > ) & IMy

w: $5000

Figure 6: Wessels’ Donation Case

Wessels deems 1 to be not supererogatory since not permissible, but she cer-
tainly thinks that v involves impermissibly doing more good than the permissible
minimum. DWE(>) seems to model features of Wessels’ case well.?

We can also use the same model for the all or nothing problem scenario, since
that scenario is just a special (and especially vivid) case where the marginal sacrifice
is the limit of minimal: none. Here we let:

o = I call for help and perform no rescue;
1) = I rescue exactly one and lose one arm;
x = I rescue both and lose one arm.

The intuition of many about this case, as modeled above, is that the minimum
involves ¢, x is permissibly beyond the permissible minimum, and ¥ yields more
good than the permissible minimum but 1) is nonetheless impermissible since it is
ruled out by the marginal difference in cost of x (none) given the large gain. In
the framework of DWE(>), once again, |=MI ¢ & BMy & BM Py & 9 > ¢, yet

3%Gince we set aside conditionals here, we do not discuss her argument via conditional operators.
See the references in the next note.
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= IMy, just as in the Wessells’ case.?!
Within our system, we can define supererogatory holes:

Definition 3.15. A set of formulas encodes a supererogatory hole in a DWE( > )

Model M at a world 1 def there are formulas @, ¥, x meeting these conditions:
Fi e &) V(e & x)V (¥ & X)) and = MI"p & BMy & BM”'x & IMy 5

In Proposition 3.3 we showed that = BMP o — BMPyp, but we now show that
even though these two new operators are permission-entailing and each also entails
the conditions for the BM operator, they are nonetheless distinct.

Proposition 3.16. = BM ¢ — BM .

Proof. Let W = {i,j, k}; A’ = {i, j}: M = ~¢ & b, M = ¢ & ~, M =y ¢ & 1,
and k >; j >; i. Clearly M =;PEgp, so in particular 3j'M |=; ¢. But the second
clause for M =BMeyp, 3j[Aij & VE((j Zi k & Aik) — [M E, ~¢ & VI[(M =
©) — 1> j)])], is also satisfied; ¢ satisfies the condition on j, for Aii holds and only
i satisfies the antecedent of the universally quantified clause [i/j,i/k] and M =; —p;
also VI[(M ; ¢) — 1 > i)] holds, since all ¢-worlds outrank i. So M =;BMep.
But M p;BMP . For its second clause, 35/ (Aij’ & VE[(j' =i k & Aik) — [M =g
- &VI(M = ¢ — (I =7 & Ail))]]), fails since the only acceptable —p-world is
i but VI(M =1 ¢ — (1> 1 & Ail) fails since k is a p-world yet Aik fails. O

Here, although PE¢y holds and ¢ guarantees more good than the permissible
minimum, there are better worlds where ¢ and 1 co-occur but IMw, so that not all
cases of ¢ are unalterably permissible as BMP*go requires. For 1) here, suppose it
involves gains procured by framing the innocent, another prop for a deontological
objection to utilitarianism ([11]). Suppose also that I have no special obligation
to do anything reducing the terror in the community (e.g. intensely practicing a
persuasive speech all week to reduce the angst to some mild effect). My doing
anything to calm the nerves (¢) will do more good than the permissible minimum
for me; but if I see to ¢ by framing an innocent outcast (1), thereby reducing the
terror completely, I still do more good than doing the permissible minimum. The
classical deontologists would say it is nonetheless sometimes just out of bounds-to
do the thing with the best outcome.?3

31We are abstracting from details by not modeling agent cost and collective or altruistic gain.
See [23, 24] for Wessel’s attempt to do just that and see [17] for brief critical exposition.

32Note that = (BM" 'y & IMy) — (x >F ¢) since = (PEx & IMy) — (x >F ) and
E BMY y — PEy.

33Indeed, this model also shows that MA’¢p does not guarantee MAF o or even PEo.
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In closing this section, let me just note that the above perhaps reflects one advan-
tage of BMP over BMP”. Consider again the cases of supererogatory holes and the
all or nothing cases. Let’s focus on Wessels’ example and now let’s add v’ to the case:

1" = T donate at least $5000 and I save at least 100 lives.

Donating $5050 (x) and donating exactly 5000 (1)) each entail ¢)'. What is the
status of 9'? Of course we still have =;MIY¢ & BMP y & BMu, yet |=IMz), but

checking the prior model for the original example, you will see that the following
holds:

Both BM¢ & BMP4 hold, but BMP*y/ fails.

For since = x — ¢’ and |=; PEy, we get =; PEY/, and then BM"¢/ from BMy)/,
but for the reasons stated regarding the countermodel for Proposition 3.5, we can say
of 9’ that not all cases of 1)’ are permissible, since v isn’t. That way of achieving 1’ is
ruled out by the strong conditions for BMP”", since BMY ¢/ requires that all worlds
where v’ is realized are acceptable. But one might think that donating at least $5000
and saving at least one hundred lives is unproblematically and permissibly beyond
the call. For that much of what is done was beyond the call, even if something else
stronger, v, is impermissibly beyond the call. BMY is a bit more like DWE’s BCP
operator (¢’ is permissible but excluded by doing the minimum), while adding value
in that BM also makes realizing ¢ guarantee exceeding the minimum. We might say
of the person who we think wrongfully acts in realizing 1), “you went permissibly
beyond the call in realizing ¢'—that was commendable, but not so for realizing .
Similar remarks would apply to the all or nothing case and the status of rescuing at
least one of the two: realizing that was permissibly beyond the call, but not so for
rescuing exactly one—that was impermissibly beyond the call. It is good to have
each of BMP and BMP" on the books as well as BM, and like BCT, they are all
ripe for the picking from the deceptively rich DWE(>) Frames.

4 DWE(>)% Framework: The Impact of the GOO Con-
straint

Let’s define a special subset of DWE(>) Frames:

Definition 4.1. F = (W, A, ), is a DWE(>)® Frame “risa DWE(>) Frame
such that: (ki j & Aij) — Aik [“GOO” for “Good as OK is OK”
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Here we merely highlight GOQ'’s significance with a selection of contrasting in-
validities and validities. In doing so, “=" stands for validity in DWE(>) frames,
“GL=" for validity in DWE(>)% frames (similarly for invalidity and “f” and “C}£").
A selection of proofs is in the Appendix.

Proposition 4.2. = [PEp & (-p > ¢)] — PE-p.

Corollary 4.3. = [PEp & (¢ > ¢)] — PEyp. (GPP: Good as Permissible is
Permissible).

Proposition 4.4. = [PEp & (¢ > ¢)] — PEy (GPP: Good as Permissible is
Permissible).

Proposition 4.5. a) [ [PEp & PEY & (¢ > ¥)] — (o >F);
b) = PEY — (92" ¢ — (9 29)].

Corollary 4.6. [~ [p > )] — (p > ).

Proposition 4.7. Y= PE) — [(¢ > ) < (p > ¥)].
Corollary 4.8. = (o> 4) — (p>).3
Corollary 4.9. = (0 >F =) = (p > —p).

So given GOO, ¢ ranks as high as ¢ among the permissibles only if it ranks as high
as ¢, period. What of our maximality operators?

Proposition 4.10. a) £ MA'¢ — MAYp; b) £ MAPp — MA' .3

Proposition 4.11. Y= MA'¢ < MA"p.

Without GOO, MA’p and MAP ¢ are independent; with GOO, a permissible best
is just a best per se—what I ought to do is the best either way.

Note next an asymmetry in that the minimality operators remain independent,
but this is to be expected on reflection:

Proposition 4.12. a) & MI'py — MI p; b) G~ MITp — M.

Corollary 4.13. a) i MI'o — MIFp; b) = MIFo — M.

34The converse is invalid with or without GOO, since ¢ and ¢ might both be impermissible.
35We proved this in Section 3.2 as Proposition 3.12 there.
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What of the operators for exceeding the permissible minimum? Consider these
contrasts:

Proposition 4.14. a) £ BMy — BMPp; b) = BMPp — BM' .36
Proposition 4.15. = BMyp — BM' .

Corollary 4.16. “= BMy — PEp.37
Corollary 4.17. “= BMy <+ BM .38
Corollary 4.18. “= BMyp <+ BM"" .3
Corollary 4.19. “= BM"p <+ BM" .

So, among other reductions, our three new beyond-the-minimum operators are
equivalent given GOO, and the conceptually permission-neutral BM operator is now
permissibility entailing. To go beyond the call at all is to do so unalterably in a
permissible manner that guarantees more good than the minimum. Unsurprisingly,
BCP from DWE remains distinct from these three.

Proposition 4.20. %~ BCP¢ — BMp. 10
Corollary 4.21. G} BC"p — BMF .
Corollary 4.22. “~ BCP¢ — BM" p*

Given GOO, even the conceptually permission-neutral BM operator is now stronger
than BCF:

Proposition 4.23. “= BMy — BCyp.
What about the indifference notions?

Proposition 4.24. [~ VIip — IN'p.

Corollary 4.25. [~ VIp — CI'p.

36See proofs of Corollary 3.11 (corollary to Propositions 3.9) and of Proposition 3.16 respectively.
37Recall Corollary 3.4 in Section 3.2 that |= BM™ ¢ — PEep.

3Recall BMP o < BMy & PEgp.

39Recall Proposition 3.3 that = BM" ¢ — (BMPp & BMy).

40This was shown as Corollary 3.8.

41421 and 4.22 are Corollaries of 4.20 because of Proposition 3.3.
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Proposition 4.26. = VIp — IN”p.

Corollary 4.27. = Clp < VIp (Recall Clp =l Vip & INFyp).
Finally, we have:

Observation 4.1. Given GOO, there are no deontological dilemmas per Definition
3.14 nor supererogatory holes per Definition 3.15.

All these results reflect the fact that given GOO, the ordered worlds per i (along
with a subset selection, A%) are just the ordered i-acceptables stacked on top of the
ordered i-unaceptables, as in Fig 7.

W iranked:

— =

. i-acceptable levels
(at least one)

i-levels: < —

T i-unacceptable levels

— =7

Figure 7: Impact of GOO Constraint

We have established that GOO is a very significant principle for deontic logic, as
is its analogue for ethics, GPP.42 It is plainly very reductive and results in substantial
theoretical simplifications.

5 Brief Concluding Remarks

Space limitation constrained us from exploring other semantic features for DWE(>)
and DWE(>)% as well as exploring other operators we might have defined (e.g.
universal necessity /possibility, and especially conditionalized versions of some of the
operators).*® There is also a way to generate the framework above for DWE(>)%
from a more fundamental framework in a substantively plausible way via a hybrid
deontological cum consequentialist framework (see [1] for general background on

42What is as good as permissible is permissible.
3[18] has made a start in this direction.
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hybrids). Recasting things in a less classical framework would be worthwhile as
well. For example, the semantic ordering relation needn’t be connected. We leave
these and other changes for the future.

I hope we’ve made clear that deontological dilemmas are cousin to the problem
of supererogatory holes: for they both hinge on a longstanding but growing divide
in normative ethics over whether something as good as something permissible must
be permissible.** We also saw that the all or nothing case is a special case of Wes-
sels’ vividly named supererogatory holes. The expanded DWE framework allows
us to inherit some of the advantages of the original when it comes to reconsidering
supererogatory holes and the frequent takes on all or nothing cases. First, focusing
on the latter case, even if we deny the permissibility of saving just one (1), we can
still get the result that saving at least one (') was permissibly beyond the call (i.e.
BMPF ') even if de facto done impermissibly by saving exactly one (BMv» & IMg).
This is a byproduct of solving DWE’s Problem of Disjunctive Supererogation. Sec-
ondly, suppose we embrace GOO and so deny the possibility of impermissibly going
beyond the call? The resources we have naturally allow us to still say unequivocally
that Jane ought to not rescue just one (MAF—) and that certainly seems to take
some of the sting out of just saying it is ok for Jane to save just one and leave it
at that. We can say she shouldn’t do that, even if it is not the case that she must
not (-OB—). It is important to clearly distinguish must from the weaker ought.*®
For it seems all should agree that morality recommends against rescuing none, and
many, like us, agree it recommends against rescuing just one, but it hardly follows
that morality forbids rescuing just one. If we do say morality forbids rescuing just
one, then mustn’t we say of Jane who rescues just one, losing an arm in the process
while most of us would opt to run the other way: “The least Jane could have done
was just call for help” (and not rescue anyone). This sounds unpalatable. It seems
to fit better with the case that rescuing just one is both better (way better) than
the least she can do and permissible to do even though something she should not
do, just as doing the least in this case is something that she should not do. One
could, I guess, get rid of the supererogatory hole by saying that in not saving the
other person when it could be done with no more cost than saving just one that
that it is not only impermissible but outright worse than just going for help (saving
none), but I find that hard to swallow. It seems more plausible to say that (morally
speaking) Jane should not go for help, and she should not rescue just one (even
though doing so is permissibly beyond the call of duty); what she (and all of us)
ought to do is even better than that: rescue both.

“Hansson’s impressive [5] is a noteworthy prior case in deontic logic where the GPP principle
is put to important use. GOO was also put to more restricted use in [18].
5 As argued for in detail in [13], where the first model theoretic account is offered of the difference.
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APPENDIX

A Sample Justifications for Streamlined Truth Condi-
tions for Defined Operators

We give two sample proofs illustrating that the shorter truth-conditions we listed
for quite a few defined operators are justifiably equivalent to those that would derive
directly from the truth conditions for their definiens via the primitive operators.

Proposition A.1. The truth condition for OBy per [OB] (its semantic clause) is
equivalent to that for OBy’s definiens, =(—p > =), per [>F].

Proof. <=: Assume M |, —(=p > =), that is, =(Fj(M | —¢ & Aij) &
VE[(M Er —p & Aik) — (M = —¢ & Ail & 1 7Z; k)]) per [>]. So either a)
—3j(M =j —p & Aij) orb) =VE[(M = ~¢ & Aik) — (M = —~p & Ail &1 775 k)).
Suppose a). Then Vj(M |=; —~¢ — -Aij), that is, Vj(Aij — M |=; ¢), so
M E;OBy. Suppose b). Then Ik[(M |= —¢ & Aik) & ~3(M = ~¢ & Ail &1 7;
k)]. Fixing k, M =, —p & Aik & —-3(M = —p & Ail & 1 7; k)], and so in
particular, =31(M = ~¢ & Ail), that is, Vj(Aij — M =; ¢) i.e. M =;0Bep.
=: Assume M =;0By, that is, Vj(4ij — M |=; ¢) by [OB]. So ~3j(M |=;
- & Aij), which is the first disjunct of the truth condition for M |=; =(—p >F —),
that is, a) or b) above.

O

Proposition A.2. The truth condition for ¢ > + per [>T] is equivalent to that
for (¢ >T )’s definiens per [>F]. That is, a) Ij[M |, ¢ & Aij & VE(M k4
Y & Aik) — § =i k)| is equivalent to b) M =; (o >F ) &= >F @), the
truth-conditions for the definiens of ¢ >% ).

Proof. <=: Assume: bl) 3j(M =; ¢ & Aij) & VE[(M =i ¢ & Aik) — (M =
o & Ail & 1 z; k)] and b2) =[Fj(M |=; ¢ & Aij) & VE[(M =, ¢ & Aik) —
(M = & Ail & 1 Z; k)|, that is, either b2') =3j(M |=; ¢ & Aij) or b2")
“VE[(M Ei ¢ & Aik) — (M = ¢ & Ail & 1 Z; k)]. To show: a) Jj[M |=;
o & Aij & V(M i ¢ & Aik) — j =; k)]. From bl) fixing j, 1) M =, ¢ & Aij
and 2) VE[(M =i ¢ & Aik) — (M = ¢ & Ail & 1 7; k)]. First suppose b2').
Then vacuously, 3) VE((M =i ¢ & Aik) — j =i k), and so from 1), we then get 4)
M Ej ¢ & Aij &VE(M =i ¢ & Aik) — j >=; k), and generalizing on j, we have a).
Suppose instead b2”). Then 5) Fk[(M =i ¢ & Aik) & VI[(M = ¢ & Ail) — (1 Z;
k))]]. So from this and Connectivity of 7;, we get 6) M = ¢ & Aik & VI[(M =

~

¥ & Ail) — k >=; l] and then generalizing and swapping j/k and k/I, we have a). <:
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Assume a) 3j[M =, ¢ & Aij & VE(M =i ¢ & Aik) — j >, k)]. To show: both bl)
Fj(M =5 ¢ & Aij) & VE[(M = ¢ & Aik) — (M = ¢ & Ail & 1 7Z; k)] and either
b2') =3 (M | ¥ & Aij) or b2") ~VE[(M |25, ¢ & Aik) — (M = & Ail & 15
k)]. From a), 1) M |=; ¢ & Aij and 2) VE((M =i ¢ & Aik) — j =; k). First,
we show bl): Suppose for arbitrary k, 3) M i ¢ & Aik. Then from 2), we
get 4) j =; k, and so 5) j 7; k. Conjoining 1) and 5) and generalizing with
l/g, we get 6) (M = ¢ & Ail & | 7Z; k). Since k was arbitrary, we have 7)
VE[(M i o & Aik) — (M = ¢ & Ail & 1 7; k)]; then conjoining 7) to 1) and
generalizing, we have b1). Next, we show b2: Case 1: If b2’) holds, we are done. Case
2: Suppose b2’) is false. So, assume for some j, 8) M |=; ¥ & Aij. We will show b2”)
must hold. For supposing not, 9) Vk[(M =i ¢ & Aik) — (M = ¢ & Ail &l 7 k).
From a) [k/j,1/k], we get: 10) M = ¢ & Aik and 11) VI((M | ¢ & Ail) — k =; 1).
From 10) and 9), we get 12) (M =; ¢ & Ail & [ 77; k). Instantiating, we get 12)
M = ¢ & Ail & 1 7Z; k, but from this and 11), we end up with both [ 77, k and
k >; 1, and so L. Thus, in either case, b2 holds. O

B Proofs for a Selection of Propositions from Section 4
on the DWE(>)¢ frames.

Proposition 4.2. = [PEp & (-p > ¢)] — PE-p.

Proof. Let M be such that W = {i,j}, A" = {i} and j = i and M |=; ¢ and
M E; —p. Then Aii & M |=; ¢, 50 M |=; PE@; Vj[M =j ¢ — 3k(k Zi j & M =i
—p)] holds since only i satisfies the quantified antecedent, and j then satisfies the
consequent, so M |=; (m¢ > ¢). Nonetheless, M (~; PE-p as ~3j(Aij & M |=;

Corollary 4.3. - [PEp & (¢ > ¢)] — PEy. (GPP: Good as Permissible is
Permissible).

Proof. The invalid formula in 4.2 is a special case of this one. O

Proposition 4.4. “= [PEp & (v > ¢)] — PEy (GPP: Good as Permissible is
Permissible).

Proof. Assume M ©l=; PEp & (¢ > ¢), that is (1) 35(M “|=; ¢ & Aij) and (2)
VilM Y= o — 3k(k =i j & M Gl )], Fixing j in (1), we get (3a) M “; ¢
and (3b) Aij. From (3a) and (2) we get (4) Jk(k =; j & M Y=, ¢). Fixing k, we
get (5a) k =; j and (5b) M =4 ¢. From (5a) and (3b) we get (6) Aik by GOO,
and with (5b), we get k(M =1, o & Aik), that is, M “l=; PE. O
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Proposition 4.7. = PE) — [(¢ > ) < (p >T ).

Proof. =: Assume M ©|=; PEy & [(p > )], that is, (1) 3j(Aij & M C =, )
& (2) Vi[lM “ =5 — 3k(k i § & M =i p)]. Fixing j in (1), we get (3)
Aij & M Cf=; 1. From (2) we then get (5) Jk(k 2; j & M Y ). Fixing k, we
get (6) k=i j & M ©=; ¢. From the initial conjuncts of (3), (6) and GOO yield
M Y=, ¢ & Aik, so (7) 3j(Aij & M Y=, ¢). Next, for arbitrary &', suppose (8)
M Y ¢ & Aik'. Then from (2) we get (9) 3k(k =; ' & M Y= ¢). Fixing
k as I, we get (10) I =; k' & M © = ¢. But then given GOO and (8) we get
MG o & Ail & 17 K, and so (11) (M Fl=; ¢ & Ail & 177 k). But k' was
arbitrary in (8), so we have Vk[(M C=p ¢ & Aik) — (M Cl=; p & Ail & 177 k),
which conjoined with (7) is the condition for M ¢k=; ¢ >F ).
<: Assume M “; PEY & [(¢ >F ¢)], that is (1) Fj(M S, ¢ & Aij) & (2)
(M Y o & Aij) & (3) VE[(M C =g o & Aik) — (M Y o & Ail & 17,
k)]. For arbitrary j, suppose (4) M ¢ =, v, but for reductio, suppose that (5)
-3k(k =i § & M Gy @), that is, (5') VEk(k ==; j — M %= —¢). Fixing j in (2)
we get (6) M Y p & Aij’. So, from (5) it follows that —(j' 2Z; j), and so by
connectivity of 22, (7) j 7zZ; j/. But then from (4), (6) and GOO, it follows that (8)
M Y, 1 & Aij, and then from (3) we get (M “ = p & Ail & 1 77 j), so in
particular, (9) 3I(1 =; j & M “}=; ¢), and hence | given assumption (5). So, we
have (10) Jk(k 7; 7 & M Y= ¢); but j was arbitrary in (4), so V§[M Y=; ¢ —
Sh(k i 7 & M OFy )], that is, M Gl (p > ).
O

Proposition 4.11. “= MA'p <+ MA"p.

Proof. =: Assume M C=; MA/yp, that is, 3jVk(k 2=; j — M G} ). Fixing j, we
have (1) Vk(k »=; 7 — M Y=, ). By seriality, (2) Aij’, for some j'. By connectivity
of =, either A) j' =; j or B) j =; j'. Suppose A) j' =; j. For arbitrary k, suppose
(3) k =; j/ & Aik. Then by transitivity of =, k =; j, and so by (1), we get (4)
M C= ¢; but k was arbitrary in (3), so we have Vk[(k =; j' & Aik) — M %=y ¢)]),
and with (2), we get 3j(Aij & VE[(k =i j & Aik) — M =y ¢]), that is, M =
MAP. Suppose B) j =i j/. From (2) and GOO, it follows that (5) Aij , but it
then follows from this and GOO that Vk[k =; j < (k Z; j &Aik)], and so from
(1) we get (6) Vk[(k 7; j &Aik) — M © = ¢]. But then conjoined to (5), we
again get 3j(Aij & Vk[(k =i j & Aik) — M C = ¢], that is, M ¢ |=; MAF.
<: Assume M @l=; MAP, that is 3j(Aij & VEk[(k =i § & Aik) — M C = ¢)]).
Fixing j, we get (1) Aij & (2) Vk[(k =i 7 &Aik) — M 9 ¢]). But from (1)
and GOO it follows that Vk[k 7=; j <> (k 7Zi j & Aik)], and so from (2), we get (2')
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Vi(k =i j — M = @), and hence 3jVk(k =; §j — M 9= ), that is M 9=
MA/¢p. O

Proposition 4.15. = BMyp — BM .

Proof. Assume M “=; BMy, that is, (1) 35(M “k=; ¢), and (2) 3j(Aij & VE[(j 72
k& Aik) — [M S —p & VI(M = ¢) — | = 7)]]). Fixing j in (1), we
get (3) M Y=; ¢. Fixing j in (2), we get (4) Aij’ and (5) Vk[(j' i k&Aik) —
M G = & V(M G ¢ — 1= j§)]). By reflexivity of >, (4) and (5) yield
(6) M Y =p and (7) VI(M = ¢ — 1 = j'). From (3) and (7), we get
j = 7', and so (8) j = 7. Then from this, (4), and GOO, we have (9) Aij. From
this and (3) we get (10) 3j(Aij & M ¢ =, ¢). Now for arbitrary k, suppose
(11) §' =i k & Aik. Then from (5), we get (12) M = —p & (13) VI(M ¢ =
@ — 1 > j'). But with (4), GOO implies VI(l > j < (I = j' & Ail)), so (13)
implies (13") VI[M ¢ = ¢ — (I = j' & Ail)] , which conjoined with (12) yields
(14) M C = = & VUM = ¢ — (I = j' & Ail)). But k was arbitrary in
(10), so we have (15) Vk[(j' =i k & Aik) — [M “=f o & VI(M C=; ¢ — (1 =
j' & Ail))], which conjoined with (4) yields (16) 35'(Aij’ & VE[(j' =i k & Aik) —
(M Cl=p = & VI(M = ¢ — (1 = j' & Ail))]]. (16) conjoined with (10) yields
3j(Aij & M %l; 0) & 35 (Aij’ & V(7 Zi k & Aik) — [M P -9 & VI(M Pl
© — (1= j' & Ail))]]), that is, M “=; BM " . O

Corollary 4.16. = BMy — PEy.
Proof. Follows from Corollary 3.4 in Section 3.2 that = BM *¢ — PEep. O]

Proposition 4.23. “= BMy — BCp.

Proof. Recall that BCY défPEgo & MIP—p. Corollary 4.16 gives us PE¢ from BM
given GOO; and the truth condition for BMy, 37'M ;i ¢ & Fj[Aij&VE((j Zi
k & Aik) — [M |1~ & YI(M = ¢ — 1 =; 7)])] clearly entails that for MIF -,
namely, Jj(Aij & VE[(j = k & Aik) — M i, —¢]), even without the GOO
constraint. U

Proposition 4.24. = VIp — INFp.

Proof. Let M be such that W = {i,j}, M = ¢ & M =; ~p, i =; j, but Aii &
—Aij. Obviously, M |=; VIp & OB—¢, so M ~; INF . O

Proposition 4.26. = VIp — IN?p.
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Proof. Assume M “=; VIp but M G, INPop, that is (1) Vj[Fk(k ~; j & M %=
©) & Fk(k ~; j & M Cl= =) and (2) =Vj[Aij — Tk(k ~; j & Aik & M %=,
©) & Tk(k = j & Aik & M © |51, )], (2) yields: (2') Fj(Aij & [VE((k =~;
j & Aik) — M =y =) VVE((k = j & Aik) — M =, ¢)]). Fixing j, we get (3)
Aij and either (4a) VE((k ~; j & Aik) — M C=; =) or (4b) Vk((k ~; j & Aik) —
M Gl=p ©)]). From (1), we get (5) Fk(k ~; j & M Cl=p @) & Fk(k ~; j & M C=,
—¢). Fixing k in each, we get (6) k =~ j & M Cl=p ¢ and (7) k' ~; j & M Cl=p —p.
Given GOO and (3), (6) and (7) yield: (8) k ~; j & Aik & M €= ¢ and (9)
K = j & Aik! & M ¢ —p. But (8) contradicts (4a), (9) contradicts (4b), so
together we get M “=; L. So, @ |= VIp — INFop. O

Observation 4.1. Given GOO, there are no deontological dilemmas per Definition
3.14 nor supererogatory holes per Definition 3.15.

Proof. a) A deontological dilemma requires a model where MA’p & IMF ¢, but GOO
makes this impossible since @ = MA’¢p — MAFy (by Proposition 4.11), so it is
enough to show that = MAFPp — PEy holds (i.e. even without GOO). Suppose ;
MAP . that is, 3j(Aij & VE[(k =i j & Aik) — M = ¢]). It follows by reflexivity of
i that there is a j such that Aij & M =, ¢, that is, =; PEg. b) A supererogatory
hole per Definition 3.4 requires a case where |=; —[(e&) V (p&x) V (Y&x)] and
= MIPp & BMy & BMP y & IMi. But given GOO, the latter conjunction is
impossible since the second conjunction rules out the fourth (by Corollary 4.16)
proved above. 0
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Abstract

Different meanings of the “right to know” can be distinguished based on
the theory of normative positions. In this paper, we focus on one of them: the
power to know. Intuitively, in a sender-receiver setting, the receiver’s power
to know whether ¢ is the case means that the sender is obliged to (truthfully)
announce the answer if the receiver asks the question ¢?. Therefore, we de-
velop a logic called LRK for reasoning about the power to know, the obligatory
announcements, and the dynamics of questions and public announcements.

1 Introduction

The aim of this paper is to provide a logical framework to reason about the notion
of the right to know and its interaction with other related notions. As a theoretical-
conceptual background, we rely on the theory of normative positions [22] based
on the theory of Hohfeld [12, 19]. The American legal theorist Wesley Newcomb
Hohfeld, after finding that the word “right” is overused in the law for meaning
actually differing legal concepts, published a—later becoming very influential—paper
about what the possible atomic positions are what lawyers (and lay people) tend to
refer to as a right and what are the corresponding “duty positions” meaning each a
legally (and logically) different concept:

The authors would like to thank two anonymous referees and the editors for their valuable comments
and suggestions. Special thanks are given to Frederik Van De Putte, whose comments improved
this paper significantly (especially, he drew our attention to the “counterintuitive” axiom (K-OQ) and
simplified the proof of Theorem 1). This work was supported by the Fonds National de la Recherche
Luxembourg through the project Deontic Logic for Epistemic Rights (OPEN 020/14776480).
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Claim-right Privilege Power Immunity
@® - - opposites o
= g = g
e 2. 2 Z
= < <
S g 3 g
y y
Duty No-claim Liability Disability

Figure 1: The Hohfeldian atomic types of rights, and their correlatives

The positions in the left square are often referred to as deontic concepts. A
claim-right means the right-holder’s position when the corresponding agent has a
directed obligation, that is, duty, towards her. For example, a lender has a claim-
right that requires the debtor to repay the borrowed money on time. The Hohfeldian
privilege to ¢ is actually a directed version of what is referred to as weak permission
in deontic logic: it means that the corresponding agent has no claim-right against us
to . The positions in the right-hand square are usually referred to as capacitive (or
capacitative) concepts: a power(-right) means a position in which the power-holder
agent can change the corresponding—in Hohfeldian terms—Iliable agent’s normative
positions, like imposing a duty on him (with executing an action, see details in [19]).
An immunity hence means the position when the corresponding agent lacks such a
capacity as being disabled to execute such an action resulting in a change in the
right-holder agent’s normative positions.

Using this analysis, we can differentiate between four different meanings of the
right to know: the privilege/claim-right/power /immunity to know. The difference
between the four meanings of the right to know can be illustrated by the following
example [27]: suppose that an agent 7 has been tested for some disease by his doctor.
It is usually mentioned in the healthcare acts of the different legal systems that i has
the right to know the test result. However, this can be interpreted in four different
ways. First, ¢ has a privilege-right to know the result, which means that ¢ has no
duty not to know them. Second, i has a claim-right to know the result, meaning
that his doctor has a duty to inform him about the result. Third, ¢ has a power-right
to know the result, meaning that his doctor has a duty to inform them if ¢ requests
it. Last, ¢ has an immunity-right to know the results, which protects him from his
doctor taking away or altering his claim-right to know the results.

In the logical literature to date, only the privilege- and claim-right to know have
received explicit attention, see, e.g., [20]. In this paper, we will investigate the right
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to know as a power. Power is characterized in [19] as a potential: the agent having
the power is able to execute an action resulting in the counterparty’s normative
positions changing, e.g. a duty arising. Thus in this case: the patient’s asking
about the test results creates the doctor’s duty to tell.

The notion of the power to know can also be found extensively in database the-
ory under the name of “the right/permission to access” (see, e.g., [7]). The logical
characterization of “the right/permission to access” is crucial for practical problems
like maintaining security in databases. The point of the problem is that the database
has to answer the users’ queries while complying with certain security policies (e.g.,
privacy policies). Many factors affecting the solutions to the problem have been
identified in the literature, e.g., the representation of the database, the expressive-
ness of the query language, the space of admissible responses, the initial knowledge
of the user, etc [5]. However, the expressiveness of the language for specifying secu-
rity policies has somehow been overlooked. To the best of our knowledge, all existing
works on the topic consider the permitted, forbidden, and obligatory knowledge/be-
lief of users as the only components of a security policy, see, e.g., [5, 7, 1]. However,
as a counter-example, it is stated in the General Data Protection Regulation of Eu-
rope (GDPR) that “A data subject should have the right of access to personal data
which have been collected concerning him or her”.

In this paper, we develop a Logic of the Right to Know, LRK, to reason about
the power-type of right to know whether something is the case (we often will refer
to it as a “power to know” in what follows). As suggested by the previous examples,
the notion of the power to know is closely intertwined with other notions such as
the obligation to inform, public announcements, and the dynamics of questions.
Therefore, LRK is devised such that these notions can also be expressed.

This paper is an extension to [16]. The main improvement is a sound and com-
plete axiomatization of LRK. The paper is structured as follows. In the next section,
we introduce the language and semantics of LRK. Section 3 and Section 4 are devoted
to some semantic results and the expressive power of fragments of LRK, respectively.
We propose an axiomatization of LRK in Section 5 and show its completeness in
Section 6. We discuss related literature in Section 7 and conclude with Section 8.

2 Language and Semantics

In this section, we introduce the language and semantics of LRK and illustrate them
with some examples. The scenarios that LRK is intended to characterize are com-
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munications between two agents' where the information can only be transmitted
from one agent (the sender/speaker, indicated by s) to the other (the receiver/ad-
dressee, indicated by r). The sender is further subject to some security policies such
as privacy policies. These scenarios are common in our lives, e.g., communications
between a database and its users, conversations between a doctor and their patients,
etc. We fix the role of the sender making only one of the agents able to make an-
nouncements. The restriction may seem to be unnatural. But, for simplicity, we
will only consider the restricted scenarios. We also assume that the sender can only
make truthful announcements. The following will serve as the running example of
this paper:

Example 1. Two patients a and b have been tested for some diseases by the same
doctor. The policy consists of the following three clauses: (1) The doctor is obliged
to inform the patient a about his test result; (2) It is forbidden that patient a know
the test result of patient b; (3) The patient a has the power to know whether the
cheaper medicine is as good as the expensive one. Suppose that the results for both
a and b are positive and the cheaper medicine is as effective as the expensive one.
Let the sender be the doctor and the receiver the patient a. The doctor needs to
decide which information should be informed.

Let PROP be a countable infinite set of propositional variables (or atoms).

Definition 2. The language L is given by the following BNF grammar:

pu=plop| (=) | Up|Qp| Kro | Osp | [0?]e | [0l

where p € PROP. Other boolean connectives are defined as usual. In particular,
o Y :==((p = ¢¥) = (v = ¢)). We also define the following abbreviations:
R :=U(QeVQ~p), [r:o? = (mRrp AY)V (Rrp A[p?]t)), and [s:pl]1) = (¢ —
[p!]1). Let PL be the language of propositional logic.

Throughout the paper, the following conventions are adopted. We use ¢, ¥, x, . . .
for arbitrary formulas (in £), and 7, 7/, 7, 9, . . . for propositional formulas. p,q, . ..
range over PROP. |, ]1,]s,... will denote either the symbol ! or the symbol 7. Given
a finite set of formulas I' C £, AT is the conjunction of all formulas in I" and likewise

't is crucial that in the formalism to-be-introduced we have exactly two agents. As visible from
the introduction and often emphasized (e.g. [18]), the Hohfeldian notions are inherently relational.
This relationality is tacitly “enforced” in our setting where we have exactly two agents engaging in
communicative actions (that might result in the change of the other agent’s normative position). We
leave the considerations of how the logic should be changed in order to accommodate a generalized,
multi-agent setting to future research.
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for \/T'. We note that A @ := T and \/ @ := L. Finally, for all formulas ¢, PROP(¢)
is the set of all atoms occurring in ¢. Given some A C PROP, L(A) is the sublanguage
of £ that is restricted to atoms in A.

In our language, U is the familiar universal modality expressing that “p is true
in all worlds”, while Q¢ is a technical modality which has been introduced in [25]
(see Section 7). The core notion that “The receiver has the power to know the
answer to the question ¢?” is expressed by the formula R,p :=U(QpV Q). K,p
reads “The receiver knows ¢” and Qs¢ “The sender is obliged to announce ¢”. The
notion that “After the receiver asked the question ¢?, it holds that )” is expressed
by the formula [r:p?]y) := (~R,p AY) V (R.p Alp?]t)). Finally, to express the usual
notion of truthful announcements, we use [s: ¢!t := (¢ — [!|V), i.e., “After the
sender (truthfully) announced ¢, it holds that "2

Below we define the notion of “degree” of formulas, which will be used later.

Definition 3. For all formulas ¢, the degree of ¢, notation d(p), is a positive
integer inductively defined as follows: (1) d(p) = 1. (2) d(—p) = d(K,p) = d(Up) =
d(Qp) =1+d(p). (3) dlp = ) = L+ max(d(p),d(¥)). (4) d(Osp) = 6+d(p). (5)
d([eYv) = d([?]¢) = 6 + d() + d(¥).

Proposition 4. The following holds for all formulas ¢, and atoms p:

(1) d(v) < d(p) if ¢ is a subformula of ¢ and 1 # .
(2) dU(p < ¢)) < d(Osp).
(3) d(U(p <)) < d([¢{]g).
Next, we introduce the models for LRK. Our models are essentially the combina-

tion of the “neighbourhood epistemic models” introduced in [15] and the “epistemic
issue models” in [25], see Section 7.

Definition 5. A model is a tuple M = (W, ~,~, N, V) where:

o W is a non-empty set of possible worlds or states;

e ~ and & are two equivalence relations on W;3

N : W — p(p(W)) is such that w € X for all w € W and X € N(w);
o V :PROP — p(W) is a valuation.

2These notions are introduced as complex formulas rather than primitive operators because it
simplifies the completeness proof.
3In what follows, ~ will also denote the partition generated by the equivalence classes of ~.
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A pointed model is a pair M, w such that w is a state of M. For every state w € W,
~ (w) denotes the set {v € W | w ~ v}, and similarly for ~ (w).

In the above definition, ~ is the familiar epistemic indistinguishability relation
(of the receiver). The partition ~ is intended to encode the set of questions to
which the receiver has the power to know the answers. The set of questions may be
stipulated by some information security policies such as privacy policies. The idea
to represent a set of questions by a partition can be found in, e.g., [10], [6], and [25].
Finally, each subset X € N(w) is an ideal epistemic state for the receiver at w, i.e.,
the epistemic state X is compliant with the given information security policies (for
the receiver and specified in the situation w). Let us illustrate the definition of the
models by the running example:

Example 6. Let p,, pp, and g be the propositions that “The result for a is positive”,
“The result for b is positive”, and “The cheaper medicine is as good as the expensive

2

one”, respectively. The case in Example 1 can be characterized by the model M =
(W, ~,~, N, V) illustrated in Figure 2.

101

001

011

1 | 1 1
1 | 1 1
T T T T
1 | 1 1
1 | 1 1
1 I 1 1
1 | 1 1
1 | 1 1
T T T T
1 | 1 1
1 | 1 1

110 =——— 100 ——— 000 —— 010

. J

Figure 2: The model M = (W, ~, =, N, V). States are binary numbers 000, 001, ...
and the actual state is 111. For each state zyz, z = 1 (y = 1, z = 1, respectively)
iff zyz € V(p,) (xyz € V(py), zyz € V(g), respectively). The indistinguishability
relation ~ is indicated by the straight line (with the reflexive and transitive arrows
omitted). ~ is the equivalence relation (or partition) indicated by the rectangles
with rounded corners (this captures the patient’s power to know whether g). Finally,
for every xyz € W, N(xyz) consists of the subsets such that: (1) it contains xyz
itself; (2) it is contained in one of the shaded areas (this corresponds to the doctor’s
obligation to inform about p,); (3) it is not contained in one of the dashed rectangles
(the patient is prohibited to know py).

The next step is to provide the semantics for £, especially for the formulas R,
and [r:p?]t. The semantics for R, is relatively straightforward: the receiver has
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s 7
1111 = 101 = 001 =—— 011!
\I____ loooo loooo |____/
s 7
S iy T S
1110 | + 100 § =000 ; £ 010 |

Figure 3: The updated model Mgy,. The same convention is adopted as in Figure 2.

the power to know the answer to ¢? iff the question 7 is “settled” by the partition
~, in the sense that every cell in the partition = is either a subset of the truth set
of v, or a subset of the truth set of —p. Interpreting Q¢ as a normal modality
corresponding to the accessibility relation =2, this intuition is exactly captured by
the formula U(Q¢ V Q).

[r: @71 is intended to express that “after the receiver asked the question ?, it
holds that 1”. If the receiver has no power to know the answer to ¢?, then nothing
will change after the action [r:¢?]. On the contrary, if the receiver indeed has the
power, the sender is then forced to answer the question ?. This is captured by
the model updating M7 such that, in the updated model M, all epistemic states
not answering the question ¢? become no longer ideal. The dynamic operator [¢?]t
describes what holds after this kind of model update. Thus, the notion “after the
receiver asked the question 7, it holds that 1" can be expressed by the complex

formula [r: o7 = (=R, A1) V (R A [@?])).

Definition 7. Given a model M = (W,~,~, N, V), for all w € W and ¢ € L, the
satisfaction relation M, w |= ¢ is inductively defined as follows:

M,wEp it weV(p)
M,wkE - iff Mwlep
MwkE(p—v) iff MwlpEeor MwEy
M,wEUp iff forallve W, MvE¢
M,wkE Qe iff forallve W, w=vimplies M,v = ¢
M,wE Kyp iff forallveW, w~vimplies M,v = ¢
M,w = Qsp iff forall X € N(w), X C~ (w) implies X C [¢]rr
Mw = [p?y iff My, wE=1
M,w oy iff Ma,wEy

where [¢]yr = {x € W | M,z |= ¢} and M,? and M, are defined as follows:

M<P? = (W@% Np?y Rp?, N‘P?7 (p?) where:

227




L1 AND MARKOVICH

o Wer =W, ~vpr=n, Rp=r, Viir =V,
o Nyr(z) ={X eN(x)| X C [¢]mor X C [~} forall z € W.

M‘p! = (WSD“ ~ol, %4‘0[, N¢!, le) where:

* p! = W7 Rl ==, Ncp! = N7 V(p! = V7
o ~o={(u,v) €~ | M,u =@ iff M,v = ¢}
The notion of validity is defined as usual.

The semantics for K, and [s:¢!]¢ is standard, except that we choose to delete
the links between the o-states and —¢p-states in the definition of M, instead of
removing all —p-states from the model. Those —p-states are reserved for further
reference.* This kind of model updating can be found in, e.g., [24, 25]. As for Q,p,
it reflects the intuition that the sender is obliged to announce ¢ if ¢ is “known” in all
ideal epistemic states (for the receiver) that are achievable by further announcements
(i.e.,  is a piece of necessary information for achieving ideality).

Let us illustrate the semantics with some examples:

Example 8. In the model M, we have, e.g., M,111 = Qp,, M, 111 = R,g, and
M,111 (= Qgpp. After the receiver (the patient a) asked “Is the cheaper medicine
as good as the expensive one?” (g7), the updated pointed model My is depicted in
Figure 3. We have, e.g., My, 111 |= Qgpa, Mg, 111 |= R,.g, and Mg, 111 = Oyg.

Example 9 ([1]). Suppose the sender is communicating classified information to
the receiver. Since the receiver is permitted to know some information p, the only
constraint for the sender is that it is forbidden for the receiver to know p while
not knowing that it is classified (c¢). Furthermore, suppose that the receiver cur-
rently knows (is informed about) p, but she does not know c¢. The scenario can be
represented by the following model M = (W, ~,~, N, V') where:

o W =A{w,u,v,z};

o ~(w) =~ (u) = {w,u}, ~ (v) = {v}, and ~ (2) = {z};

o =W x W;

e Nw)={Y CW |weY and Y # {w,u}} and N(u) = N(v) = N(z) = @;°
o V(p) ={w,u} and V(c) = {w,v}.

4This deviates from the classical public announcement logic. But, in our case, deleting all
—(p-states may change the truth value of formulas like R, p, which is unreasonable.

5Actually, N(u), N(v), and N(z) can be defined arbitrarily as we only intend to model the
sender’s obligatory announcements at the current world w.
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Intuitively, we will agree that it is obligatory for the sender to announce c. This is
consistent with our semantics since M, w = Ogc.

Remark 1. A question may arise regarding the semantics for Qzp: why do we just
consider ideal epistemic states achievable by further announcements instead of all?
Technically, one may propose the following alternative semantic definition for Q,:

M,wE Qgp iff forall X € N(w), X C [¢]a- (1)

However, in situations like Example 9, (1) does not work, since it predicts that the
sender is not obliged to announce c. The reason is that there are also ideal epistemic
states (for the receiver) at w in which the receiver knows neither p nor c¢. However,
these ideal epistemic states are not achievable by further announcements.

3 Semantic Results

In this section, we list some (in)validities of LRK. The first group of validities is
about the notion of the power to know.

Proposition 10. The following hold for all formulas ¢ and :

(1) R T.
(2) |2 Rep A Rytp = Ry(ip A 1),
(3) | Rugp — Romg.
(4) E Ry < URp

The proofs are omitted because they are all straightforward. From (1) — (3), we
can see that the fragment of LRK on the notion of the power to know is nothing but
the answer entailment relation between questions. That is to say, if the answer to a
question ¢? can be derived from that of a set of questions to which the receiver has
the power to know the answers, then the receiver also has the power to know the
answer to p?. 8 The last one states that the notion of the power to know in LRK
is global (i.e., its truth does not depend on the evaluating states).”

50One may argue that the notion of the power to know characterized in LRK is rather weak.
For example, in most scenarios, the receiver has only the power to know what they are permitted
to know (otherwise there would be conflict in the security policy). To model these scenarios, we
can impose extra constraints on the models, e.g., for all w € W, there is X € N(w) such that
~ (w) C X. Since the focus of this paper is to provide a general framework formalizing the power
to know, we leave this for future work.

"It also makes sense to generalize our models to account for cases where, for example, the
receiver is not aware of their rights to know. We leave that for future work.
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Proposition 11. The following hold for all formulas ¢ and :

(1) E Os(e = ¥) = (05 — Ost)).
(2) EUp — Osp.

(3) E~OsL — (Osp — o).

(4) E Kr(p = ¢) = (050 — Ost)).
(5) | Krp = Osp.

The proofs are again omitted for the same reason. A few remarks can be made
on the above logical rules governing the behavior of the operator Q4. The first
and the second indicate that Qgp is a normal modality. The third says that the
sender is not obliged to lie unless they are obliged to announce the contradiction
(i.e., they face a deontic dilemma). The fourth can be understood as follows: it says
that if ¢ is more informative than v for the receiver and the sender is obliged to
inform the receiver about ¢,® then the sender is also obliged to inform the receiver
about 1. But we have problems with interpreting the last validity. Literally, it
states that the sender is obliged to announce whatever the receiver knows. This
seems counterintuitive. To understand (5), note that, if ¢ is known by the receiver,
the announcement of ¢ is actually less informative than any announcement for the
receiver. Thus, from the informational point of view, the announcement of ¢ is
“implied” by any announcement. In this sense, the announcement of ¢ is inevitable
or necessary in our system since we assume that the sender can only make truthful
announcements. So, the obligatory announcement of ¢ simply follows from that the
announcement of ¢ is necessary. *

The previous two propositions are about the properties of “the power to know”
and “obligatory announcements” separately. However, it is natural to expect that
there would be some interaction between them. One candidate is the formula R,.¢ —
(o = [r:9?]Os¢p), expressing that if the receiver has the power to know whether ¢
and ¢ is the case, then the sender is obliged to announce ¢ once the receiver has
asked the question 7. It is not hard to show the validity of the formula when ¢
is propositional. But the next proposition shows that this needs not to be the case
when ¢ is a general formula:

Proposition 12. £ R,.p — (p — [r:¢?]Qsp) for some formulas .

8We follow [1, Definition 9] for the definition of “informativeness” of formulas.

9For readers still against (5), we may define another operator for obligatory announcements in
LRK: Ojp := - K,p A Osp. After all, if ¢ is known (or informed), the sender does not have the
obligation to inform it again.

230



A DyNaMIC LOoGIC OF THE RIGHT TO KNOW

Proof. We show that = R,.(pA—Qsp) — ((pA=Qsp) — [r: (pA-Qsp)?]0s(pA-Qsp)).
Let the model M = (W, ~,~, N, V) be as follows:

e W= {’LU,U}, ~=W X W, == {{U}v {’LU}}, V(p) = {w},
« N(w) ={{w},{v,w}} and N(v) = {{v}}.

We show that M, w £~ R.(pA—Qsp) = ((pA—=Qgp) — [r:(pA—Qsp)?]0s(pA—Qsp)).
First, it is not hard to see that M, w = pA—Qsp (1) and M, v = pA—=Qgp. Therefore
M,w = R.(pA=Qsp) (2). In the updated model M,1-0,p)?, the only change is that
Nipr-0,p)2(w) = {{w}}. Tt follows that M,n-0,p)?, w = Osp. Thus Mpa-g,p)7, w
Os(p A —=Osp). Therefore M, w = [r:(p A —Qsp)?]0s(p A =Osp) (3). By (1), (2), and
(3), M,w = Rr(p A =Ogsp) — ((p A =Osp) — [r:(p A =Qsp)?]0s(p A =O5p)). O

In the above, the formula p A =Qgp is used to show the invalidity of the given
schema. The formula has the same structure as the Moore sentence [21], i.e., p is
true but I do not believe p. It is well known, in dynamic epistemic logic [26], that the
Moore sentence (p A =Kp) is an unsuccessful formula, in the sense that the Moore
sentence may become false after the announcement of itself. Here we see a similar
situation: after the receiver asked the question p A =Qgp?, it becomes obligatory
for the sender to announce p. Thus the formula p A =Q4p becomes false. However,
the operator O satisfies a weak form of the axiom (T): =OsL — (Qs¢ — ¢)
(Proposition 11(3)). Hence, in the updated model, Q4(p A =Q4p) does not hold.

At first glance, the invalidity of the axiom schema in Proposition 12 may seem
to be counterintuitive. How could it be that the receiver has the power to know
something while the sender has no obligation to inform even if the receiver requests
it? We will, nevertheless, argue that the phenomenon can be explained if we make
explicit the time involved in the axiom schema. The operator Qsp in LRK expresses
veritable obligations ([11], i.e., obligations specific to a particular situation) instead
of normative rules. This means that the truth of formulas like Q4 may flip after the
receiver asks some questions because the situation changes. Consider the formula
R.(p A =Qgp) — ((p A =Qsp) — [r: (p A =Qp)?]0s(p A =Qgp)). The first three
occurrences of the operator Qs really refer to the obligation of the sender before
the question (p A =Qgp)?, whereas the last two occurrences express the sender’s
obligation after the question. Thus, the antecedent R,.(p A ~Qsp) just asserts that
the receiver has the power to know the sender’s deontic status before the question.
However, in LRK, there is no way to express the sender’s previous obligation in
the scope of the dynamic operator [r:p A =Qgp?]. This suggests that LRK may be
equipped with temporal operators like “Yesterday”.

Proposition 13. The following holds for all formulas ¢,v and € {!,7}:
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(1) & [pdlp < p. (J Atom)
(2) = [pd]=¢ < =lpll. (J Neg)
(3) E el = x) < ([pdv = [pd]x). (4 Imp)
(4) E U < Ulpll. (1U)
(5) E [p1Q¢ < Qlpll. 1 Q)
(6) = [0 Krtp < K [p?]3). (7K)

[ )

(7) E [PNErp < (o A K (o = [@l1) V (= A Kr(mp = [@!]9)). ('K

4 Expressivity

In this section, we investigate the expressive power of some fragments of £. It
is well known that adding the public announcement operator to the language of
epistemic logic (without common knowledge) does not increase expressive power.
In Proposition 13, we have seen a series of reduction axioms for the two dynamic
operators [p!] and [p?], but not for formulas of the form [p!|Q41) and [p?]Q41p. Thus
it is interesting to know whether the same holds for LRK. To answer this question,
let Lo, L1, and Lo be the sublanguages of £ defined as follows:

pu=p|op|(@—=0) | Up|Qp| Krp|Osp (Lo)
pu=plop|(@—=0) | Up|Qp| K| Osp| [ple (L)
pu=p|lp| (=) | Up|Qp| Ko | Qs | [07]p (L2)

The next theorem shows that adding any of the two operators [¢!]¢ and [p?]1) to the
static language Lo does increase the expressive power. This is in contrast with the
situation in public announcement logic. It also follows that no DEL-style reduction
axiomatization exists for LRK.

Theorem 1. Both L1 and Lo are strictly more expressive than Ly.

Proof. We first show that £; is strictly more expressive than Lg. It is clear that £
is at least as expressive as Ly since Ly is a sublanguage of £1. We show that Ly is
not at least as expressive as £q. This is done by showing that there is no ¢ € Ly
such that [p!|Qs;L =1 (i.e., they are satisfied at exactly the same pointed models).
Consider two models M; = (W, ~,~, N1,V) and My = (W, ~,~, Na, V') where:

« W=Awu}, ~=WxW, == {{w},{u}}, V(p) = {w};
« Ni(w) = {{w,u}}, No(w) = {{w}, {w, u}}, Ni(u) = Na(u) = {{w, u}}.
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It is not hard to see that M, w = [p!|OsL and Ms,w W~ [p!|Os L. However, by an
induction on the structure of ¢, we can show that M,y = v iff Ms,y = 1) for all
Y € Lo and y € W. Here we show only the inductive step for Qsx. The case for
y = u follows directly from that Ni(u) = Na(u) and the IH. For y = w, we have:

Ml,w ): @SX
iff VX € Nij(w), X C~ (w) implies X C [x]a, (semantics)
iff VX € Ni(w), X C [x]m, (def of Ni(w) and ~)
it VX € Ny(w), X C [, (U M) = UNao)
iff VX € Na(w), X C~ (w) implies X C [x]a, (def. of Na(w) and ~)
iff M, w = Ogx (semantics)

Finally, to show that L5 is more expressive than Ly, we replace the formula
[p!]OsL in the proof by [p?]Os.L. O

5 Axiomatization

In this section, we give an axiomatization for LRK and show its soundness. To
axiomatize LRK, we employ the notion of “necessity forms” which was originally
proposed in [9] and adapted to axiomatize arbitrary public announcement logic [3].

Definition 14 (Necessity forms). Let # be a special symbol not occurring in £. The
set of necessity forms is inductively defined as follows:

§8) ==t (v = &) | Kn€(2) [ US(R) [ QEE) | [NE®) [ [971€(R)

where ¢ € L. Given a necessity form £(f) and a formula ¢ € L, £(p) will denote the
result of replacing the unique occurrence of £ in £(f) by .

Next, we present the axiomatization. We recall, from Section 2, that 7, 7/, m,. ..
represents any propositional formulas.

Definition 15 (Axiomatization). The axiomatization LRK for £ consists of, in
addition to all the axiom schemas in Proposition 13, the following axiom schemas
and inference rules. Let the set of LRK-theorems be the least set of formulas that
contains all instances of the axiom schemas and is closed under the inference rules.
If ¢ is an LRK-theorem, we write - ¢.

(PL) All propositional tautologies
(S5) S5 axioms for U, @, and K,
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(U) Up = Qe AN Krp
(K-0) Krp — Oy
(0) ~0sL = (050 — )
(Dist) Os(p — ¥) = (Ospp — Os)
(U)) Ulp <) VU(p < =) = ([pd]x < [¥ 1x)
)
7)

(Trans [ }@571'2 — ([71'3?]@571'1 — [7‘('3?]@571'2)

(17) [mh] - [mdalOr oV (APASVPAIAP A=Y P)0,r),

B PC{m1,...,mn}
where n > 0 and P = {my,...,m} \ P
(MP) from ¢ and ¢ — %, infer ¢
(Nec) from 1, infer Ut and [p ]y

(Ru) from £(=U(p < ¢)), infer {(¢ A —¢), where p ¢ PROP({(p))
We list some theorems of LRK, which will be used in the completeness proof.

Proposition 16. The following hold:

(1) F lpljr o .

(2) F oy« [ol]y.

(3) b [7!|Os’ > [77]Os7’.

(4) F Qs — [/ 7 Q.

(5) Fm— [7?] Q.
Proof. See Appendix A. O

In the remainder of this section, we show that LRK is sound with respect to
the semantics. We need to show that all the axioms in LRK are valid and all the
inference rules preserve validity. Here we focus on the axioms (Trans), (!7), and the
rule (Ry), as the validity of other axioms and rules is straightforward or has been
shown in the last section.

Proposition 17. The aziom (Trans) is valid.
Proof. See Appendix A. O
Lemma 18. The following holds:

(1) Emi Amy — ([r1d][m2?|0s7 < [m1 A m2?]|Og7).
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(2) = —m1 A — ([m1d][m2?]Qsm <> [-m1 A m27]O57r).
Proof. See Appendix A. O

Proposition 19. The aziom (!?) is valid.

Proof. See Appendix A. O

Given a model M and p € PROP, a p-variant of M is a model M’ such that
M = M’ or they differ only in the valuation of p.

Lemma 20. For all models M, M’ and atoms p, if M' is a p-variant of M then for
all formula ¢ € L(PROP\ {p}) and w € M, M,w |= ¢ iff M',w |= ¢.

Proof. An easy induction on the structure of . ]

Lemma 21. For any necessity form (8), formula ¢ € L and atom p ¢ PROP((y)),
if Myw = &(e A —p), then there is a p-variant of M, M’', such that M',w [

EUp < ).

Proof. Induction on the structure of £(#). Here we show only the base. Suppose
M= (W,~,~,N,V)and M,w [~ ¢ A ~p. Let M’ be the p-variant of M such that

V'(p) = [¢]m- Since [p]ar = [¢]ar by Lemma 20, M’ w | U(p < ¢). O
Given Lemma 21, the next proposition follows immediately.
Proposition 22. The inference rule (Ry ) preserves validity.

Theorem 2 (Soundness). For all formulas ¢ € L, if b ¢ then = .

6 Completeness

In this section, we prove that the axiomatization LRK is weakly complete with
respect to the semantics. This is done by making a detour. Let LRK® be the
axiomatization obtained by replacing the rule (Ry) in LRK by (R{):

(Rf7) from &(—U(p <+ ¢)) for all p € PROP, infer £(p A —p).

It is clear that (Rf;) is an admissible rule in LRK, i.e., the set of LRK®“-theorems
is a subset of the set of LRK-theorems.! Thus the soundness of LRK* follows
from that of LRK. Conversely, the (weak-)completeness of LRK follows from that
of LRK". In the following, we will focus on the completeness of LRK®.

10This is because every application of the infinitary rule (R¢) in a derivation in LRK®* can be
replaced by the finitary rule (Ry). For details, see [3, Proposition 4.10]. However, since we prefer
to have a finitary axiomatization, we adopt the inference rule (Ry) in LRK instead of (Rf;).

235



L1 AND MARKOVICH

Definition 23 (Theory). A set x C L is called a theory iff it satisfies:

e 1z contains all LRK%-theorems.
o 1z is closed under the inference rules (MP) and (Rf).
A set of formulas x C L is consistent iff there are no ¢1,...,¢, € x such that

FLR® @1/ Apn, — L. Aset x C L is mazimal iff forall p € L, ¢ € z or —p € .
The set of all maximal consistent theories will be denoted by MCT.

It is clear that the smallest theory is the set of all LRK®“-theorems. If z is a
theory, then x is consistent iff L ¢ z.

Definition 24. Let = C £. For all formulas ¢, x and O € {K,,U, Q, O}, let

cxto={Y|p—=yYeal
o Dz ={y|0Y €a};

o Dz ={v|XI]Yeaxk

o XMz ={¢| XY €z}

Lemma 25. The following holds for all theories x:

(1) for all formulas ¢, x + ¢ is a theory containing x and ¢.
(2) for all O € {K,,U,Q}, Oz is a theory.

Proof. See Appendix A. O
Lemma 26. The following holds for all theories x and formulas p:

(1) x + ¢ is consistent iff ~p ¢ x.

(2) if x is a consistent theory, then x + ¢ is consistent or x + — is consistent.

Lemma 27 (Lindenbaum). For all consistent sets of formulas x, there isy € MCT
such that x C y.

Proof. Let 1g,11,... be an enumeration of all formulas such that ¢ > j whenever
Y; € x and ¢; ¢ x. We inductively define a sequence 4o, y1, . .. of consistent theories
as follows. First, let yg be the set of all LRK“-theorems. Note that yg is a consistent
theory. Second, suppose that, for some n > 0, y, is a consistent theory that has
been already defined. By Lemma 26(2), either y,, + v, is consistent or y, + =,
is consistent. If y, + ¥, is consistent, then we define y,11 = yn + 9,. Otherwise,
=, € yp, (Lemma 26(1)) and we consider the following two cases.
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(1) If 9y, is not a conclusion of (R{;), we define yn41 = yn.

(2) Otherwise, ¢y, is a conclusion of (Rf;). Let &1(x1 A =x1),- -+, &k(Xk A 7Xk) be
all the representations of 1, as a conclusion of (R{;). We define the sequence
y0, ...,y of consistent theories as follows. First, let 40 = y,,. Second, suppose
that, for some i < k, y!, is a consistent theory containing y, that has been
already defined. Then, it contains =& (x1 A —xi). Since g% is closed under
(RY), then there is p € PROP such that &(=U(p <> ¢)) ¢ y%. In this case,
define g5 = yi, + ~&(-U(p < ¢)). We put yni1 = yp.

Let y = U, >0 Yn- It can be verified that y is a maximal consistent theory. It remains
to show that x C y. We show the following stronger claim:

For all ¢ > 0, if ¢; € x then y;41 = y; + ;.

We prove the claim by induction on the value of i. If ¢ = 0, it suffices to show that
Yo + 1o is consistent. Suppose not, then 1 € yg+1g. Hence ¥g — L € yg. Therefore
Frrie Yo — L, contradicting the consistency of z. Suppose the claim holds for all
i <n. Leti=n+1and ¢¥,41 € . Then ¢; € x for all j < n + 1. To show that
Yn+t2 = Yn+1 + Ynt1, it suffices to show that y,+1 + ¥p+1 is consistent. Suppose
not. Note that, by the TH, y,11 = ((yo + o) + --+) + ¥p. Since yp41 + Y41 is
inconsistent, L € yp11 + ¥pt1. Thus g — (Y1 — -+ = (¥pe1 — L)) € yo. Hence
FLrie Yo — (Y1 — -+ = (¥n41 — L)), contradicting the consistency of . O

Since K¢, Up and Qg are S5-modalities, the next Lemma is standard [4].
Lemma 28. The following hold for all z,y,z € MCT and O € {K,,U,Q},

(1) Oz C x.
(2) if Ox Cy and Oy C z, then Ox C 2.
(3) if Ox C vy, then Oy C x.

Definition 29. For all propositional 7, R is a binary relation over M CT such that
xRy if Qg[n?lz NPL C y.

Lemma 30. For all propositional m and x € MCT, if [n?]-0sL € x then xR x.

Proof. Suppose [17]-0; L € x. Note that Fprkge [77]-0sL — ([7?]0s7’ — [7?]7)
by the axiom (Q) and that [7?] is a normal modality. Hence [7?]Qsn" — [#7?]7’ € x
for all propositional 7/. Note also that Fyrke [7?]7’ <> 7’ by Proposition 16(1).
Therefore [7?7]Qsn" — 7" € x for all propositional 7’. Hence xR x. O

In the remainder of this section, we fix an x € MCT.
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Definition 31 (Canonical model). The canonical model for z is a structure M (z) =
(W, ~,~, N, V) where:

o W={ye MCT |Uz C y}.

e forallw,v e W, w~wvif K,w Cw.

o forallw,v e W, w=wvif Quw C v.

o forallwe W, N(w) ={R;(w)NW | 7€ PL& [1?]-0;5L € w}.

o forall p e propr, V(p)={ye W |peuy}.

Given Lemma 28 and Lemma 30, it is straightforward to verify that M (x) is
a model. In the following, for all formulas ¢, let |p| = {w € W | ¢ € w} and

[¢] = [¥lrr(e)- We recall, from Section 2, the following conventions: 7, 7', 71, 72, . . .
are matavariables for propositional formulas and |, 1, J2,... denote either ! or 7.

Lemma 32. |r| = [x] for all propositional formulas .

Proof. Simple induction on the structure of . O
In what follows, we will use Lemma 32 implicitly.

Lemma 33. Forallyp € L, w € W and finite sequences T = w141, ..., Tpdr (K >0):

[mida] - [ di| Qe € w iff for all v €z (w), [m1da] - [medi]p € v.

Proof. We consider two cases. (1) k = 0. The direction from left to right follows
directly from the definition of ~. From right to left: Suppose Q¢ ¢ w, then ¢ ¢ Qu.
By Lemma 25, Quw is a theory, so =—¢ ¢ Qw. Thus Quw + —¢ is a consistent theory
containing Quw and —¢ (Lemma 25 and 26(1)). Applying the Lindenbaum lemma,
there is a maximal consistent theory v extending Qw + —¢. Since Qw C v, by the
axiom (U), it follows that Uw C v. Since Uz C w and Uw C v, Uz C v by Lemma
28. That is, v € W. Therefore w =~ v.
(2) k # 0. We have:

[m1da] - [me di] Qe € w
iff Q[midi]--[mkdx]e € w (by the axioms ({Q) and ({Imp) and the rule (Nec))

iff for all v ex (w), [m1d1] - [mrdk]p € v (from the case k = 0)
iff for all v exz (w), [71'1 \Ll] s {ﬂ'k\]/k](p cv (%:%ﬁ)

The next lemma can be shown in the same way as the above.

Lemma 34. Forally € L, w € W and finite sequences T = w1 d1,...,Tpdr (K >0):
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[m1d1] - [T dk]Up € w iff for allv € W, [m1d] - [Tk di]e € v.

Lemma 35. Forally € L, w € W and finite sequences T = 711, ..., Tpdr (K >0):
if [mida] - [mede] K € w then for all v e~z (w), [m1d1] - [Tk dile € v.

Proof. Induction on k. The base follows directly from the definition of ~. Suppose
E=n+1,[mli] - [mTn+1dnt1]Kre € w, and v €~z (w). We consider two cases:
(1) In41=!. It follows from the axiom (!K) that

[r1da]- - [Wnin]((ﬂ'n+1 AN K (Togr = [Tug1!]9) V (2Tngn A K (2ngn — [WnJrl!]So))) cw.

Then [mr1 1] -« [Tn dn] (Tns 1 AKr (Tna1 = [Tnsalle)) € wor [mla] -+ [mn dn) (5741 A
K, (—mp+1 = [mnt1!]e)) € w. We again consider two sub-cases:

(a) mpt1 € w. Then [m1d1] - [Tpdn]7nt1 ¢ w by Proposition 16(1). Thus [m1 1
|- dn) (071 A Kp (01 — [mas1!]e)) € w. Therefore [m1 L]« [ dn
}(7‘('”_;,_1 A Kr(ﬂ'n-i-l — [7Tn+1!]<p)) € w. Hence [7['1 \1,1} oo [7Tn in]Kr(ﬂ'n—&-l —
[Tnt1l]@) € w. Since we assume that v €~z (W), v €~ryyy o oxnl, (w). Using
the TH, [m1 1] - [mn dn)(Tnt1 — [mnt1!]e) € v. Note that, since v €~z (w)
and w € [mp41], v € [mnt1] = |Tn+1|. Therefore [m1 1] - [Tndn]mns1 € v by
Proposition 16(1). Hence [m1 1] - - [mndn][mnt1l]e € v.

(b) mp41 ¢ w. Similarly to the above, it holds that [m1 1] - - [y dn][Tns1l]e € v.

(2) Int1=". It follows from the axiom (?K) that [y }1]- -+ [mn dn] Kr[mnt1?]e € w.
Since v €~z (w) and ~z=r~gy, oV €~y oo (w). Applying the TH, we
have [m1 1] - [T dn][Tne1?]e € w.

Lemma 36. Forallp € L, w € W and finite sequences @ = w1 d1,..., Tk (kK >0):
if [mida] - [medi] Kr & w then there is v €~z (w) such that [m1 1] - - [Tk di]p € v.

Proof. Induction on k. The base can be shown as in the proof of Lemma 33. Suppose
k =mn+ 1. Suppose [m1 1] [Tnt1dnt1] Kre ¢ w. We split into two cases:

(1) Jnt1=!. It follows from the axiom (!K) that
[1da] - [mn in]((ﬂ'n-&-l AN K (Tnt1 = [Tng1!]e) V (2Tng1 A K (21 — [Wn-i-l!]@))) ¢ w.

Thus [771 l«l] T [7rn in](ﬂ'n—i-l A Kr(ﬂ'n—‘rl — [7rn+1!]90)) ¢ w and [771 l«l] Tt [7rn ~Ln
(=741 A Kp(m7p41 = [Tnt1!]e)) ¢ w. We consider two sub-cases:

(a) mpy1 € w. Then [m 1] [ dn) Kr(Tnt1 — [mn+1!]e) ¢ w. Using the IH,

there is v €~ryy,  rop, (w) such that [my 1] - [mp dn] (M1 = [mng1lle) € v.
Hence 7,41 € v and [m1 1]« [mn dn)[mn+1!]e ¢ v. Note that from the former
it follows that w ~z v since |m,41| = [mnt1]-
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(b) 7p+1 ¢ w. Similar to the above.

(2) lnt1=". It follows that [my |1]-- - [mn dn]Kr[mni1?]e ¢ w by the axiom (7K).
Using the IH, there is v €~z 7. (w) such that [m J1] -+ [m dn][Tns1 7] € v.

Since N e by =TTl a1 7y WE have v E~T ey Trbn, i1 ? (w)

Lemma 37. For all propositional formulas 7 and " and w € W, if Ry (w) NW C
|7| then [7'?]Qsm € w.

Proof. Suppose [1'?7)Osm ¢ w. We show that there is y € Ry (w) "W and y ¢ |«|.
We first show that Uw U {—7} U (OQs[n'?]w NPL) is consistent. Suppose, toward to
a contradiction, that Uw U {-m} U (Q4[x'?Jw NPL) is inconsistent. Then there must
be m1,...,m € Os[n’?wNPL and 1, ..., 1Y, € Uw such that

FLRe V1A m — (ML A AT — )

Since, for each ;, Utp; € w and U is a normal modality, U(m; A--- Ay, — ) €
w. Hence Q4(my A -+- Ay — m) € w by the axioms (U) and (K-Q). Therefore
(7?7 Qs(m1 A -+ - ATy — ) € w by Proposition 16(4). Note that [7'?]Q,m; € w for
all 1 < j < n and both @, and [7'?] are normal modalities. Thus [7'?|Qs7 € w,
contradicting our assumption. Hence Uw U {—7} U (Q[7'?]w N'PL) is consistent.
By the Lindenbaum lemma, there is y € MCT such that UwU{—7}U(Qs[x"?]wN
PL) C y. Since w € W, by Lemma 28 it follows that y € W. By the definition of
R/, we also have y € Ry/(w). O

Lemma 38. For allw € W, if [r]]Osp € w then M (z),w = [1]Qgp.

Proof. Note that [7!|Osp <> [77]Qsp is an LRK®“-theorem (by Proposition 16(3))
and a validity (by Theorem 2). Therefore, it suffices to show that [77]Osp € w
implies M (x),w [= [7?]Qgp. Suppose [717]Osp € w, we need to show that for all
X € Np2(w), X C~ (w) implies X C V(p). We consider two cases:

(1) m € w. Since X € Ny72(w), X € N(w) and X C [r] = |x|. From the former
it follow that there is 7/ with X = R/(w) N W. Thus, by Lemma 37, [7'?]Os7 € w.
Since we assume that [7?]Qgp € w, by the axiom (Trans) it follows that [7'?]Osp € w.
Thus X = Ry (w) N W C V(p).

(2) m ¢ w. Since X € Np2(w), X € N(w) and X C [-n] = |-7|. From
the former it follow that there is 7’ with X = R,/(w) N W. Thus, by Lemma 37,
[7'?]0s—m € w. Since we assume that [7?]Qsp € w, [-77]Osp € w by Proposition
16(2). From the axiom (Trans) it then follows that [7'?]Qsp € w. Thus X =
Ry (w)NW CV(p).

Lemma 39. For allw € W, if [ ||OQsp ¢ w then M(x),w = [7]]Osp.
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Proof. Since [1!]Qgp <> [77]Osp is an LRK“-theorem (by Proposition 16(3)) and a
validity (by Theorem 2), it suffices to show that [7?]Qsp ¢ w implies M (x),w B~
[7?]Qsp. Suppose [1?]Qsp ¢ w and m € w (the case m ¢ w can be shown similarly).
It suffices to show R;(w) N W is the desired X. That is to show:

(1) Re(w)NW € Nyo(w),
(2) Rr(w)NW C~ (w), and
(3) Br(w)NW £ V(p).

For (1), it suffices to show that R;(w)NW € N(w) and R (w)NW C [r] = ||.
For the latter, note that, for all v € R;(w), Os[n?Jw N PL C v. Because we
assume ™ € w, [77]Osm € w by Proposition 16(5). Thus © € v. For the former,
we show that [77]-0sL € w. Since [7?]OQsp ¢ w, we have [77]OsL ¢ w because
Frrige [77]0sL — [77]Ogp. Thus (77|05 L € w. It follows from the axiom (]Neg)
that [7?]-05L € w.

For (2), it suffices to show that w ~ v for all v € R;(w) NW. Suppose K,¢ € w.
Then Q¢ € w by (K-0). Since w is closed under (Rf}), there must be ¢ such that
U(q ¢ ¢) € w. Hence Osq € w. By Proposition 16(4), [7?7]Qsq € w. Thus q € v.

Besides, since v € W, Uw C v by Lemma 28. Hence ¢ <> ¢ € v. Thus ¢ € v.
Finally, (3) follows directly from Lemma 37.

Lemma 40. For all w € W and all finite sequences T = 711, ..., 7xdx (K >0):

[m1da] - [T bkl Osp € w iff M(2),w = [m1da] - 7 da] Osp.
Proof. Let P be the set of propositional formulas,_among 1 to 7, that are contained
inwand P={m,...,m}\ P. Then APA-V P € wand M(z),w =APA-VP.
[mida] - [mede]Osp € w
iff [(AP A=V P)?OQsp € w (by the axiom (!7))
iff M(z),w k= [(APA-V P)?0sp (Lemma 38 and 39)
ifft M(z),w = [midi] - [medr]Osp (by the validity of the axiom (!7))

Lemma 41 (Truth). Let ¢ € L. For all w € W and for all finite sequences
7=md1,. .., mdr (K >0):

[m1da] - [T dile € w iff M(2)z,w = .

Proof. Induction on d(¢). The 8 cases below cover the base and the inductive step.
Cases p, —p, and ¢ — . Trivial.
Case K,p. This follows from Lemmas 35 and 36 and the IH.
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Case Uy. This follows from Lemma 34 and the IH.
Case Q. This follows from Lemma 33 and the ITH.
Case O;p. We first note the following facts:

(1) [mda]- - [mda]U < ) = ([mda] - 7 ] Osp < [mda] - - [ Ja] Qs ) s
an LRKY-theorem and a validity.

(2) For all formulas ¢, since [m1 1] - [m dx](@ A =) ¢ w by the consistency of
w, there must be an atom p such that [71l1] - [mxd&] (U (p <> ¢)) ¢ w as w
is closed under the rule (Rg;). That is, [m1 1] [ de](U(p <> ¢)) € w.

Then we have:

[rida] - [me Lk] Qs € w

iff for all p, if [m1 1] -« [mk Jk]U(p <> ) € w then [y |1] - - - [mx k] Osp € w
(down by (1) and up by (2) and (1))

iff for all p, if M (z)z,w = U(p <> ¢) then [m1 1] [7dx]Osp € w
(Proposition 4(2) and IH)

iff for all p, if M(x)z,w = U(p <> ¢) then M (z)z, w | Ogp (Lemma 40)
iff M (z)s,w = Oy (up by (1), down by (2), TH, and (1))
Case [¢) |]p. We first note the following fact:

(3) [mida] - [me lU(p > ¥) = ([m ] - - [ dal[p e 0 [moda] -« [me il [0 L)
is an LRK®“-theorem and a validity.

Then we have:

[m1da] - [T de][¥ o € w

T for all p, if [m1 1] [mi LU (p > ) € w then [y 1] - [mi l[p Up € w
(down by (3), up by (2) and (3))

iff for all p, if M(x)z, w = U(p <> v) then M(x)z,,w = ¢
(Proposition 4(3) and IH)

ift M (2)z,w = [ 4 (up by (3), down by (2), TH, and (3))
Theorem 3 (Completeness). The aziomatization LRK" is weakly complete with

respect to the semantics. Thus, the axiomatization LRK 1is also weakly complete
with respect to the semantics.

Proof. Suppose /Lrk« ¢. Then {—¢} is consistent. By the Lindenbaum lemma,
there is a maximal consistent theory x containing —¢. By the Truth lemma, we have
M (z),z = —p. Hence [~ . O
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7 Related Work

Deontic logic for epistemic actions. In general, LRK is a deontic logic for actions
in the epistemic context. Several attempts at developing deontic logic for epistemic
actions can be found in the literature, e.g., [2], [1], and [15].

A logic of permitted announcements is developed in [15]. The logic is based on
the idea that a piece of information ¢ is permitted to be announced (Pyp) if the epis-
temic state after the announcement is ideal. The notion of epistemic state can be
understood either syntactically or semantically. Syntactically, an epistemic state is
just a set of epistemic formulas representing the knowledge of an agent. In contrast,
from the semantic perspective, an epistemic state is a set of indistinguishable possi-
ble worlds by an agent. In [15], two semantic definitions of permitted announcements
have been proposed based on the two understandings of epistemic states. Interest-
ingly, the two definitions are shown to be equivalent, in the sense that they give
the same set of logical validities. In this paper, we consider epistemic states as a
semantic notion and apply the “neighbourhood epistemic model” introduced in [15].
Formally, a neighbourhood epistemic model is a structure M = (W, ~, N, V) where
W, ~, and V are the same as in the standard epistemic models (S5 models) and
N : W — p(p(W)) is a neighbourhood function assigning a set of ideal epistemic
states to each possible world. Note that the public announcement of a proposition
 may restrict the current epistemic state to only those possible worlds satisfying .
Hence, in [15], the formula Py is interpreted such that it is true at a possible world
w iff the epistemic state after the announcement of ¢ is contained in N(w). In this
paper, we employ a similar idea to provide semantics for obligatory announcements.

In [2], two binary operators P (v, ) and O(1), ¢) are introduced to express the
notions that “after announcing 1, it is permitted/obligatory to announce ¢”. It
is clear that our operator Qgp can be expressed in their framework as O(T, ).
Conversely, the operator O(%), ¢) can be expressed as [!]|Os¢ in LRK. In [2], a
ternary relation P C S x p(S) x p(S) is used to provide the semantics for O(v, )
in such a way that M,s | O(¢, ) iff for all (s, [¢]rm,S”) € P,S" C [{(¥)¢]um,
where S is the domain of the model. The major difference between the semantics
for Qs and O(v, ) is that our operator Qg is specific to the receiver’s knowledge.
This is reflected in the fact that the formula K, (¢ — ) — (Qsp — Q) is valid
in LRK whereas not in the logic of [2]. We think that LRK is more suitable for
reasoning about obligatory announcements in the context of, e.g., database security
because the receiver’s initial knowledge is crucial for the sender’s decision on which
information should be disclosed, as suggested by Example 9.

An alternative definition of obligatory announcements has also been proposed
in [1, Definition 10]. Aucher et al. [1] define the obligatory message of a security
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monitor as the minimal informative message such that, by sending it, the privacy
policy compliance is restored. Clearly, the notion of “obligatory message” is different
from the notion of obligatory announcements in our paper and [2]. However, a
detailed conceptual analysis of the difference is beyond the scope of the paper.

Logic of questions. The semantics of questions or interrogatives has received much
attention in logic, see [10]. The basic idea is that the meaning of a question is what
counts as an answer to that question. For example, the question “Is it raining in
Guangzhou?” has two possible answers: “It is raining in Guangzhou” and “It is not
raining in Guangzhou”. Observe that they are both propositions and, furthermore,
they logically exclude each other and are jointly exhaustive. Hence, some logicians
propose that questions can be represented semantically as a partition over the set of
all possible worlds (or the logical space), e.g., [10], [6], and [25]. The semantics for
questions proposed in [10], [6], and [25] are different from each other. In this paper,
we follow the approach in [25], because it is a conservative extension of the standard
epistemic logic and we want to focus on formalizing the power to know.

In [25], the so-called epistemic issue models are used to provide the semantics for
questions. Formally, they are structures M = (W, ~,~, V) where only the equiva-
lence relation ~ on W (or, equivalently, a partition of W) is novel. In addition to the
modality K¢ for knowledge, there are two new modalities Uy and Q¢ in [25] with
the same interpretations as in our paper. The notion that “the question whether ¢
is one of the current issues” is then expressed as the formula U(Qy V Q—¢).

As mentioned above, the idea behind the logic of question in [25] is that a set
of questions can be represented as a partition over the logical space. But the logic
remains neutral about where the partition or the set of questions is induced. For
example, it can be induced either by a conversation, or by a game, or even by a
research program [25]. In this paper, we assume that the partition is induced by
the part of a normative system, such as a privacy policy, stipulating the questions
to which the receiver has the power to know the answers.

Our work is closely related to [25] as the fragment of LRK without the operators
Os¢, [¢?]e and [p!]e is roughly a reinterpretation of the static logic ELq in [25].
However, there is also an important difference between our paper and [25]. In [25],
there is also a dynamic operator [p?]i) expressing that ¢ holds after asking the
question whether . But the effect of [p?] is to add the question 7 to the set of
current issues. In contrast, the operator [r:¢?]y in LRK captures the deontic aspect
of asking questions. It seems more appropriate to interpret the operator [r:?] in
LRK as the action that commands the sender to inform whether .

Logic of legal rights. The right to know or epistemic rights is a form of right.
Works on the logical analysis of legal rights include, e.g., [14, 17, 18, 13]. Recent
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works on the topic investigating explicitly the power type of right include [19, 23, §].
Given that these works are on general (power-)rights, one may wonder why there
is a need to develop a separate logic for epistemic rights. One reason is that there
are some valid reasoning patterns for epistemic rights that do not hold for general
rights. For example, the formula R,p — R,—p is valid in LRK. However, it would be
counterintuitive if we interpret the operator R,p as general power-rights: a registrar
has the power to declare a marriage, but the registrar has no power to declare a
divorce.

In our paper, we treat the power to know as an independent notion (from oblig-
atory announcements). As pointed out by [8], there exist two different approaches
formalizing legal power: an earlier tradition reduces power to (a combination of) obli-
gations, permissions, and actions ([14, 17]); whereas the other (e.g.[18, 13]) holds
that power is not reducible to static normative positions, which follows the original
separation of Hohfeld (see [19]). Thus, our work adopts the second approach.

8 Conclusion and Future Work

In this paper, a logic LRK was introduced for reasoning about the power to know,
the obligatory announcements, and the dynamics of questions and public announce-
ments. We explored some (in)validities of LRK, where the interaction between the
power to know and the obligatory announcements has been highlighted. We showed
that the incorporation of the two dynamic operators in LRK increases the expres-
sive power, thus no DEL-style reduction axiomatization exists for LRK. Our main
technical contribution is a sound and complete axiomatization for LRK.

There are many directions for future research. A natural task is to investigate
the computational complexity of LRK. We can also consider extensions to LRK.
E.g., it is interesting to reason about the ability of the receiver in LRK since the
receiver may use their power to know by asking (a sequence of) questions. Other
extensions to LRK include “the power not to know” [20], the actions of adding or
removing the receiver’s power to know, and extensions to the multi-agent case.
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A Technical Appendices (Proofs)

Proof of Proposition 16.

(1) Simple induction on the structure of 7.

(2) Since ¢ +» = is a propositional tautology, by the rule (Nec) it follows that
F U(p <> 7). Hence, by (U]) and propositional logic, I [p ] <> [-el].
(3) As an instance of the axiom (17), we have:

F [l Osn’ < (T A7 A[(T A=m)?]Osn") V (m AT A[(m A T)?|On).

Since F [7?]0s7" < [(m A T)?)|Os7’ and F [7?7]O0s7" <> [(T A7) ?]Osn” (by the axiom
(U])), from propositional logic it follows that b [7!|Os7’ < [7?]Os7’.

(4) As an instance of the axiom (Trans), we have - [T?]Qm — ([7'?7]0sT —
[7'?]Q47). Note that, as an instance of the axiom (!7), we have F Qym <> [T?]O4r.
Hence - Qg — ([7'?7)0s T — [1'?7]O47). Note also that - [7'?]Qs T since both [7'7]
and O, are normal modalities . Therefore, - Qs — [7/?]Q47.
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(5) By (1), F m — [#!]7 and thus F K,(m — [#!]7) by (Nec) and (U). By the
axiom (!K) and propositional logic, we have - 7 — ([7!|K,7m <> K.(m — [rl]7)).
Therefore, - 7 — [r!]K,m. Note that - K,m — Qg7 by the axiom (K-0). Hence
F [ K,m — [7!]Qg7 since [7!] is a normal modality. Hence 7 — [7!]Q4m. By item
(3), it follows that - 7 — [7?]O4m7.

Proof of Proposition 17.

Let M = (W,~,~, N,V) be an arbitrary model and w a state of M. Suppose
M,w = [11?]Qsmy and M, w |= [737]0sm1. We consider two cases: (1) M, w [~ 7.
Then M ,2,w = m since mp is propositional. Since Mr,?, w = Qgmy, it follows that
there is no X € Ny 2(w) with X C~rp2 (w). Therefore My,2, w = Ogmy. Namely
M,w = [m3?]Qgma. (2) M,w = 7. Since M, w = [71?]Q4ma, it follows that for all
X C Npp2(w), X Crpye (w) implies that X C [ma]as. Since M, w = 71, we have

for all X € N(w), X C [m]a and X C~ (w) implies that X C [m]an (A1)
Since we also assume that M, w = [r3?]Qsm1, we have
for all X C Np,2(w), X C~ (w) implies that X C [m]n (A.2)
Thus, by (A.1) and (A.2), we have
for all X C N ,2(w), X C~ (w) implies that X C [ma]s (A.3)

Hence M, w = [m3?]Q4ms.

Proof of Lemma 18.
We show only (1). Let M = (W, ~,~, N, V) be an arbitrary model and w a state
of M. Suppose M, w [= 71 Ame, we show that M, w = [m1 }][m2?]Qsm <> [m1 AT 7] Q.
If |=7, we have:
M, w = [m1?][m2?]Qgm
iff (Mz,2)ry7,w = Qg
iff VX € (Nmy2)my2(w), X C~ (w) implies X C [7]ar, o), = [7]m

iff VX € N(w) with X C [m A me]ar, X C~ (w) implies X C [7]
(m1 and o are propositional and they are true at M, w)

IH Mm/\m?,w ): @57['
iff M,w = [m Am?]Qm
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Otherwise |=!, we have:

M, w E [m!][m?]Osm
iff (Mry1)ry?,w = Qg
iff VX € Npy2(w), X Sy (w) implies X €[], o), = [7]m
iff VX € N(w) with X C [ma]ar, if X C~ (w) and X C [m1]ar, then X C 7]

iff VX € N(w) with X C [m A mo]ar, X C~ (w) implies X C [7]as
(m1 and my are propositional)

iff M7n/\7r277w ): Qs
iff M,w = [m Am?]Qm

Proof of Proposition 19.

Induction on the value of n. The base is to show that = Qs + [T?]Qgm,
which is obvious as Mt7 = M for all models M. Suppose that (I7) is valid when
n = k. We show that it also holds when n = k + 1. Let M = (W,~,~, N,V) be
an arbitrary model and w a state of M. Let P be the set of propositional formulas,
among 7y, ..., Tk11, that are true at w. It suffices to show that

M,w = [mdi] - [Tt des1]Osm > [(/\ P A= \/({71'1, coos i1t \ P))?Osm (A4)
We have the following equivalent statements:

M, w = [mda][made] - - [Ths1 bkt 1] OsT
i Mz, w = [mada] - [Thg1 bk 1] Osm

iff Mﬂlil,'w ): [(/\({7‘[‘2,.. . ,7Tk+1} ﬂp) /\—|\/({7T2,. . .,7rk+1}\P))?}@s7T
(IH and Mwwl,w ): /\({Wg,...,ﬂk+1}mp) /\—\\/({71'2,...,71';{4_1}\]3))

iff M,w ): [ﬂ'lil][(/\({ﬂ’g,...,ﬂ'k+1} NP)A —\\/({71'2,... ,7Tk+1}\P)>?]@S7T

Note that M,w = /\({7T2,...,7Tk+1} N P) A —|\/({772,...,7rk+1} \P). If m; ¢ P
(namely, M, w = 1), by Lemma 18 it follows that

M,wE [71'1\[,1][(/\({77'2, cey M1 N P) A \/({7‘(2, ooy Tht1 )\ P)) 207
(APA=N{m, .. w1} \ P)?]0sm (AL5)
If m; ¢ P, by Lemma 18 it also holds that (A.5). Therefore (A.4) holds.
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Proof of Lemma 25.

We show only (2): We first show that Ox contains all LRK®-theorems. Let
FLrie ¥. Then Frrke O by the rules (Nec) and the axiom (U). Since z contains
all LRKY-theorems, Ot € x. Thus ¢ € Oxz. We then show that Ox is closed under
the rule (MP). Suppose ¥,1¢ — x € Oz. It follows that O, 0(1) — x) € 2. Note
that Frrxe O(¢Y — x) — (O¢ — Ox) by the axiom (S5). Thus O(¢p — x) —
(Oy — Oyx) € z since z is a theory. It then follows that Oy € z since z is closed
under (MP). Hence x € Oz. To show that Oz is also closed under (R§}), suppose
E(-U(p +» p)) € Oz for all p € PROP. Then O&(-U(p <+ ¢)) € x for all p € PROP.
Note that O&(f) is a necessity form. Thus O&(p A —g) € z since x is closed under
(Ry). Therefore £(¢ A ) € Ou.
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