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Abstract

We present an authorization logic DTLg that explicitly relativizes reasoning to beliefs
of principals. The logic assumes that principals are conceited in their beliefs. We
describe the natural deduction system, sequent calculus, Hilbert-style axiomatization,
and Kripke semantics of the logic. We prove several meta-theoretic results including
cut-elimination, and soundness and completeness for the Kripke semantics. Translations
from several other authorization logics into DTLg, as well as formal connections between
DTLg and the modal logic constructive S4 are also presented. Finally, a related logic
BLg is considered and its properties are studied.
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1 Introduction

Authorization refers to the act of deciding whether or not an agent making a request
to perform an operation on a resource should be allowed to do so. For example, the
agent may be a browser trying to read pages from a website. In that case, the site’s web
server may consult the browser’s credentials and a .htaccess file to determine whether
to send the pages or not. Such access control is pervasive in computer systems. As
systems and their user environments evolve, policies used for access control may become
complex and error prone. This suggests the need for formal mechanisms to represent,
enforce, and analyze policies. Logic appears to be a useful mechanism for these purposes.
Policies may be expressed as formulas in a suitably chosen logic. This has several merits.
First, the logic’s rigorous inference eliminates any ambiguity that may be inherent in
a textual description of policies. Second, policies may be enforced end-to-end using
generic logic-based mechanisms like proof-carrying authorization [8-10, 40]. Third, by
writing policies in a logic, there is hope that the policies themselves can be checked for
correctness against some given criteria (see e.g., [3, 33, 42, 44]).

Whereas first-order logic and sometimes propositional logic suffice to express many
authorization policies, decentralized systems pose a peculiar challenge: how do we ex-
press and combine policies of different agents and systems? This is often necessary
since policies and the authorizations derived from them may vary from system to sys-
tem. Policies of different users, programs, and systems may also interact to allow or
deny access. To model such decentralized policies, Abadi and others proposed logics
with formulas of the form K says A, where K is an agent or a system (abstractly called
a principal) and A is a formula representing a policy [6, 39]. The intended meaning of
the formula is that principal K states, or believes that policy A holds. From a logical
perspective K says - is a modality and the logic is an indexed modal logic with one
modality for each principal. We call such a modal logic an authorization logic. In the
past fifteen years there have been numerous proposals describing authorization logics
that differ widely in the specific axioms (or inference rules) used for K says - [2, 3, 8
10, 21, 23, 25, 31-33, 40, 41]. One emerging trend is the increased use of intuitionistic
logics for authorization (e.g., [3, 25, 29, 31-33, 40, 50]) as opposed to classical logics.

This paper presents a new intuitionistic authorization logic called DTLq. This logic
is peculiar in a certain respect: it abandons the usual objectivity in reasoning from
hypothesis, relativizing hypothetical reasoning to principals. The hypothetical judgment

of the logic has the form I' X, A, which means, up to a first approximation, that principal
K may reason from hypothesis I that A is true. While principal K reasons, K says A
implies A for each A, thus making all policies local to K available. This may not be
true when another principal K’ reasons. Reasoning of different principals may interact
through the says connective. Although this choice of binding hypothetical reasoning to
principals may be unintuitive from a philosophical point of view, it seems quite apt for
reasoning about authorization policies.

Our primary interest in developing DTLg is deployment in proof-carrying authoriza-
tion [8-10, 40]. Hence our main focus is DTLg’s proof-theory, especially a natural deduc-
tion system (with proof-terms) and a sequent calculus, which we describe in detail. We
prove several meta-theoretic properties of both formulations, including cut-elimination
for the sequent calculus. We also present a Hilbert-style proof system for DTLg, and



sound and complete Kripke semantics. The principal-centric reasoning of DTLg reflects
in the Kripke semantics: worlds are explicitly associated with principals who may view
them. This suggests that principals in DTLg may be related to nominals from hybrid
logic [15, 20, 22]. We also show that DTLg is a generalization of constructive modal
S4 [7, 46], and describe a sound and complete translation from DTLg to multi-modal
constructive S4.

Besides investigating the theory of DTLg, a second goal of this paper is to understand
how the logic relates to existing authorization logics, and to the numerous logic-based
languages for writing authorization policies (e.g., [11, 24, 37, 47]). In this regard we
present simple, syntax directed translations from several families of authorization logics
and an authorization language to DTLg, thus showing that DTLg is at least as expressive
as each of them. These translations are part of a more ambitious effort to establish a
common framework in which policies written in different logics and languages may be
combined. Some initial work in this direction using modal S4 as foundation may be
found in earlier work [31].

DTLy is a fragment of a larger authorization logic, DTL, which we are currently
developing. The latter is quite broad, incorporating first-order quantifiers, explicit time
for modeling time-bounded policies [25], and linearity for modeling consumable creden-
tials [19, 21, 32]. Detailed investigation of these constructs is the subject of ongoing
work. Besides these, there are some other aspects of authorization logics such as com-
pound principals and delegation [6, 31, 39] which we also plan to investigate in the
future. On a more practical note, we are implementing a file system with proof-carrying
authorization based on DTL. We also plan to develop policy analysis tools using DTL.

By itself, this paper makes three main contributions. First, it presents the logic
DTLy, investigating in detail its proof-theory (Sections 2 and 3). Second, it presents
simple, intuitive translations from several existing policy formalisms to DTLg, thus tak-
ing a step towards a common foundation for combining policies represented in different
formalisms (Section 5). A third, albeit minor contribution of the paper is sound and
complete Kripke semantics (Section 4), which are relatively rare for authorization log-
ics; the only other examples we know of are semantics for lax-like modalities [31], and
those for an earlier logic based on the modal logic K [6]. We omit a description of large
examples from this paper, leaving them to a separate paper.

2 The logic DTL,

DTL extends propositional intuitionistic logic with a principal-indexed modality, K says
A. Principals, denoted K, are abstractions for users, programs, machines, and systems,
that either create policies or request access to resources. We stipulate a fixed set of
principals Prin, pre-ordered by a relation written >=. K; = Ks is read “principal K3
is stronger than principal K5”, and entails that K7 says A implies K5 says A for every
formula A. We assume that Prin has at least one maximum element, called the local
authority (denoted ¢).! The syntax of formulas in DTLq is shown below. P denotes

1To the best of our understanding, the term local authority as used here was first introduced in the
preview implementation of the language SecPAL [1].



atomic formulas.
AB,C 2= P|AANB|AVB|T|L|ADB| KsaysA

Axiomatic Proof-System. A Hilbert-style proof-system for DTLg consists of any
axiomatization of propositional intuitionistic logic (see Appendix C for one possibility),
and the following rules and axioms for K says A. We write - A to mean that A is
provable without assumptions (i.e., that A is a tautology).

Fg A
_ (nec)
Frg K says A
Fu (K says (A D B)) D ((K says A) D (K says B)) (K)
Fu (K says A) D K says K says A (
g K says ((K says A) D A) (C)
Fu (K says A) D (Kysays A) if K1 = Ko. (S)

==

(nec) and (K) are the usual necessitation rule and closure under consequence axiom for
normal modal logics (see e.g., [14]). (4) is also standard from modal logics such as
S4. (C) is the characterizing axiom of DTLg. It has been used to characterize conceited
reasoners in doxastic logic (hence the name C) [48]. Intuitively, the axiom means that
every principal says that all its statements are true. Although the propriety of this axiom
in the context of doxastic reasoning has been questioned (e.g., [48]), it seems quite useful
for authorization. The axiom (S) means that whenever principal K believes a formula
A, every weaker principal Ko believes it as well.

The following properties may be established in DTLgy. Fg A means that A is not
valid in the stated generality (although specific instances of A may be valid). A = B
denotes (A D B) A (B D A).

Fu (£says A) O (K says A)

Fr (K says K says A) = (K says A)

Hig A D K says A

Ve (K says A) D A

Fu (K says (A A B)) = ((K says A) A (K says B))

Vu (K says (AV B)) D ((K says A) V (K says B))

Ve L

Vu (K says A) D (K’ says K says A)
Defined Connectives. The last property above means that if K says A, not every
principal K’ may believe this. In some cases, this may not be desirable, since some
policies may be stated and published by K and in these cases we may expect that

K’ says K says A. In particular, if K issues a credential containing a policy, we may
want that the policy be believed by all principals. Further, there may some policies



that are believed by all principals. To model such published and shared policies, we
introduce two defined connectives in the logic. The first connective, global A, implies
K says A for each principal K, and may be understood as the statement that A is a
common belief of all principals. The second connective, K publ A (read K publishes A)
implies K’ says K says A for each K’, and intuitively means that K publishes the fact
that it believes A. We define,

global A ey says A
K publ A & global (K says A)

It is easy to check that the following hold.
Frr (global A) D K says A
Frr (global A) O K publ A

(

(
g (K publ A) D K says A
Fu (K publ A) D K’ says (K says A)
(

Vi (K says A) D K publ A

Example 2.1 (Policies in DTLg). We illustrate the use of DTLg for expressing autho-
rization policies through a simple example. Suppose that the principal OAL (Online
Academic Library) represents an online repository of scientific articles. Academics in-
stitutions (such as CMU) may buy corporate subscriptions that allow all their members
to download articles from OAL. It is up to the subscribing institutions to tell OAL
who their members are. Alice is an individual who wishes to download an article from
OAL. Let the formula downloadAlice mean that Alice may download articles from OAL,
and let memberAliceCMU mean that Alice is a member of CMU. Further, let us assume
that CMU has a subscription at OAL. The following represent possible policies of the
principals.

1. OAL says ((CMU says memberAliceCMU) D memberAliceCMU)
2. OAL says (memberAliceCMU D downloadAlice)
3. CMU publ memberAliceCMU

The first policy, stated by OAL, means that if CMU says that Alice is its member, then
this is the case. The second policy, also stated by OAL, means that if Alice is a member
of CMU, then she may download articles. The third policy, stated and published by
CMU, means that Alice is a member of CMU. It is easy to check that these three policies
entail the formula OAL says downloadAlice in DTLg, and that this would not be the
case if we changed publ to says in the last policy.



3 Structural Proof Theory

Next we develop the structural proof theory of DTLg, namely a natural deduction system
and a sequent calculus. Besides explaining the meanings of connectives precisely, the
natural deduction formulation provides a syntax for proof terms that are a basis for
proof-carrying authorization (our intended deployment for DTLg). The sequent calculus
is necessary to prove some of the theorems in later sections. We also expect that the
sequent calculus will be useful in proof-construction, which is also essential for proof-
carrying authorization.

We follow Martin-Lo6f’s judgmental method in developing the structural proof theory,
and maintain a strong distinction between formulas and judgments [43]. The presen-
tation of the natural deduction system is more directly based on Pfenning and Davies’
work on constructive S4 [46], whereas the presentation of the sequent calculus is inspired
by previous work of the author and others on multi-modal S4, also done in the context
of access control [32]. In Section 3.6 we show that the natural deduction system, the
sequent calculus, and the axiomatic system described earlier are equivalent.

3.1 Natural Deduction

In Martin-Lo6f’s approach to type-theory and logic, formulas are distinguished from judg-
ments. The latter are the objects of knowledge that may be established through proofs.
Formulas are the subjects of judgments. For DTLg, we use two basic (categorical) judg-
ments: A true, meaning that formula A is true, and K claims A, meaning that principal
K believes or claims that formula A is true. The two categorical judgments do not entail
each other in general. We often abbreviate A true to A, if it is clear from context that
we mean the judgment A true and not the formula A.

Of course, in order to represent policies, it is necessary to combine claims of prin-
cipals using connectives. Since judgments are distinct from formulas, and connectives
only apply to the latter, we cannot use the judgment K claims A directly for in such
representations. Accordingly, we internalize the judgment K claims A into the syntax
of formulas as K says A. In other words the judgments (K says A) true and K claims A
are equivalent. Since K says A is a formula, it may be combined with other connectives.

Hypothetical Judgments

Reasoning from hypothesis or assumptions is a basic tenet of logic. Logics invariably
allow hypothetical judgments of the form I' = A, meaning that the assumptions in I'
entail formula A. A distinguishing characteristic of DTLg is that hypothetical reasoning
is always performed relative to the beliefs of a principal K, which we indicate in the
hypothetical judgment; we write I' F A.2 Formally, K is called the context of the
hypothetical judgment, or the context of reasoning. The hypothesis are a (possibly
empty) multiset of categorical judgments:

' :== - |T,Ctrue | T, K’ claims C

Reasoning in DTLg is guided by three basic principles. The first principle, called the
context principle, describes how the context K affects reasoning.

2 A represents the judgment A true, not the formula A, but we usually elide the judgment name true.



Context principle. While reasoning in context K, the assumption
K’ claims A entails A true if K/ > K.

We incorporate this principle into the natural deduction system by the following rule of
inference.
K' =K

claims
I, K' claims AFE A

Based on the context principle, we may define the meaning of the hypothetical judgment
I' H5 A precisely as follows:

“Assuming that beliefs of principals stronger than K are true, the hy-
pothesis T" logically entail that A is true”.

Although this choice of relativizing hypothetical judgments to beliefs of principals is
non-standard, it seems quite useful from the perspective of access control, where an au-
thorization may succeed or fail, depending on the policies applicable in the surrounding
context.

Our second guiding principle, called the substitution principle, elaborates the mean-
ing of hypothesis. It states that a hypothesis A true used in a proof may be substituted
by an actual proof of the hypothesis.

Substitution principle. I' H%¥ A and ', A % C imply T' -5 C

Unlike the context principle which is incorporated directly as a rule in the natural
deduction system, the substitution principle is established as a theorem.

Our third guiding principle, called the claim principle, defines the relation between
the judgments K claims A and A true. Informally it states that K claims A holds if
we can establish A true in context K from the claims of principals stronger than K.
Formally, we define an operator I'|x that restricts the hypothesis I' to the claims of
principals stronger than K.

Mg = {(K'claimsC)eT | K' = K}
The claim principle may then be written as follows.
Claim principle. T'|x F5 Aand I, K claims A FX C imply ' -5 C.

Like the substitution principle, the claim principle is admissible as a theorem in the
natural deduction system. In fact, we prove the two principles simultaneously in a
single theorem (Theorem 3.2).

Inference Rules

The inference rules of the natural deduction system are summarized in Figure 1. The
most basic inference rule is (hyp). It means that if A true is a hypothesis, then A must
be true.

.
T ARK 4P

The rule (claims) captures the context principle as described earlier. The remaining rules
are directed by the connectives of DTLg. For each connective, there are introduction



K' - K .
hyp claims

INAFE A I',K' claims AFX A
Ix F¥ A X" KsaygsA T, K claims AFK C
—————saysl ; saysE
I' 5 Ksays A r+% ¢
r+%4 FI—KB/\I F}—KA/\B/\E r¥AnB
TFXAANB TFE A ! rX B 2
%4 r-%nB r-AavB T,A+fC T,BHEC
r+XAvB % AvB r&c
X1 I,A+X B r-4->B T+HKA
1 ———1E — I - SE
5T % ¢ r+%4-B '+ B

Figure 1: Natural Deduction for DTL

rules (marked I) that specify how a proof of the connective may be constructed directly,
and elimination rules (marked E) that specify how a proof of the connective may be
used. In the following we describe briefly the rules for says.

How can we establish (K says A) true? Since (K says A) true is equivalent to
K claims A, the claim principle tells us that (K says A) true may be established if we
can establish A true in context K using assumptions of principals stronger than K. This
is exactly what the rule (saysl) captures:

Dl FE A
5" K says A

saysl

Dually, how can we use the fact (K says A) true? Again, since (K says A) true and
K claims A are equivalent, from the fact (K says A) true, we should be able to assume
K claims A. This is captured by the elimination rule (saysE):

-5 K says A I', K claims A e
r+5c

saysE

Rules for the connectives A, Vv, T, L, and D are standard, with the exception that there
is a context associated with each hypothetical judgment. We elide a description of these
standard rules.

3.2 Meta-Theory of the Natural Deduction System

Having seen all the rules of the natural deduction system, we now seek to prove that
the substitution and context principles are admissible in DTLg. Before doing that, we
establish another fundamental property called subsumption that is needed to complete
the proof. Subsumption states that weaker contexts make more formulas provable.
Intuitively, this follows from the definition of hypothetical judgments.



Theorem 3.1 (Subsumption). K = K’ and T -5 A imply T 5" A.
Proof. By induction on the derivation of I' & A. O

The following theorem formally states that both the substitution and claim principles
hold.

Theorem 3.2 (Substitution and Claim). The following hold.
1. THE A and T, A true FX C imply T HE C.
2. Tlg F5 A and T, K claims A X' C imply T HX' C.

Proof. By simultaneous induction on the second given derivations. In the case of (2),
rule (claims) we use Theorem 3.1. O

3.3 Proof Terms

The natural deduction system described above may be augmented with proof terms in
the usual way. We use standard notation from the A calculus for denoting most parts of
proof terms; new notation is introduced only for the introduction and elimination forms
of says. The syntax of proof terms is summarized below. z,y denote variables.

t == x| Az.t|tyta]| (t1,t2) | projit| projot| ()| abortt
inl ¢ | inrt | case(t,z.t1,y.t2) | {t}x | ti=x.l2

The constructors {t} x and t;=-z.t9 are the introduction and elimination forms for K says
A. The variables z,y in A\z.t, case(t,x.t1,y.t2), and t;=z.ty are bound. We identify
terms up to a-renaming of such bound variables.

Figure 2 shows the modified inference rules with proof terms. As usual, we name
all assumptions in I" by associating unique variables with them. We do not need to
syntactically distinguish between variables associated with assumptions A true and those
associated with assumptions K claims A. Hypothetical judgments are augmented with
proof terms; they take the form I" FX ¢ : A. The definition of Ik is lifted to include
variables: I'|x = {(z : K’ claims C) € T' | K’ = K}.

Once again, we can prove a subsumption principle:

Theorem 3.3 (Subsumption). K = K’ and T 5t : A imply T H5' ¢ : A.
Proof. By induction on the derivation of I' 5 ¢ : A. O

Let [t1/z]|t2 denote the capture avoiding substitution of ¢; for all occurrences of x
in 2. (We elide the obvious definition.) The substitution and claim principles (Theo-
rem 3.2) may be modified, obtaining the following new principles.

Theorem 3.4 (Substitution and Claim). The following hold.
1. THE t1: A and T,z : Atrue FX to 0 C imply T HE [ty /z]ts : C.
2. Tl F5 t1: A and T,z : K claims A FE' 4y O imply T K [t1/x]ty : C.

Proof. By simultaneous induction on the second given derivations. O



K =K

h claims
F,x:AI—Kx:Ayp Iz: K claims AFE z: A
T FX¢t: A THE 4 KsaysA  D,x: K claims AFX ty: C
= saysl = saysE
I'F* {t}k : Ksays A I'E* ti=aty: C
T4 :A4 THCt:B IF5¢:ANB IF5¢:ANB
K A K- AR} —x S NE
D" (t1,t0) : AN B I'H%projit: A ' -"proj,t: B
PEE¢: A r-%t¢.B

\/Il \/IQ

r+%in1t: AV B IH%inrt: AV B

I'%t:AvB Tx:AFEt :C T,y:BHEt:C

VvV E
I HE case(t,x.ty,y.ts) : C

PEE¢: 1
I —% - 1E
=0T I'-"abortt: C
Le:AFXt:B 5t :A>B  THEty: A
K ol % DE
'H* \zt: ADB 't t: B

Figure 2: Proof terms for DTLg

Local Reduction and Local Expansion

Pfenning and Davies proposed two general principles to verify that the inference rules
in a natural deduction system fit well with each other [46]. They called these principles
local soundness and local completeness. In the following we present these principles for
DTLg with proof terms. Analogous principles may also be obtained at the level of proofs
instead of proof terms.

Briefly, local soundness states that if the introduction of a connective is immediately
followed by its elimination in a proof, then it should be possible to locally reduce the
proof by eliminating this detour. Local soundness for a connective guarantees that the
elimination rule(s) for the connective are not too strong, i.e., they do not conclude
any formula that would not already follow from the inputs to the introduction rule(s)
of the connective. The dual principle, local completeness, states that given any proof
of a formula, it should be possible to locally expand the proof by eliminating its top
level connective and re-introducing it, obtaining a bigger proof of the original formula.
Local completeness for a connective guarantees that its elimination rule(s) are strong
enough to conclude everything that is needed to re-constitute a proof of the connective
from its introduction rule(s). Together the two principles provide assurance that the
introduction and elimination rules are in harmony with each other.

Under the Curry-Howard isomorphism, local reduction and local expansion corre-
spond to the familiar concepts of S-reduction and n-expansion, respectively. We present
type-directed variants of B-reduction and n-expansion for DTLg in Figure 3. In addition



rt%¢4:4 T+t :B r+%4:4 T©HE¢:B
r FKproji (t1,ta) ~pt1t A T FKprojg (t1,t2) ~pgte: B

¢4 Tz:AFEt:C  T,y:BHEt:C
[ F5 case(inl t,w.ty,y.ta) ~p [t/2]t1 : C

r-%¢.:B Lz:AFEt . C Iy:BHEt,: C
I X case(inr t,2.t1,y.ty) ~p [t/y]t2 : C

To:AFE B TH<4: A D FX¥ ¢ : A  T,a:Kclaims AFK ¢y :C
L (Az.ty) ty ~p [t2/2]t: : B T Y ({t1 g =mts) ~p [t /]ty : C

n-expansion

r-%t:AAB r-%t¢:AvnB
[ H5 ¢ ~, (proji t,proja t) : AN B [ F5 ¢ ~s, case(t,z. inl x,y. inr y) : AV B
N IR ¢ L
THE sy, ()0 T [ 5 t ~, abort t
rH5¢:A>B IH5"t: Ksays A

(z ¢T)

THS ¢ Ao (t ) : AD B "¢ ~p (t=x{ati) : Ksays A

Figure 3: Basic rules for g-reduction and n-expansion

to these rules, there are a number of congruence rules, which we list in Appendix A.
Our f-reduction and n-expansion rules are somewhat unusual since they include type
information, and apply only to well-typed terms. For example, G-reduction has the form
[ HE ¢ ~s5 ' : A, meaning that the proof term ¢ (proving A true under hypothesis T'
in context K) [(-reduces to t’. We prove separately (see Theorem 3.5 below) that if
DHEt gt/ 0 A then T FX ¢ 0 A and T FX ¢/ © A, This theorem subsumes the
usual type-preservation or subject reduction theorem. The treatment of n-expansion
is similar. It is easy to see that on well-typed terms without the constructors {t}x
and ty=x.to our definitions of §-reduction and n-expansion coincide with conventional

(untyped) definitions.

Theorem 3.5 (Typing). For ~€ {~g,~,}, if D FE ¢t~ ¢/ 1 A then,
1L.THEE¢: A
2. THE . A

Proof. In each case by induction on the given derivation of I' F¥ ¢ ~» ¢/ : A.

10



P atomic _ . I',K claims A, A LSS K - K’

7 init = ——claims
rp—P 'K claims A — C
K . K’
g — A I', K says A, K claims A — C
K/—saysR Pz SaysL
I' — K says A I'Ksays A — C
r~a r&p I AAB,A B C
= AR e AL
I —AAB I'NANB — C
r & 4 r B rAvB A& c r1,AvBBEC
' —AVB I —AvVB I'AvB —C
TR — 1L
r&r rL&c
rA% B rA->-B&a r1,4-BBEC
r —-ADB INA>B—C

Figure 4: Sequent calculus for DTL

3.4 Sequent Calculus

Next, we describe a sequent calculus for DTLg. As in the natural deduction system, we
maintain a distinction between formulas and judgments. The categorical and hypotheti-
cal judgments used in the sequent calculus are the same as those in the natural deduction
system. To avoid confusion with the natural deduction system, we write hypothetical

judgments in the sequent calculus as I' X, A, and call them sequents.> The inference
rules of the sequent calculus are shown in Figure 4. With the exception of (init) and
(claims), all rules are directed by the connectives of DTLg. For each connective we have
right rules which describe how the connective may be inferred as the conclusion of the
sequent, and left rules which specify how the connective may be used as a hypothesis.

Rule (init) states that if we assume that an atomic formula P is true, then in any
context K we may conclude that P is true. For non-atomic formulas, we prove a
corresponding result as a theorem (see Theorem 3.8). The rules (claims), (saysR), and
(saysL) characterize DTLg. Read from the conclusion to the premises, rule (claims)
states that whenever we assume K claims A, we are also justified in assuming that A is
true, if we are reasoning in a context K’ such that K = K’. This captures the context
principle described earlier.

Rule (saysR) is analogous to the rule (saysl) from the natural deduction system and
means that K says A may be established in any context if we can prove in context K

3Technically, in the sequent calculus there is a distinction between hypothesis A true and conclusions
A true; they are distinct categorical judgments. However, this distinction is always evident from the
positions of the judgments in sequents, and we avoid separating the two in syntax.

11



that A is true using only the claims of principals stronger than K. Rule (saysL) captures
the idea that K says A internalizes K claims A: if we assume that K says A is true, then
we may also assume K claims A. The rules for the connectives A, V, T, 1, and D are
standard, except for a context which is associated with each sequent.

3.5 Meta-Theory of the Sequent Calculus

The sequent calculus described above enjoys several meta-theoretic properties. For
example, it is evident from the rules in Figure 4 that the sequent calculus enjoys the
subformula property, i.e., any formula occurring in the proof of a sequent must occur
inside the formulas of the sequent. Several structural properties such as weakening also
hold in the sequent calculus. As for the natural deduction system, we may also establish
a subsumption principle for the sequent calculus.

Theorem 3.6 (Subsumption). I’ K Aand K = K imply T KA

Proof. By induction on the given derivation of I' K, A. See Appendix B for details. [

A very important property of the sequent calculus is cut-elimination [35]. This prop-
erty is analogous to the substitution principle and the claim principle; formally it states
that adding a cut rule to a sequent calculus does not make more judgments provable.
More generally, it implies that all (natural deduction) proofs can be normalized. Besides
providing assurance of the logic’s strong foundation, proof normalization is sometimes
useful for auditing proofs. Instead of stating explicitly the rules of cut for our sequent
calculus and showing that they may be eliminated, we prove the following theorem which
states that cut principles analogous to the substitution principle and the claim principle
are admissible in the sequent calculus.

Theorem 3.7 (Admissibility of Cut). The following cut principles hold for the sequent
calculus of Figure /.

1. T 5 AandT, AL © imply that T 25 C.

2. T|k X, A and I', K claims A LSNe! imply that T X o,

Proof. Both statements can be proved simultaneously by lexicographic induction, first
on the size of the cut judgments (A true or K claims A), and then on the size of the two
given derivations, as in earlier work [45]. See Appendix B for details. O

The logical dual of the cut-elimination theorem is the following identity theorem,
which states that whenever A true is assumed as a hypothesis, we may conclude it. This
generalizes the (init) rule from atomic to arbitrary formulas.

Theorem 3.8 (Identity). For each formula A, T, A LNy

Proof. By induction on A. See Appendix B for details. O
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3.6 Equivalence

An obvious question is whether the axiomatic system, natural deduction system, and
sequent calculus presented for DTLg validate the same judgments. The following theo-
rem shows that the natural deduction system and sequent calculus validate exactly the
same judgments, and that they can be embedded trivially into the axiomatic system.

Theorem 3.9 (Equivalence). The following are equivalent for any K and A.

1. -FE A in the natural deduction system.

2. - 5 Ain the sequent calculus.
3. b K says A in the axiomatic system.
Proof. See Appendix C. O

Observe that there is no equivalent of Fy B in the sequent calculus (or natural
deduction system) unless B has the form K says A. In this sense, the above theorem
actually embeds the sequent calculus into the axiomatic system. While it is possible
to recover the entire axiomatic system in the sequent calculus by adding non-indexed
hypothetical judgments I' — A, this extension seems uninteresting for authorization
policies, and we omit it.

4 Kripke Semantics for DTL,

Next we describe sound and complete Kripke semantics for DTLg. Although not directly
applicable to policies, Kripke semantics are an invaluable tool for proving properties of
the logic (e.g., [4, 31]). There is also hope that Kripke countermodels can be used as
proofs of failure, in case an authorization does not succeed. Our presentation of Kripke
semantics is inspired by work on the modal logic constructive S4 [7], and also uses some
ideas from work on Kripke semantics of lax logic [27, 31].

The distinguishing characteristic of our Kripke semantics are views [31]. With each
world w, we associate a set of principals §(w) to whom the world is said to be visible.

Our correctness property is that - K, Aif and only if each world visible to K satisfies
A% In this manner, views allow us to distinguish reasoning in one context from that in
another. If K = K’ then we require that any world visible to K’ also be visible to K.
This ensures that context K validates fewer formulas than context K’, and captures the
subsumption principle (Theorem 3.6).

We model falsehood by explicitly specifying in each frame a set F' of worlds where |
holds. These worlds are called fallible worlds [26, 27, 49]. We say that w = L iff w € F.
To model intuitionistic implication, we use a pre-order < between worlds (as usual) and
say that w = A D B iff for all v/, w < w’ and v’ | A imply w’ = B. Finally, to model
the modality says, we use a principal-indexed binary relation Cx between worlds and
define:

4Throughout this section and the next, we use the sequent calculus of DTLg to state correctness
properties. Use of the sequent calculus as opposed to the natural deduction system or the axiomatic
system is partly a matter of personal taste and partly a matter of technical convenience.
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w | K says A iff either w € F or for all w’,w”, w < w’ Cx w” implies w” = A.

The clause w € F in the above definition is required to validate | D K says A. The
remaining definition is a generalization of satisfaction for [JA from Kripke semantics of
constructive S4 [7]. To validate axiom (4), we stipulate that C; < be a subset of Ck.

Both the use of a pre-order to model intuitionistic implication, and the use of different
binary relations to model each modality are standard in modal logic. The novelty here
is the interaction of these relations with views. We require that < preserve views, i.e.,
if w < w' and w be visible to K, then w’ also be visible to K. We also require that
whenever w Cx w’, w’ be visible to K. For example, in the definition of w = K says A
above, w” would be visible to K. By forcing these restrictions, we ensure that the
semantics of all connectives except K says - can be defined without changing views. On
the other hand, the semantics of K says - shift the reasoning to worlds that are visible
to K. This subtle interaction between views and binary relations captures the exact
meaning of formulas in DTLy.

Definition 4.1 (Kripke Models). A Kripke model M for DTLy is a tuple
(W7 95 Sv (EK)KEPrin’ P, F), where

- W is a non-empty set of worlds (worlds are denoted w).

- 0: W s 2P73% g a wiew function that maps each world w to a set of principals. If
K € 0(w), we say that w is visible to K, else w is said to be invisible to K. We
often write WX for the set {w € W | K € §(w)}. We require that:

(View-closure) K € (w) and K’ = K imply K’ € 6(w).
- <is a pre-order on W called the implication relation. We require that:

(Imp-mon) w < w’ imply #(w) C O(w').

For each K, Cg is a subset of W x W called the modality relation. We require
that:

(Mod-refl) If w € WX, then w Cx w.
(Mod-trans) Cg be transitive.
(Mod-closure) w Cg w’ and K’ »= K imply w Cgr w’

(Commutativity) If w Cg w’ < w”, then w Ex w”.

- p: W s 2htomicFormulas j4 o wqlyation function that maps each world to the set of
atomic formulas that hold in it. We require that:

(Rho-her) P € p(w) and w < w' imply P € p(w’).
- F C W is the set of fallible worlds. We require that:

(F-her) w € F and w < w' imply v’ € F.
(F-univ) w € F imply P € p(w)
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Definition 4.2 (Satisfaction). Given a model M = (W, 0, <, (Cg)X€Fi2 o F) and a
world w € W, the satisfaction relation w = A (world w satisfies formula A) is defined
by induction on A as follows.

wE Piff P e p(w).

wEAANBiff wEAand wkE= B.

wkEAVBiffwEAorwl=B.

wkET.

wELlLiffweF.

w = AD B iff for all v/, w <w and w’ = A imply v’ = B.

w | K says A iff either w € F or for all w’,w”, w < w' Cx w” implies w” = A.

We say that a principal K validates A in model M (written M =% A) if for each
world w € WX in M, it is the case that w = A. The Kripke semantics defined above
are sound and complete in the following sense.

Theorem 4.3 (Soundness and Completeness). - K, A in the sequent calculus if and
only if for each Kripke model M, M =X A.

Soundness (“only if” direction) follows by an induction on the given sequent calculus
proof. We must generalize the statement a little to allow non-empty hypotheses. See
Appendix D.1 for details. The proof of completeness (“if” direction) uses a canonical
model construction, which we describe next.

4.1 Canonical Kripke Model and Completeness

We describe a canonical Kripke model for DTLg that satisfies the following property:
for each K and A, if - ﬁ A, then there is a world w € WX such that w [~ A. From
this property, it follows immediately that satisfaction in Kripke models is complete
with respect to the sequent calculus in the sense of Theorem 4.3. Our construction
of the canonical model generalizes Alechina et al’s construction of canonical models
for constructive S4 [7]. Before defining the canonical Kripke model, we make some
preliminary definitions.

Definition 4.4 (Theory). A theory is a tuple (I',S), where I is a set of formulas, and

S is a set of principals.

Definition 4.5 (Filter). A set S of principals is called a filter if there exists a principal
K such that S = {K’ | K’ = K}. Note that by definition, a filter always has a minimum
element (K), and a maximum element (¢). In particular, a filter can never be the empty
set.

Definition 4.6 (Prime Theory). We call a theory (I, S) prime if the following hold:
1. (Prin-closure) S is a filter.

2. (Fact-closure) I' is closed under X, for each K € S, ie., foreach K € S, T’ ENy|
implies A € I'.?

If T' is an infinite set, then T' = A means that there is a finite subset T” of T such that TV = A.
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3. (Primality) If AV B €T, then either A€ T or B €T.

We take as worlds of our canonical model all prime theories (T', S). The key property
that we ensure in our construction is that (I',S) = A iff A € I'. Then, our proof of

completeness is as follows. Suppose - ﬁ A. We define Sy = {K' | K’ = K} and
construct a prime theory (I'*, S ) such that A ¢ T'*. By the key property, (I'*, Sk) ~ A.
This completes the proof. There are three essential steps in this proof:

(a) Defining the canonical model whose worlds are prime theories

(b) Showing that (I, S) F Aiff AeTl

(c) Showing that we can construct the prime theory (I'*, Sk) such that A ¢ I'*
We start by defining the canonical model.

Definition 4.7 (Canonical Kripke Model). The canonical Kripke model for DTLy is
the tuple (W, 0, <, (Cx)X€P™in s F), where

W is the set of all prime theories (I, .S)

6(r,S)=S9

(I,8) < (I",8) it T C T’ and S C S’

(I,S) Cg (I, 8) iff K € S" and for each A, K says A € " implies A € T”
Pepl,S)if Pel

(I,S)eFiff L el

The following lemma shows that the above definition actually describes a Kripke
model for DTLg. (Detailed proofs of all lemmas in this section are in Appendix D.2.)

Lemma 4.8 (Canonical Model). The model constructed in Definition 4.7 is a Kripke
model for DTLy, i.e., it satisfies all conditions of Definition 4.1.

Proof. We may directly verify each condition from Definition 4.1. O

Next we introduce a notion of consistency for theories with respect to formulas. This
notion is needed to establish steps (b) and (c) in our proof of completeness. For a filter

S we say that the theory (I",S) is A consistent, if T’ 7£> A for any K € S. The following
critical lemma states that any A consistent theory can be extended to an A consistent
prime theory.

Lemma 4.9 (Consistent Extensions). Let (I',.S) be an A consistent theory. Then there
is an A consistent prime theory (I'*,S) such that I C I'*.

Proof. By a straightforward application of Zorn’s Lemma. O

At this point, we can prove the central property of our canonical model, namely that
(I,S)EAiff AeT.
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Lemma 4.10 (Satisfaction). For each formula A, and each prime theory (I',S), it is
the case that (I',S) = A in the canonical model iff A € T'.

Proof. By induction on A. The cases A = B D C' and A = K says B require Lemma 4.9.
O

Finally, we prove completeness by combining Lemmas 4.9 and 4.10.

Theorem 4.11 (Completeness). Suppose - 7£ A. Then there is a world w in the
canonical model such that K € 6(w) and w = A.

Proof. Let Sx = {K' | K/ = K}. Since - 712‘; A, the theory (-,Sk) is A consistent.
By Lemma 4.9, there is an A consistent prime theory (I'*,Sk). Take w = (I'*, Sk).
Clearly, K € f(w) and A € I'*. Using the latter fact and Lemma 4.10, (I'*, Sk ) = A, as
required. O

Theorem 4.3 follows as an easy corollary to this theorem.

5 Connections to Other Logics

Having described both the proof-theory and the semantics of DTLg, we study connec-
tions between DTLg and other logics, including some authorization logics. Our technical
approach is based on sound and complete translations between the logics. The purpose
of studying these connections is two-fold. First, we wish to understand DTLg better
through these translations. Second, through translations from existing authorization
logics to DTLg, we seek to argue that DTLg is at least as expressive as each of them.
In future, we would also like to use these (or similar) translations to try to develop a
single framework for combining policies written in different logics.

We start by observing in Section 5.1 that DTLg generalizes the modal logic con-
structive S4 or CS4 (without Q) [7, 13, 46] in the following sense: the trivial embedding
from CS4 to DTLgy that maps [JA to ¢ says A, and every other connective to itself is
sound and complete. At the same time, DTLg is quite distinct from another, rather
obvious generalization of constructive S4: the constructive multi-modal S4 that keeps
modalities independent of each other (called CS4™ here). For example, the latter logic
validates (K says K’ says A) D K’ says A, which DTL( does not. The question then
is whether there is a connection between DTLy and CS4™. We show that there is an
easy sound and complete embedding of DTLg into CS4™. We do not know whether an
embedding exists in the other direction.

Next, we examine connections to existing authorization logics. Recently, a number of
authorization logics have been proposed [3, 25, 31-33] that treat K says - as a modality
from lax logic [12, 27, 28]. Although these logics differ in constructs other than says,
each of them treats the modality K says - in the same way. In Section 5.2, we describe
a propositional core that is common to all these authorization logics, and show that it
can be translated to DTLg. By considering the degenerate case where the source of the
translation has only one modality, we obtain a translation from lax logic to DTLg. (A
different but related translation from lax logic to S4 appeared in prior work [31]).

The earliest authorization logics [6, 39] treated K says - as the weakest normal
[J modality, i.e., the necessitation modality from the modal logic K. Although these logics
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were classical, the interpretation of K says - as a weak normal modality may be useful
even in intuitionistic authorization logics. In Section 5.3, we describe a propositional
intuitionistic authorization logic with weak normal modalities, and translate it to DTLy.
In Section 5.4 we present a translation from a language for writing authorization policies,
namely Soutei [47], to DTLy.

Finally, in Section 5.5 we use a suggestion by Abadi [2] and strengthen DTLg to
a logic which includes the axiom (K says A) D K’ says K says A. We describe the
proof-theory of the logic briefly and show that it admits a simple translation to DTLy.
The axiom (K says A) D K’ says K says A is stronger than axiom (4) of DTLg, and,
as observed by Abadi [2], seems to capture the essence of says in some languages like
Soutei and Binder [24]. Our translations formalize this observation. We also present a
sound and complete translation from this logic to CS4.

5.1 Connection to CS4

Constructive S4, or CS4 for short, is an intuitionistic version of the modal logic S4 [7,
13, 46]. As usual, it contains the modalities of necessity ((JA) and possibility (¢A).
We are concerned here with propositional CS4 without . A Hilbert style proof system
for this logic consists of any axiomatization of intuitionistic propositional logic, and the
following rules and axioms for [JA [7].

FA

ﬁ (neC)
H(O(ADB)) D ((OA) > (OB)) (K)
F(OA)>OOA (4)
HOA) DA (T)

DTL, as a Generalization of CS4. An obvious translation from CS4 to DTLg is to
map [JA to £ says A and all other connectives to themselves. Remarkably, this simple
translation is both sound and complete. Another way to look at this translation is to say
that in the degenerate case where there is only one principal (say ¢) in DTLg, the sole
modality ¢ says A behaves exactly like the necessitation modality [JA from CS4. In fact,
in this degenerate case the natural deduction system for DTLg (Figure 1) reduces to the
judgmental natural deduction system for CS4 developed by Pfenning and Davies [46].
Similarly, the sequent calculus (Figure 4) reduces to a corresponding calculus for CS4
(e.g., [32]). Moreover, the Kripke semantics of DTLg reduce to those of CS4 described by
Alechina et al. [7] (without ¢), with the minor difference that our treatment of falsehood
uses fallible worlds explicitly. The following theorem is straightforward.

Theorem 5.1. In the special case where there is only one principal £ in DTLy, the
following are equivalent:

1. b A treating ¢ says - as a CS4 O modality.

2. FY A in the natural deduction system of Figure 1.
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Proof. First we observe that in the natural deduction system of Figure 1, the contexts
associated with hypothetical judgments become meaningless if there is only one principal
¢. This is because the only place where contexts are used is the premise K’ = K of
the rule (claims). With only one possible principal, K’ = K is always true by the fact
that > is a pre-order. Next we observe that with contexts erased from the hypothetical
judgments, the natural deduction system for DTLy becomes the same as the judgmental
natural deduction system of CS4 [46], taking ¢ claims A to be the judgment called A valid
in CS4, and taking ¢ says A to be [1A in CS4. It follows then that any theorem validated
in DTLg for this degenerate case is also validated in CS4, and viceversa. O

The above theorem shows that DTLgy generalizes CS4. A different generalization of
CS4 may be obtained by taking several necessitation modalities that are independent of
each other. We call this logic CS4™. In the following we briefly describe CS4™, observe
that it is different from DTLg, and present a sound and complete translation from DTLg
to CS4™.

CS4™. The logic CS4™ extends intuitionistic propositional logic with one necessitation
modality for each principal K, written Ox A. As in DTLg, we assume a pre-order >
between principals, and also that there is a maximum principal £. The following rules
and axioms apply to Ox A.

FA

FOgA (nec)
F(0k(AD B)) D ((UxkA) O (OxB)) (K)
F(OgA) DOk Ok A (4)
F(OgA)D A (T)
F(DKA)DDK/A if K = K’ (S)

(nec)—(T) mean that each modality Ox behaves like a CS4 necessitation modality. Ax-
iom (S) incorporates the pre-order > into logical reasoning. A simpler logic, similar
to CS4™, without the pre-order > has been studied in the past to model knowledge in
authorization policies [32].

Relation between CS4™ and DTL,. It is easy to see that the modality Ox A in
CS4™ is quite different from K says A in DTLg. For example, (Ox Ogr A) D Og/ A by
axiom (T), but K says K’ says A does not always imply K’ says A in DTLy. However,
there is a simple sound and complete translation from DTLg to CS4™. Assume that
both the set of principals and the ordering > on them are the same in DTLy and CS4™.
Further assume that for each principal K, there is a distinct atomic formula in CS4™,
also written K. Assuming that these atomic formulas are disjoint from the usual atomic
formulas P, we define a translation "-7 from formulas of DTLg to formulas of CS4™ as
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follows.

P = P
TAABT = TATATBT
I—A \Vi B—I — I_A—I \Vi I_B—I
TADBT = TA'DTRY

I_T—I — T

1 = L

FKsays A7 = Og(K DA

The important part of the translation is the mapping of K says A to Ox (K D TA™).
The formula K on the left of the implication acts as a “guard” on "A™, and recovers
the effect of the context associated with hypothetical judgments in DTLg: "A" can be
obtained from K D "A" only if K is true. By design, our translation ensures that K is
true if and only if we are reasoning in a context weaker than K.

Define the set of formulas O = {{J,(K D K') | K' = K}. O captures the pre-order >
between principals as implications between the representations of principals as atomic
formulas. The following theorem states the correctness property for the translation.
(We abuse notation slightly and use O to also represent the formula obtained by taking
the conjunction of all formulas in the set O.)

Theorem 5.2 (Correctness). - K, A in DTL, if and only if = O O (K D TA") in
csym.

Proof. A detailed proof of this theorem is in Appendix E. A brief outline of the proof
is as follows. Soundness (“only if” direction) is established by an induction on proofs
in DTLg. For convenience, we induct on proofs in the axiomatic system, but we could
also have inducted either on proofs in the sequent calculus or on proofs in the natural
deduction system.

Completeness (“if” direction) is established through a semantic argument. First we
define an interpretation of CS4™ formulas in Kripke models of DTLg, and show that
the interpretation is sound. This works because the two logics CS4™ and DTL, are
similar. Next, we show that for each DTLg formula A, = A if and only if ="A". Then,
completeness of the translation follows from completeness of DTLy with respect to its
Kripke models (Theorem 4.3). Alternatively, we could have used a purely syntactic
argument to establish completeness, as we do for all later translations in this section.
However, doing so would require that we also develop a sequent calculus for CS4™.
Although this is straightforward, it was tempting to avoid the extra work, and to use
the results already developed for the Kripke semantics of DTLg. Indeed, this turned out
to be a good choice since the semantic proof is both short and easy. O

5.2 Translation from an Authorization Logic with Lax Modalities

In the recent past, a number of authorization logics have been proposed [3, 25, 31-33]
that treat K says - as a modality from lax logic [12, 27, 28]. The well studied semantics
and proof-theory of lax logic (e.g., [7, 27, 38, 46]) generalize to these authorization
logics [3, 31, 33]. Also, useful meta-theoretic properties such as non-interference can be
established readily for such authorization logics [3, 33]. Owing to these merits, a number
of proposals have used authorization logics based on lax modalities (e.g., [29, 40, 50]),
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in particular the interpretation of the Dependency Core Calculus [5] as an authorization
logic [3].

Although authorization logics that interpret K says - as a lax modality differ widely
in the connectives and constructs allowed, an intuitionistic propositional fragment is
common to all of them. We call this common fragment ICL, borrowing the name from
earlier work [31], and show that it can be translated to DTLy.

ICL. The logic ICL extends intuitionistic propositional logic with a principal-indexed
modality K says -, which satisfies the following axioms.

FAD (K says A) (unit)
F (K says (A D B)) D ((K says A) D K says B) (K)
F (K says K says A) D K says A (C4)

(unit) is the characterizing axiom of ICL. It means that any true formula is believed
by all principals, thus making truth irrefutable by principals. (unit) also subsumes the
(nec) rule. (C4), together with (unit), forces (K says A) = (K says K says A). With
these axioms, K says - behaves exactly like the lax modality. Unlike DTLg, there is no
order between principals in ICL. A detailed description of the proof-theory and seman-
tics of ICL may be found in earlier work [3, 31, 33].

Translation from ICL to DTLy. Let us assume that all principals in ICL also exist
in DTLg, and that these principals are unrelated to each other in the order »=. Then,
we may translate ICL to DTLg as follows. (We remind the reader that the connectives
global A and K publ A were defined in Section 2.)

rp7 = global P
I_A /\ B—l — I_A—I /\ f_B—l
I_A \/ B—I — I_A—I \/ I_B—l
|——|—_I — T
I—J_—I — J_
TADB' = global ("A7D>"™BY)

TK says A7 = global (K'says" A7) = K publ ™A™

The basic idea of our translation is to prefix some of the connectives with the defined
modality global, so that for each A, it is the case that "A7 O global "TA7.5 Then by
the properties of global listed above, it follows that "A™" D "K says A". This captures
the effect of the axiom (unit) in the translation. Soundness of the remaining axioms of
ICL is straightforward. Interestingly, this translation is also complete. The following
theorem states this formally.

Theorem 5.3 (Correctness). = A in ICL if and only if - LA in DTLy.

Proof. Appendix F contains a complete proof of this theorem. Soundness (“only if”
direction) is readily established by induction on the derivation of - A. Completeness
(“if” direction) is established using a simulation technique based in sequent calculi.

SQur translation is inspired by, and resembles Gédel’s translation from intuitionistic logic to classical
modal S4, where a O is put before each connective [36].
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First, we syntactically characterize those DTLg sequents that may occur in the proof of a
formula obtained by translation. These sequents are called regular. This characterization
relies on the subformula property of DTLg’s sequent calculus. Next, we define an inverse
translation from regular sequents to sequents of ICL, and use induction on sequent
calculus derivations to prove a simulation result: any DTLg proof ending in a regular
sequent can be simulated in ICL. From this fact completeness follows immediately. This
method scales quite well to translations between other logics as long as the target of the
translation has a sequent calculus with the subformula property. In particular, we use
the method to prove completeness of all translations described later in this section. For
some other applications of the method, see prior work [31, 34]. O

5.3 Translation from an Authorization Logic with Weak Normal Modal-
ities

A necessitation modality is called normal if it satisfies the rule (nec) and the axiom (K).
In the earliest authorization logics [6, 39], each modality K says - was treated as the
weakest possible necessitation modality, i.e., a modality that admits (nec), (K), and their
consequences only. Although these early logics were classical, the treatment of K says -
as the weakest normal necessitation modality may be interesting in an intuitionistic au-
thorization logic as well. In the following we present an intuitionistic authorization logic
that admits only (nec) and (K), and describe a sound and complete translation from it
to DTLy. We call the new logic IIK (Indexed Intuitionistic K).

ITK. The logic IIK is an extension of intuitionistic propositional logic with formulas
K says A that satisfy the following rule and axiom:

HA
F K says A (nec)
- (K says (A D B)) D ((K says A) D (K says B)) (K)

These two together imply that for each K, K says - is the weakest normal necessitation
modality. As in ICL, there is no order between principals in IIK.

Translation to DTLy. We assume the existence of a distinguished principal d in DTLg
that is distinct from ¢ and all principals in IIK and that is unrelated in the order > to
all principals except itself and ¢. Then we define a translation from IIK to DTLg as
follows.

P = P
I_A A B—I — I—A—I A I—B—I
I_A \Vi B—I — I_A—I \Vi I_B—I
I—T—I — T
v = 1
TADBT = TATDTBT

K says A7 = dsays K says" A"

This translation maps all connectives except says to themselves, and maps K says A to
d says K says A. It is easy to check that the compound connective d says K says - admits
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both the rule (nec) and the axiom (K) in DTLg, but not the axioms (C) and (4). This
ensures that the translation is both sound and complete. The following theorem states
this formally.

Theorem 5.4 (Correctness). - A in IIK if and only if - LrATin DTLy.
Proof. See Appendix G. O

5.4 Translation from Soutei

Soutei is a trust management system for enforcing authorization policies [47]. Soutei’s
language for writing authorization policies has a syntax similar to that of authorization
logics. For instance, there is a construct K says A, and there are conditionals similar to
logical implication. Like other trust management systems (e.g., [16-18]), Soutei is query
based: other programs provide authorization policies, and ask whether specific autho-
rizations follow from them. Soutei’s mechanism for query evaluation is based on ideas
from logic programming. There are fixed inference rules that constitute a decision pro-
cedure similar to backchaining. Although the policy language is first-order, we consider
here only a simplified propositional fragment of the language and show that it can be
translated into DTLg. For the lack of a better name, we call Soutei’s policy language SL.

SL. Soutei’s policy language is based on another language for writing authorization
policies, Binder [24]. Policy statements (called clauses) are divided into disjoint sets
called assertions. Each assertion has a name, which is analogous to a principal in
authorization logics. If Ay, ..., A, are the clauses in an assertion named K, then we may
think of the whole assertion as the hypothesis K publ Ai,..., K publ A,. A simplified
and abstracted syntax for SL without first-order quantification is shown below.”

Principals or names K

Atomic Formulas P

Goals G == P|KsaysP

Clauses A = P—Gy,....G,

Assertions A = A,..., A,

Named assertions N == K:A

Hypotheses I' == Np,...,Ng

Queries q = AFrG
Policy statements are represented as clauses that have the form P «— Gy,...,G,, where
P is an atomic formula and each G} is either an atomic formula or has the form K says P.
As usual, the entire clause means that P holds if each of Gy, ..., G, holds. n may be

zero, in which case P is a fact. An assertion A is a set of clauses. A named assertion
is a pair K : A containing an assertion and a principal. The principal is a name for
the assertion, and may represent a physical domain (such as a computer or a user)
inside which policies contained in the assertion hold. The set of all named assertions
is called the hypothesis I'. It is assumed implicitly that the names of all assertions in
I" are distinct. Queries are evaluated relative to the hypothesis I' and an assertion A

"We change Soutei’s original notation to make it consistent with our own notation. We also simplify
the evaluation rules slightly, without affecting their consequences.
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containing clauses which are valid at the point of evaluation. As evaluation of a query
proceeds, A may change, but I" remains fixed. Evaluation of queries is goal directed,
and uses the following two rules:

(P — Gy, Gn) eA (A Fr Gi)i6{1,-~-7n}b (K : A) el Abtp P
C
Atr P A" Fr K says P

The rule (bc) means that P holds if there is a clause P < Gji,...,G, in the valid
assertion, and each G; holds. This is the standard backchaining rule for logic programs.
The rule (says) means that K says P is true if in the assertion A named K, P is true.
At the top level, evaluation of a query begins in an assertion that has the distinguished
name system.

Translation from SL to DTLg. Let us assume that DTLg contains all principals in
SL, including the distinguished principal system and in addition contains the principal
£. We further assume that principals are only related to themselves and £ in the order
>. Then, we define the following translation from SL to DTLy.

Goals G rpP = P

"K says P = K publ P
Clauses A "TP—Gq,....,G,7 = ("Gi'AN...ANTGR,) D P
Assertions A FAy,..., A" = FAL . TALT
Named assertions N TK:Aq,...,A," = KpublTA",...,K publ"A,~
Hypotheses r "Ny,...,Ng' = N1, TN

The most significant part of the above translation is the use of the defined connective
publ to translate goals of the form K says P as well as named assertions. Since named
assertions are always available in SL (hypothesis never change when we evaluate a query),
it is essential that the same be true in the image of the translation. Using publ in the
translation of named assertions ensures this. The use of publ in the translation of goals
of the form K says P is optional; we could also have translated goals K says P to
K says P, without affecting the correctness of the translation, which is stated in the
following theorem.

Theorem 5.5 (Correctness). Suppose (K : A) € I'. Then A tr G in SL if and only if
0, AT 5 r G in DT,

Proof. See Appendix H. O

5.5 “Binder” Logic and its Translation

In this section we consider a logic containing an axiom that is stronger than (4). We
call this axiom (Bind) for reasons that will soon be clear.

(K says A) D K’ says K says A (Bind)

The (Bind) axiom dates back to a survey of applications of logic in access control by
Abadi [2]. In that paper, Abadi states that the (Bind) axiom is closely connected to the
authorization language Binder [24]. (Recall from Section 5.4 that Binder is the precursor

24



to, and very similar to, Soutei’s policy language SL.) The paper suggests that this axiom,
together with some other basic modal axioms, is sufficient to justify Binder’s rules. It
follows from the connections between Binder and SL that the same set of axioms is also
sufficient to justify SL’s evaluation rules. It is not mentioned if Binder’s evaluation rules
are complete with respect to this axiom.

(Bind) is interesting from our perspective because replacing axiom (4) with (Bind)
in DTL, results in a new authorization logic, which we call BLg.® This logic is closely
related to DTLg and also has very appealing proof-theoretic properties. First, says in
this new logic behaves ezxactly like the defined connective publ in DTLy. In fact we
show that BLgy may be embedded into DTLy by mapping K says A to K publ A and
all other connectives to themselves. Second, we obtain a sequent calculus for BLy by
making a small change to the sequent calculus of DTLg. Third, we show that SL can
be interpreted in BLy in a sound and complete manner through a translation that maps
named assertions using says, thus formulating a variant of Abadi’s observation as a
concrete theorem. Fourth, we argue that ICL can be embedded in Bl in a sound and
complete manner, using the translation described in Section 5.2. Finally, we adapt the
translation from DTLgy to CS4™ presented in Section 5.1 to obtain a translation from
DTLg to CS4. Although we do not do so here, we also expect that there are sound
and complete Kripke semantics for BLg that are very similar to (but simpler than) the
Kripke semantics of DTLg (Section 4).

The Logic BL

BLg extends intuitionistic propositional logic with the modality K says A satisfying the
following rules and axioms.

FA
_ (nec)
F K says A
F (K says (A D B)) D ((K says A) D (K says B)) (K)
F (K says A) D K’ says K says A (Bind)
F K says ((K says A) D A) (C)

The axiom (Bind) generalizes axiom (4) of DTLg. Unlike DTLj, we do not assume any
order between principals (although such an extension is easily conceivable). A sequent
calculus for BLg is shown in Figure 5. This sequent calculus is a modification of the
sequent calculus for DTLg (Figure 4). The notation I'| in the rule (saysR) denotes the
set containing “claims” of all principals.

I'| = {K claims C €T'}

This change in the restriction operator is sufficient to capture the generalization from
axiom (4) to (Bind). Besides this difference, the rule (claims) is modified slightly to
eliminate the order >. Although we do not do so here, we may also prove admissibility
of cut and identity theorems (Section 3.5) for BLg. The following theorem shows that
the sequent calculus and axiomatic system for BLy are equivalent.

8BLy is a fragment of a larger logic BL, just as DTLg is a fragment of DTL. BL stands for “Binder
Logic”, since its says modality is closely related to the policy language Binder [24].
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P atomic | | I', K claims A, A K

————init = claims
rpP—P I' K claims A — C
T KNy T', K says A, K claims A LSS
1% saysR T saysL,
I' — K says A I'KsaysA — C
r~a r&p I AAB,ABE C
I AR I AL
' —AAB I'NAnNB —C
r & 4 r B rAvB AL c r1,AvBBEC
' —AVB ' —AVB I'AvB—C
TR — 1L
r & T r,1L % c
rAf B rA>BE A r14o5BBEC
r —A>DB I''A>B—=C

Figure 5: Sequent calculus for Bl

Theorem 5.6 (Equivalence). - K Ain BLy’s sequent calculus if and only if H K says A
in BLg’s axiomatic system.

Proof. See Appendix I. O

Translation from BLj to DTL

The modality K says A in BLy behaves exactly like K publ A in DTLg. In fact, we
may translate BLy to DTLy by mapping says to publ as follows. (We assume that all
principals in BLg are distinct from ¢. Also, we use the notation [-] for the translation
instead of our usual notation "-7 to distinguish it from the translation from SL to BLg
that follows.)

[P] = P
[AnBl = [AIA[B]
[AvBl = [AlVI[B]

[T] = T

[L] = L
[AS>B] = [A]>][B]

[K says A] = K publ [4]

This simple translation is both sound and complete, as the following theorem shows.

Theorem 5.7 (Correctness). I' £, Ain BLy’s sequent calculus if and only if ] R [A]
m DTLy’s sequent calculus.
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Proof. See Appendix I. O

Translation from ICL to BL

The translation from ICL to DTLg described in Section 5.2 is also sound and complete if
the target logic is BLy. Of course, we need to assume that BLg also has a local authority
¢, and modify the rule (claims) accordingly. The reason that this works is as follows.
Consider a formula A in ICL. We may translate this to DTLg in two ways. First, we
may translate it directly using the translation from Section 5.2, obtaining "A™. Second,
we may translate it to BLg using the same translation and then further translate it to
DTLy using the translation described above, obtaining [TA™]. Now it is easy to show

by induction on A that in DTLg, T Eraigr & [FA7]. Hence by Theorems 5.3
and 5.7 we get - A in ICL iff - 5 "A7 in DTLq iff - 5 [TA7] in DTLo iff - 5 "A7 in
BLy.

Translation from SL to BL

We may translate SL to BLg, much like we translated SL to DTLg. Since the modality
K says A in BLj behaves like K publ A in DTLg, we use says in place of publ everywhere.

Goals G rp7 = P

"K says P = K says P
Clauses A "TP—Gq,....,G,7 = ("Gi'AN...ANTGR,) D P
Assertions A FAq,..., A" = TA, . TALT
Named assertions N TK:Aj,...;A,7 = Ksays"A;",...,Ksays™A,"
Hypotheses r "Ny,...,N! = "N, .., TN

Once again, this translation is sound and complete.

Theorem 5.8 (Correctness). Suppose (K : A) € I'. Then A tr G in SL if and only if
7,7 AT K rqn in B,

Proof. Note that we have two translations from SL to DTLg. First, we have the trans-
lation "7 from Section 5.4. Second, we may compose the translations -7 : SL — BLg
and [-] : BLyp — DTLy that are described above. It is very easy to check that the two
translations are the same. ([-] maps says to publ, which compensates the only difference
between the translations from SL to BLg and SL to DTLy.) Thus we get,

AbFprGin SL <« T TA™ K, rG¢7in DTL, (Theorem 5.5)
= [T, [AT] X, [F[G7]in DTLy ("7 ="7[])
- T7,7A7 5 767 in BL, (Theorem 5.7)

Translation from BL; to CS4

Finally, we adapt the translation from DTLg to CS4™ (Section 5.1) to obtain a trans-
lation from BLgy to CS4. The difference between the translations is that here we use [
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instead of g for translating K says A. This not only simplifies the translation, but
also captures the effects of the axiom (Bind).

P1 = P
TAABT = TATATBY
TAVBYT = TATVTBT
I_A D) B—l — I—A—l D) I_B—l
I—TT — T
17 = L

"TKsays A7 = O DA

Theorem 5.9 (Correctness). - K Ain BLg if and only if - K DT A" in CS4.

Proof. See Appendix 1. O

6 Related Work

Many authorization logics have been proposed in the past, all of which contain the
modality K says A [2, 3, 810, 21, 23, 25, 31-33, 40, 41]. The axioms and rules used
in these logics differ widely. The particular combination of rules used in DTLg appears
to be novel. Perhaps most closely related to DTLg is a proposal by Abadi in a survey
paper [2], where the axiom (K says A) D (K’ says K says A) is suggested. says with this
axiom behaves very much like the defined connective publ in DTLg. In a recent paper,
Abadi studies connections between many possible axiomatizations of says, as well as
higher level policy constructs such as delegation and control [4].

Also related to DTLg is work on languages for authorization (e.g., [11, 24, 37, 47]),
most notably the languages Soutei and Binder [24, 47]. Our use of the term “context”
is borrowed from the latter. Binder was also one of the earliest languages to explicitly
define a notion of exporting policies from one context to another, which is very similar to
publication of policies illustrated in Section 2. The pre-order = on principals draws on
ideas from the Dependency Core Calculus [3, 5], where the modal indices are elements
of a lattice.

Our Kripke semantics, as well as the completeness proof, are based on those of
Alechina et al’s work [7] for constructive S4. View functions were used earlier by the au-
thor and Abadi to describe semantics of authorization logics with lax-like modalities [31].
Fallible worlds have been used in the past to explain intuitionistic logic [26, 49], and also
in semantics of lax logic [27]. It also appears to us that DTLy may be closely related
to intuitionistic hybrid logics, and especially to the work of Chadha and others [22],
but further investigation is needed to make an explicit connection. The presentation of
the sequent calculus for DTLg is inspired by Pfenning and Davies’ work on constructive
S4 [46], and more directly by earlier work of the author and others [32].

7 Conclusion

We have presented a new constructive authorization logic, which explicitly relativizes
hypothetical reasoning to the policies of individual principals. We have described the
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proof-theory and Kripke semantics of the logic. In ongoing work, we are considering
extensions of the logic with first-order connectives, explicit time, and linearity to model
other policy motifs. In a separate line of research, we are implementing a file system
that uses this logic to represent policies of access control.

There are several other avenues for future work. For instance, there seem to be
strong connections between DTLgy and hybrid logics. A useful generalization of DTLg
would be to internalize the pre-order > as a formula. Such an extension would allow us
to model delegation, along lines of the “speaks for” connective present in some autho-
rization logics [3, 6, 31, 39]. Although the proof-theory of such an extension is relatively
straightforward, it would be interesting to see its effects on Kripke semantics.

Acknowledgment. The author wishes to acknowledge Frank Pfenning for discussions
and feedback on the logic and the paper, and Martin Abadi for feedback on the logic.
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A [(-reduction and n-expansion

This appendix lists all the B-reduction and n-expansion rules.

¢ :4 THEty:B P44 THEty:B
T I—Kproj1 (t1,t2) ~pt1: A T l—Kproj2 (t1,t2) ~pta: B

5t A Lz:AFE ¢ C Iy:BHC ¢ C
T 5 case(inl t,w.ty,y.ta) ~p [t/z]t; : C

r+%¢:B Do: ANt C L,y: BN ty: C
T F5 case(inr t,w.t1,y.ta) ~g [t/ylta : C

D,z: A5t : B PHX ¢y A F]Kl—Ktle F,m:KcIaimsAl—K,tQ:C

r |—K ()\ZE.tl) to ~ B [tz/l‘]tl : B T }—K/ ({tl}K:x.tQ) 3 [tl/l']tz :C
TFEt:ANB Xt AV B

[ F5 ¢ ~s, (proji t,projat): AN B [ H5 t ~s, case(t,r. inl z,y. inry): AV B

PEE ¢ T I
THE tas, 02T T 5t ~s, abort t
¢ A>B IHE' ¢t K osays A
(x¢l)

TSty Ne(tz): AD B D ¢, (b= {2} k) - K says A
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Congruence rules

Dlg FS t st/ 2 A
DY {td g~ {t'} g : K says A

FI—K/tlwtllszaysA F,x:KcIaimsAl—K/tQ:C
LK (ti=aty) ~ (H=nts) : C

FH 4 Ksays A Toa: K claims AFK ty 1) : C
LY (i =aty) ~ (h=nth) : C

PHFEt st :A4  THECty: B TFft A THE 9wt B
D HE (t,t0) ~ (),t2) : AN B L HE (t,t0) ~ (t1,t5) : AN B
PHFSt st AAB PHFSt st AAB
& (proji t) ~ (proji t') : A 5 (proja t) ~ (proja t') : B
THE st/ 2 A 8ttt B
I HE (inlt)~ (inl#): AV B I HX (inrt) ~ (inrt'): AV B

r+5t—t:AVB Dz:AFK ¢ . C Ly: Bty : C
I HX case(t, x.ty,y.ta) ~ case(t', x.ty,y.ts) : C

IFt:AVvB  TDa:AFE 1wt :C  T,y:BHFEfty:C
I HX case(t, x.ty,y.ta) ~ case(t, z.th, y.t2) : C

r+%t:AvB Lz: ARt : C F,y:Bl—KtzwtézC
[ HX case(t, x.t1,y.ta) ~ case(t, z.t1,y.th) : C

PHE st L Lz: A t—~t': B
I' H¥ (abort t) ~ (abort t') : C TS Xzt~ et - AD B
PHFEt ] :ADB  THEty: A Pt :ADB  THEtywth: A
Fl—KtthththIB F"Ktththt,QZB

B Properties of the Sequent Calculus (Section 3.5)

In this appendix, we describe proofs of Theorems from Section 3.5. We start with sub-
sumption.

Theorem B.1 (Subsumption; Theorem 3.6). T’ K Aand K = K’ imply T KA.

Proof. By induction on the given derivation of I' K A We analyze cases of the last
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rule in the derivation.

P atomic =
Case. —————init

P p
L T,pE p

[ K" claims A,A 5. ¢ K'»K

Case. claims

T, K" claims A % ¢

1. T, K" claims A,AﬂC
2. K" = K
3. K - K’
4. K" = K’

5. T, K" claims A X ¢

K//
F | K" —_—
Case. saysR

I & K says A

1. Dgn 25 A
9. T &, g says A

I', K" says A, K" claims A LN
Case. e saysL
I'K" says A — C

1. I, K" says A, K" claims A LSNYs'
2. T, K" says A LN
r&a r&s

Case. = AR
I' —AANB

.75 4
2.7 5 B

3. T2, AnB

IAANB,ABE ¢
AL

Case. IR
INNAANB —C
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(Rule (init))

(i.h.
(Premise

)
)

(Assumption)
(Transitivity 2, 3)

(Rule (claims) 1, 4)

(Premise)

(Rule (saysR))

(ih.)
(ih.)

(Rule (AR) 1, 2)



1.T,AANB, A BX ¢

2. T,ANB X ¢

ENY)
Case. VvV Rq
I' —AVEB
LT X4
2.7 AvB
r & B
Case. e V Ro
' —- AV B
. T X B
2. T 5, AvEB

rAvBBE ¢
VvV L

r,AvBXS ¢

1.0,AvB A% ¢
2. T,AvB BE ¢

3.T,4AvB X ¢

Case. e TR
I' — T
LT T
Case. 7KJ_L
r.—c«a
.1, 5 ¢
rA% B
Case. KiDR
' —A>DB
1. T,AX B
2. T X, 45 B
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(ih.)

(Rule (AL))

(ih.)

(Rule (V Ry))

(i.h.)

(Rule (V R2))

(ih.)

(ih.)

(Rule (VL) 1, 2)

(Rule (TR))

(Rule (LL))

(ih.)

(Rule (DR))



rA>B% A P,ADB,BﬁcDL

Case.

ra-ptc
1.T,A>B % 4 (ih.)
2. T,A>B,BE. ¢ (ih)
3. 7,A>B% ¢ (Rule (OL))

Theorem B.2 (Admissibility of Cut; Theorem 3.7). The following cut principles hold
for the sequent calculus of Figure 4.

1. T AandT, AL ¢ imply that T 25 O

2. Tl 25 A and T, K claims A 25 ¢ imply that T 25 .

Proof. We prove both statements simultaneously by lexicographic induction, first on
the size of the cut judgment, and then on the size of the two given derivations, as
in earlier work [45]. For the size of the cut judgment, we assume the strict order
(K says A) true > (K claims A) > A true. We analyze cases on the last rules in the two
given derivations, which we name D and &£ respectively. We classify all the rules into
right and left. Right rules are (saysR), (AR), (V Ri1), (V R2), (TR), and (DR). The
remaining rules, including (init), are left rules.
For proving (1), we first analyze three broad categories:

1. £ ends in a right rule.
2. £ ends in a left rule, and the cut is non-principal.
3. D ends in a left rule.

This leaves only the possibility where £ ends in a left rule, D ends in a right rule, and
the cut is principal. In this case we observe that the last rules in D and £ must be right
and left rules of the same connective. We call these cases principal cuts.

For proving (2), we analyze cases on the last rule in £.

Proof of (1).

Cases where £ ends in a right rule.

K
Case. £ = o saysR (Note: A ¢ T|k)
I''A — K says B
K .
1. Ty — B (Premise)
2. T X K says B (Rule (saysR))
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r.AaX e F,A£>C'2/\

Case. & = IR
I''A— Cy ANCy

R

1. T 5 ¢
2. 75 ¢
3. TE 0 A Gy

rA% o
Case. £ = e VvV Ry
I'NA— Cy Vv Oy

1. T 5 ¢
2. F£>01\/02

r,A% o,
Case. £ = e V Ra
I'NA— CyvVv Oy

1. 75 o,
2. F£(—>01VC2

Case. & = 7KTR
rA—T

.75 T

rAc %o,
Case. & = DR

F,A£>01302

1. 1,00 % oy

2T E >0

Cases where £ ends in a left rule and cut is not principal.

P atomic _ |
Case. £ = —Klnlt
rA,Pp—2~P
.o,pEp

A K caims BB C K »K
Case. £ = I claims
I', A, K’ claims B = C
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(i.h. on D and 1st premise)
(i.h. on D and 2nd premise)

(Rule (AR))

(i.h. on D and premise)

(Rule (V Ry))

(i.h. on D and premise)

(Rule (V Ry))

(Rule (TR))

(i.h. on D and premise)

(Rule (DR))

(Rule (init))



1. I, K’ claims B, B K (i.h. on D and premise)

2. T, K’ claims B & C (Rule (claims))

I', A, K' says B, K’ claims B K
Case. £ = IR saysL
I'A K says B — C

1. I, K’ says B, K’ claims B LN (i.h. on D and premise)
2. I',K' says B e (Rule (saysL))
T,A,Bi A By, By, By 2 C
Case. £ = e AL
I'NA,By AN By — C
1. I', By A By, By, B K (i.h. on D and premise)
2. T,B) A By 55 © (Rule (AL))
F,A7B1\/BQ,.81£>C P,A,Bl\/BQ,BQ£>C
Case. £ = IR VvV L
I'NA,B1V By, — C
1. I', By V By, By EiNYo! (i.h. on D and 1st premise)
9. T,B; V By, By 25 C (ih. on D and 2nd premise)
3.T,Bi VB &5 C (Rule (VL))
Case. £ = ———— 1L
A, 1L —cC
.T,L5¢C (Rule (LL))
K K
I''A,By D By — By I'A,B1 D By,By — C
Case. £ = I DL
I'A,By D Bo — C
1.T,B; > B, &5 By (i.h. on D and lst premise)
2. I',B1 D By, By EiNYo! (i.h. on D and 2nd premise)
3.T,Bio B, 5 ¢C (Rule (OL))

Cases where D ends in a left rule.

A atomic |

Case. D = 7K1mt
ra—aA
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L &xm,AA%
2. 17,45 ¢

I K' caims BB A K »K
Case. D = I claims
I', K' claims B — A

1. £:T,K claims B, A % ¢
2. I, K’ claims B, B, A % C
;o K
3. I' K’ claims B,B — C
I K

4. I' K’ claims B — C

I', K’ says B, K’ claims B LNy
Case. D = IR saysL.
I'K'says B — A

1. £::T, K’ says B,A£(—> C
2. I', K’ says B, K’ claims B, A LNy
3. I', K’ says B, K’ claims B LNy
, K
4. I K'says B — C

K
T,By A By, By, By =5 A
1 2 1 2 — /\L

Case. D = IR
I'BiANBy, — A

1. 5::F,B1/\Bg,A£>C
9. T, By A By, By, By, A 2S5 ©
3. T,B1 A By, B1, By 25 C

4. T,BiAB 5 ¢

Case. D = =
I''BivB — A

1. £:T,B1V By, AL ©
K
2. 'B1V By,B;,A—C

3.T,B,V By, B, &5 C
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(Assumption)

(Strengthening)

(Assumption)
(Weakening)
(i.h. on premise and 2)

(Rule (claims))

(Assumption)
(Weakening)
(i.h. on premise and 2)

(Rule (saysL))

(Assumption)
(Weakening)
(i.h. on premise and 2)

(Rule (AL))

I,B,VBy,BX A P,Blv32,BQ£AvL

(Assumption)
(Weakening on 1)

(i.h. on 1st premise and 2)



4. I'B1 V By, By, A K (Weakening on 1)

5. 1',B1V By, By EiNYo! (i.h. on 2nd premise and 4)
6. T,B VB, & C (Rule (VL) on 3, 5)
Case. D = 7KJ_L
rL—A
.1, 1L, A LNy (Assumption)
2.7, L 5 ¢ (Rule (LL))
K K
I''By D By — By F,BlDBQ,BQ—>A
Case. D = e DL
I,B;> By 25 A
1. £:1,B1 D By, A L (Assumption)
2. T,B1 D By, Ba, A S (Weakening)
3. T,B; D By, By 25 C (i.h. on 2nd premise and 2)
4. T',B; D By EiNYs, (Rule (DL) on 1st premise and 3)

Cases of principal cuts. D ends in a right rule, and £ ends in a left rule. Note that
there are no principal cuts when € ends in (init) or (LL), because there are no right
rules for atomic formulas or L. Similarly, there is no case for principal cut if D ends in
(TR) because T has no left rule. The case of principal cut when &£ ends in rule (claims)
is covered in clause (2) of the theorem.

Case.
K’ / ’ o K
Olgr — A I') K'says A, K' claims A — C
D= e saysR &= e saysL
I' — K'says A I'K'says A — C
1. T, K’ claims A & C (i.h. on D and premise of &)
2. T 5 ¢ (1.h.(2) on premise of D and 1)
Case.
r&sa r&p I AAB,ABL C
D= e AR &= e AL
I' —AAB IN'AANB—C
1. 1,4B5 C (i.h. on D and premise of &)
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V R; &

1.T,BE ¢
2. 17,45 ¢
3.7 5 4

1. T8¢

Proof of (2).

(i.h. on 1st premise of D and 1)

(i.h. on 2nd premise of D and 2)

rAvB AL C F,AVB,Bﬂch

g_r,AgBﬁA

r.Ave L ¢

(i.h. on D and 1st premise of &)

(i.h. on premise of D and 1)

rAvB A& c r1,4AvBBEC
= VL
r,AvB Lo

(i.h. on D and 2nd premise of &)

(i.h. on premise of D and 1)

rA>BBX ¢
— oL
r'A>B2% ¢

(i.h. on D and 2nd premise of &)
(i.h. on premise of D and 1)

(i.h. on D and 1st premise of &)

(i.h. on 3 and 2)

We analyze cases on the last rule of £.

P atomic

Case. & = init

I, K claims A, P % p

.o,pEp

(Rule (init))
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I K caims A, A%, ¢  K-K o
Case. £ = claims (Principal cut)

I', K claims A X o

1. DTk LNy (Assumption)
2.T,A ESNYG) (i.h. on D and 1st premise of &)
3.T5 4 (Weakening on 1)
4. 75 4 (Subsumption (Theorem B.1) on 3 using K = K')
5. 7% ¢ (i.h.(1) on 4 and 2)

I, K claims A, K" claims B,B X5 ¢ K'"»K' o
Case. & = claims  (Non-Principal

I', K claims A, K" claims B x, C

cut)
1. I, K" claims B, B LNy (i.h. on D and 1st premise of &)
2. T, K" claims B LSNe! (Rule (claims) on 1 and K > K')
I|gr, K claims A LNV
Case. £ = < saysR (K = K”")
I', K claims A = K" says C
K :
. DuT|g — A (Assumption)
2. Tlgr|x =Tk (Assumption K = K")
3. D T|gn|x 2 A (From 1 and 2)
4. Tlgn LSS (i.h. on 3 and premise of &)
5.0 & kv says C' (Rule (saysR) on 4)
Tl 25
Case. £ = = saysR (K # K")
I', K claims A == K" says C
1. 0 X g says C' (Rule (saysR) on premise of &)

I', K claims A, K" says B, K" claims B LSNPS
Case. £ = saysL

I', K claims A, K" says B LSNVG!

1. DTk KNy (Assumption)
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2. (T, K" says B, K" claims B)|x A
3. I', K" says B, K" claims B LNy
4. T,K" says B X ¢

I, K claims A X5 ¢
Case. £ =

(Possibly Weakening 1)
(i.h. on 2 and premise of &)

(Rule (saysL))

I, K claims A X5 ¢

AR

I', K claims A SR Ci N Cy

. T5 ¢
2.7 X ¢,

3. T2 00 A Gy

Case. & =

T, K claims A, B, A By 25 ¢

1. I', Bi A By, B1, B> £>C

2. T,B, A B, 25 ¢

I', K claims A x| Ch

Case. £ = VvV Rq

I'K cIaimsA£>C’1 Vv Cy
.75 ¢
2. T2 o v oy

I', K claims A X, Cy

Case. &€ = V Ro

T, K claims A X5 ¢ v Gy
.75 ¢
2. T X oy vy

I, K claims A, By V By, B 25 C
Case. £ =

T, K claims A, By A By, By, By 25 C.L

I, K claims A, By V By, By 25 c,

(i.h. on D and 1st premise of &)
(i.h. on D and 2nd premise of &)

(Rule (AR))

(i.h. on D and premise of &)

(Rule (AL))

(i.h. on D and premise of &)

(Rule (V Ry))

(i.h. on D and premise of &)

(Rule (V Ry))

L

I', K claims A, By V Bs X, C

1. I, B, V By, By X5 ¢

9. T,B, V By, By 25 C
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(i.h. on D and 1st premise of &)

(i.h. on D and 2nd premise of &)



3. 1,8V B 2 ¢ (Rule (VL))

Case. £ = o TR
I' K claims A — T
Kl
. T —T (Rule (TR))
Case. & = o 1L
I'K claims A, L. — C
K,
.1 —C (Rule (LL))

I', K claims A, Cy X, Cy
Case. £ = DR

T, K claims A 55 ¢y 5 Gy

1. I,y X, Cy (i.h. on D and premise of &)
2. T 5 056 (Rule (OR))

I K claims A, By © By 2% B, T, K claims A, By D By, By 20 C
Case. £ = DL

I, K claims A, B1 D By X, C

1. I', By D By SN B (i.h. on D and 1st premise of &)
2. T,By D By, By 20 C (i.h. on D and 2nd premise of &)
3.T,B;> B, 25 ¢ (Rule (OL))

0

Theorem B.3 (Identity; Theorem 3.8). For each formula A, T, A LNy}

Proof. By induction on A.
Case. A = P (A is atomic)
K ..
1. P— P (Rule (init))

Case. A= A; N Ay

1. T, A1 A Ao, Ar, Ay 255 Ay (i.h.)
2. T, A1 A Ag, Ay, Ay 55 Ay (ih.)
3. T, A1 A Ag, Ay, Ay 25 Ay A Ay (Rule (AR) 1, 2)
4. T, AL A Ay 25 4y A Ay (Rule (AL) 3)
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Case. A=A,V Ay
1. T, AV As, A] 55 44
9. T, A, V Ay, A 255 Ay v Ay
3. T,A; V Ay, Ay 55 A
4. T,A; V Ag, Ay B Ay v Ay
5. T,A V Ay &5 Ay v Ay
Case. A=T
Lo, TET
Case. A= _1
.0, 50
Case. A= A1 D Ay
1. T,A; D As, A1 55 4y
2. T, A1 O Ay, Ay, Ay 25 Ay
3. T, A1 D Ay, A 25 4,
4. T, A1 D A 5 41> 4,
Case. A= K'says B
1. T|g, K’ claims B,B %5 B

2. Tk, K’ claims B X B

3. I', K’ says B, K’ claims B LNy < says B

4. T, K' says B LNy < says B

C Proof of Equivalence from Section 3.6

(i.h.)
(Rule (VR1) 1)
(i.h.)
(Rule (V Rg2) 3)

(Rule (VL) 2, 4)

(Rule (TR))

(Rule (LL))

(i.h.)
(i.h.)
(Rule (DL))

(Rule (DR))

(ih.)
(Rule (claims))
(Rule (saysR))
(Rule (saysL))

O]

The objective of this section is to prove Theorem 3.9, showing that the axiomatic, natural
deduction, and sequent calculus proof systems are equivalent. Although it is possible
to show that natural deduction and sequent calculus are equivalent without reference
to the axiomatic system, we do not do this here, and prove the equivalence of the three
systems simultaneously. First, we expand the theory of the axiomatic system.



C.1 The Axiomatic System for DTL,

In Section 2, we presented some rules and axioms for the axiomatic system. Here, we
list all the rules and axioms, including those listed earlier.

Fg A Fg ADB Fg A A is an axiom
Fy Ksays A ° Fu B P Fh A
Axioms:
(K says (A D B)) D ((K says A) D (K says B)) (K)
(K says A) D K says K says A (4)
K says ((K says A) D A) (C)
(Kisays A) D (Kasays A) if K1 = Ko (S)
AD(BDA) (impl)
(ADB)D((AD(BD>C))D(AD0O)) (imp2)
AD(BD(ANAB)) (conjl)
(ANB)D A (conj2)
(ANB)D B (conj3)
AD(AV B) (disj1)
B> (AV B) (disj2)
(ADC)D((BD2C)D((AVvB)D(O)) (disj3)
T (true)
1DA (false)

Next, we introduce a generalized axiomatic system, to reason from hypothesis. Let I'
denote a multi set of formulas (not judgments). We write I' Fo A to mean that A may
be established from assumptions I'. The rules of the generalized axiomatic system are:

“Fa A I't¢cADB ' A
—————use ————————nec mp
I'NAFg A I'Fg Ksays A I'-¢ B

A is an axiom
I'Fg A

ax

Now we prove some basic properties of the generalized axiomatic system, including
the deduction theorem, and show that the generalized system reduces to the axiomatic
system when I is empty.

Lemma C.1 (Basic properties). The following hold.
1. (Weakening) T kg A implies T,T' F¢ A
2. (Substitution) T' g A and T, Atg B imply I' b B

Proof. (1) follows by an easy induction on the derivation of I' k¢ A (details omitted
here). (2) follows by induction on the derivation of I', A F¢ B. We analyze the last rule
in the derivation.

Case. se  (Principal case)

— U
T, Abc A
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1.THg A (First given derivation)

Case. muse (Non-principal case)

1. ,Brg B (Rule (use))
Case. Fe B nec

I''Atqg K says B

1. - F¢ B (Premise)

2. Tt K says B (Rule (nec))
Case. I'N'Atg By D By Ak By p

T,AFc By

1. 'Fg B1 D By (i.h. on 1st premise)

2. I't¢ By (i.h. on 2nd premise)

3. Tk¢ Bo (Rule (mp))
Case. B is an axiomaLX

T,AFq B
1.T'Fg B (Rule (ax))
O

Theorem C.2 (Deduction). The following hold.

1. Ttg AD B impliesI',Atg B

2. T,AFq B impliesT g A> B
Proof. We prove (1) first. Assume I' ¢ A D B. Then we have

1. A+ ADB (Weakening)

2. T AFg A (Rule (use))

3. A+t¢ B (Rule (mp))

Next we prove (2). We induct on the derivation of I', A ¢ B, case analyzing the
last rule.

Case. se  (Principal case)

—u
I'NAkg A
Here A = B, and we must show that ' F¢ A D A.

I.TFG(AD(BDA)D((AD((BDA) DA)D(ADA)) (Rule (ax) and imp2)
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22T+ AD(BDA)

3. TFe(AD((BDA)DA)D(ADA)
4. TFGAD((BDA) DA

5. 'FgADA

Case. se  (Non-principal case)

T ABrG B
1.I"Bt¢ B> (ADB)
2. T,Btg B

3. B¢ ADB

Fo B

Case. n
I''Atqg K says B

ec

1. 'Fg K says B
2. I'g (K says B) D (A D K says B)

3. '@ AD Ksays B

I''Atqg By D Bs I'N'Atg By
m
I'NAtg By

Case.

p

1. Pkg AD (B1 D B2)

2. The AD B

3.Tta (ADB1) D ((AD (B1 D B3)) D (AD By))
4. T'Fg (AD(B1 D B)) D (AD By)

5. TFq AD B

B is an axiom
Case. —————ax
I''Arg B

1.T+¢ BD>(ADB)

(Rule (ax) and impl)

(Rule (mp))
(Rule (ax) and impl)
)

(Rule (mp) on 3 and 4

(Rule (ax) and impl)
(Rule (use))
(Rule (mp))

(Rule (nec) on premise)
(Rule (ax) and impl)

(Rule mp)
(i.h. on premise 1
(i.h. on premise 2

)
)
(Rule (ax) and imp2)
(Rule (mp) on 3 and 2)

)

(Rule (mp) on 4 and 1

(Rule (ax) and impl)

2.T+g B (Rule (ax))
3.I'+rqADB (Rule (mp))
O]

Theorem C.3 (G iff H). by A if and only if -+g A
Proof. In each direction by straightforward induction on the given derivation. O
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Lemma C.4 (Currying). I' ¢ (AA B) D C if and only if ' AD (B D C).

Proof. (“If” direction)
1.TF¢eAD(BDCO)

I'NA,Btg C
ANBFEg(ANB)D A
I'NAANBFg (ANDB)
INAANBFg A
IMANBFg(ANB)D B
I AABlg B
I AAB,BlgC
ILAABlgC
10. T (AANB)DC
(“Only if” direction)
1.TF¢(AAB)DC
[AABtgC
I'NA,BFg AD (B> (AAB))
A, Blg A
IA,Btg B> (ANAB)
A Btg B
I A,Btg (AAB)
A BbtgC
I'NArg BD C
.ITrFeAD(BDCO)

© »©® N o oo W

© © N o ook W

—_
=)

(Assumption

(Theorem C.2 twice

(Rule (ax) and conjl

(Rule (use)

(Rule (mp) on 3 and 4

(Rule (ax) and conj2

(Rule (mp) on 6 and 4

(Substitution Lemma C.1 on 5 and 2
(Substitution Lemma C.1 on 7 and 8

)
)
)
)
)
)
)
)
)
)

(Theorem C.2

(Assumption)
(Theorem C.2)

(Rule (ax) and conj3)
(Rule (use))

(Rule (mp) on 3 and 4)
(Rule (use))

(Rule (mp) on 5 and 6)
(Substitution Lemma C.1 on 7 and 2)
(Theorem C.2)

(Theorem C.2)
O

Lemma C.5. K' = K and - ¢ K’ says A imply - ¢ K says K’ says A
Proof.

[u—

ke (K’ says A) D K’ says K’ says A (Rule (ax) and Axiom 4)

2. K'says Atqg K' says K’ says A (Theorem C.2)
3 (Rule (ax) and S)
4. K'says Atq K says K’ says A (Rule (mp) on 3 and 2)
5. - kg (K'says A) D K says K’ says A (Theorem C.2)

O

K'says Atqg (K’ says K’ says A) D (K says K’ says A)
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C.2

Let T

Proof of Equivalence
denote the reification of the I' as a formula:

T = T
T', A true = TAA
[K claims A = T A (K says A)

Lemma C.6 (Natural Deduction = Axiomatic). T' -5 A implies - Fq K says (T D A)

Proof. We induct on the derivation of I' FX A, analyzing cases on the last rule. Some
of the cases related to says and claims are shown below. Others are straightforward.
To keep proofs short, we freely use properties such as Currying (Lemma C.4) and
(K says (A A B)) = ((K says A) A (K says B)), without explicit mention.

Case. I"Aﬁhyp
1.TFGADA (See proof of Theorem C.2.2; case (use))
2. - F¢T D (ADA) (Theorem C.2)
3. - F¢gMAA)DA (Lemma C.4)
4. kg Ksays (T A A) D A) (Rule (nec))
Case. Kz K claims
I', K’ claims A-X 4
1. - kg K’ says ((K' says A) D A) (Rule (ax) and C)
2. -ta (K'says A) D A) O (T A (K'says A)) D A) (Theorem in G)
3. kg K’ says (((K'says A) D A) D ((T A (K'says A)) D A)) (Rule (nec) on 2)
4. kg (K'says ((K'says A) D A)) D K’ says ((T' A (K'says A)) D A)
(Rule (ax), K and (mp) on 3)
5. - kg K'says (T A (K’ says A)) D A) (Rule (mp) on 4 and 1)
6. - Fg (K'says (T A (K'says A)) D A)) D K says (T A (K’ says A)) D A)
(Rule (ax) and S; K’ = K)
7. - g K says (T A (K’ says A)) D A) (Rule (mp) on 6 and 5)
Case. Pl A saysl

[ -5 K’ says A

Let T'|gr = Kj claims Ay, ..., K, claims A,,. Then K; = K’ (1 <i<n)

ko K’ says (((K7 says A1) A ... A (K, says A,)) D A) (i.h. on premise)
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3.

-

d.
6.
7.

o

. ko (K’ says Kj says A1) A ... A (K’ says K, says A,,)) D K’ says A

(Rule (ax), K and (mp)
K’ says Ki says Ay, ..., K’ says K, says A, Fq K’ says A (Theorem C.2
ko (K says A;) D K' says K says A; (Lemma C.5

K; says A; - K’ says K; says A; (Theorem C.2

Thg K'says A (Weakening Lemma C.1

)
)
)
)
K says Ay,..., K, says A, bg K' says A (Substitution Lemma C.1 on 5 and 3)
)
Fo T D K'says A (Theorem C.2)

)

k¢ K says (T' O K’ says A) (Rule (nec)

I -5 K’ says B I, K’ claims BHX A

saysEl
R g
-F¢ K says (T' O K’ says B) (i.h. on 1st premise)
F¢ K says (T' D ((K’' says B) D A)) (i.h. on 2nd premise)

+g (T D K'says B) D ((T' D ((K'says B) D A)) D (T D A)) (Rule (ax) and
imp2)

¢ K says ((T D K'says B) D ((T  ((K'says B) D A)) D (T D A))) (Rule
(nec))

- ko (K says (T D K’ says B)) D ((K says (T D ((K' says B) D A))) D K says
(' > A4)) (Rule (ax), K and (mp))

g (K says (T D ((K'says B) D A))) D K says (I' D A) (Rule (mp) on 5 and 1)
kg K says (T' D A) (Rule (mp) on 6 and 2)

O]

Lemma C.7 (Axiomatic = Sequent Calculus). Fg A implies - Ly} for each K.

Proof. We induct on the derivation of F A, and analyze cases on the last rule in the

derivation.
Fg A
Case. If—nec
Fg K" says A
154 (i.h. on premise with K’)
2. - X K says A (Rule (saysR))
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Fe ADB Fg A

Case.
Fy B
1. -5 45B
9. .5 4

3.A>B, A% A

4. A>B ABE B

5. A>B,AL B

6. A5 B

7. . 5 B

Case.

A is an axiom

ax
Fag 0

mp

(i.h. on 1st premise)

(i.h. on 2nd premise)
(Theorem B.3)

(Theorem B.3)

(Rule (DL) on 3 and 4)
(Theorem B.2 on 1 and 5)

(Theorem B.2 on 2 and 6)

We case analyze all axioms A, in each case showing that - K, A. Some representa-
tive cases are shown below (others are straightforward, since they use only the laws of
propositional logic)

Case. (Axiom K) A =

1.

otk N

~

Case. (Axiom 4) A =

A

K’ claims (A’

K’ claims (A’ D
K’ claims (A’ D
K’ claims (A’ D

B’
B’

(K'says (A’ D B')) D ((K'says A’) D (K’ says B))

K’ claims A’, A’ 5 B", A LSNYY (Theorem B.3
K’ claims A, A’ > B',A', B’ K (Theorem B.3

B, )
B'), )
), K’ claims A, A' > B', A" X5 p (Rule (OL))
), )

K’ claims A’ & p (Rule (claims) twice

K’ says (A’ D B'),K' says A', K’ claims (A’ D B’), K’ claims A’ £, K’ says

Bl

ES (K’ says (A’

(Rule (saysR))

. K'says (A’ D B'), K' says A’ £, K’ says B/ (Rule (saysL) twice)

D B')) D ((K'says A’) D (K'says B)) (Rule (DR) twice)

(K'says A’) D K’ says K' says A’

K' claims A’, A/ LINY (Theorem B.3)
K claims A 25 4/ (Rule (claims))
K’ claims A’ &5 i/ says A (Rule (saysR))
K’ says A, K’ claims A’ 5 K says K’ says A (Rule (saysR))
K’ says A" &5 K’ says K' says A (Rule (saysL))
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6. -2 (K'says A’') D K’ says K’ says A’ (Rule (DR))

Case. (Axiom C) A = K’ says ((K'says A’) D A')

1. K'says A, K’ claims A", A LSNyY (Theorem B.3)
2. K'says A, K' claims A’ LNy (Rule (claims))
3. K'says A’ ESNyY (Rule (saysL))
4. Z (K says A) > A (Rule (OR))
5. - & K’ says (K’ says A') 5 A) (Rule (saysR))

Case. (Axiom S) A = (K; says A') D (K3 says A’) and K; = K»

1. K claims A", A’ %2, A’ (Theorem B.3)
2. K claims A 22 A’ (Rule (claims); K = Ka)
3. K claims A’ Ky says A’ X, K5 says A’ (Rule (saysR); K1 = K>)
4. Ky says A’ 5K, says A’ (Rule (saysL))
5. 5 (K says A") D (K says A') (Rule (DR))

O

Lemma C.8 (Sequent Calculus = Natural Deduction). T’ 5 A implies T H5 A,
Proof. We induct on the derivation of I' K, Aand analyze the last rule in the derivation.

P atomic | |

Case. 7}(1111’5
rp—P

..T,PHE P (Rule (hyp))

I K caims A, A X5 ¢ KK
Case. claims

I', K claims A LSNVG!

1. T, K claims A, AFK" C (i.h. on premise)
2. I, K claims AFK" A (Rule (claims); K > K')
3. I, K claims AFK ¢ (Substitution Theorem 3.2 on 2 and 1)
K
Mg — A
Case. !K saysR

FLKsaysA

LTgHE A (i.h. on premise)
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2. T F& K says A

I', K says A, K claims A X, C
Case. saysL

F,KsaysA£>C

1. T, K says A, K claims A X' C
2. T, K says A X' K says A

3. T, K says AFE' ¢

r & a FLBA

Case. I R
I' - AAB
1.THE A
2. THE B
3. THFE AAB
I AANB,ABL C
Case. AL

rAnBLS C
1. T,ANB,A,BFK C
2. T, ANB+FK AAB
3. TAANBHE A
4. T, ANB+HEB
5. 1, AANB,B-HX C
6. ,ANBFEC

r & 4
Case. Ki\/Rl
' —- AV B
1. THE A
2. THKX AV B
r& g
Case. Ki\/RQ
' —-AvVB
1. THE B
2. THKX AV B
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(Rule (saysl))

(i.h. on premise)

(Rule (hyp))
(Rule (saysE) on 2 and 1)

(i.h. on 1st premise)
(i.h. on 2nd premise)

(Rule (AR))

(i.h. on premise)

(Rule (hyp))

(Rule (A Eq) on 2)

(Rule (A E2) on 2)

(Substitution Theorem 3.2 on 3 and 1)
)

(Substitution Theorem 3.2 on 5 and 4

i.h. on premise
p

(Rule V 1)

(i.h. on premise)

(Rule V Iy)



I AvB AL C

Case. I
rAvB—<C

1.TAVB,AFK C

(\V)

.I'AvB,B-KC
3. AVBHE Av B

4. T,Av BHE C

TR

Case.
r & T

1. THE T

Case. 7KJ_L
r.L—c

1., LK L

2. T, LK C

rAfnp

Case. KiDR
' —ADB

1. T,AFKE B

2. THE ADB

rA>B% A
r,A->BXE ¢

Case.

1.T,ADBFK A

2. T, A>B,B-KC
3. VA>DBHE AD B
4. T, A>DBHEB

5. T A>BFEC

I AvBBLEC
VL

(i.h. on 1st premise

)

(i.h. on 2nd premise)
(Rule (hyp))

)

(Rule (VE) on 3, 1 and 2

(Rule (TT))

(Rule (hyp))
(Rule (LE))

(i.h. on premise)

(Rule (DI))

rA>BBE ¢
oL

(i.h. on 1st premise)
(i.h. on 2nd premise)
(Rule (hyp))

(Rule (DE) on 3 and 1)
)

(Substitution Theorem 3.2 on 4 and 2

O]

Lemma C.9 (Equivalence). The following are equivalent for any ', K, and A.

1. T HX A in the natural deduction system.

2. T 5 Ain the sequent calculus.
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3. by K says (T' D A) in the aziomatic system.

Proof. We show that (2) => (1) => (3) => (2).
Proof of (2) => (1). Follows immediately from Lemma C.8.

Proof of (1) => (3). Suppose I' & A. By Lemma C.6, - ¢ K says (I O A). By
Theorem C.3, g K says (I D A).

Proof of (3) => (2). Suppose by K says (T 5 A). By Lemma C.7, - = K says (T O
A). Now observe that K says (I' D A),T 5 A Hence, by cut (Theorem B.2) we get
r&oa

U

Corollary C.10 (Equivalence; Theorem 3.9). The following are equivalent for any K,
and A.

1. - FE A in the natural deduction system.

2. - 5 A in the sequent calculus.

3. by K says A in the axiomatic system.

Proof. Choose I' = - in Lemma C.9. We get - F5 A iff - K A Fg Ksays (T D A). It
only remains to show that gy K says A if and only if g K says (T D A).

(“If” direction)

1. kg K says (T D A) (Assumption)
2.k TO(W(TDA)DT) (Rule (ax) and imp1)
3. kg T (Rule (ax) and true)
4 Fp(TOADST (Rule (mp) on 2 and 3)
5. Fg (TDA) D(T DA (see proof of Theorem C.2.2; case (use))
6. Fr(TDOA)DT)D(((TD>A)D(TD>A)D(T>A)D>A) (Rule (ax) and
imp2)
7. Fe((TDA)D(TDA)D(TDA) DA (Rule (mp) on 6 and 4)
8. Fu ((TD>A) DA (Rule (mp) on 7 and 5)
9. Fg Ksays ((T D A) D A) (Rule (nec))
10. Fg (K says (T D A)) D Ksays A (Rule (ax), K and (mp) on 9)
11. by K says A (Rule (mp) on 10 and 1)

(“Only if” direction)
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. kg Ksays A (Assumption)

. Fr AD(T DA (Rule (ax) and impl)
. ko K says (AD (T D A)) (Rule (nec))
. Fu (K says A) D K says (T D A) (Rule (ax), K and (mp) on 3)
. kg Ksays (T D A) (Rule (mp) on 4 and 1)

O

D Proofs from Section 4

D.1 Soundness

We show here that the Kripke semantics for DTLy are sound, i.e, if T’ X, A, then
M =X (T > A) in each model M, where T is the context I' reified as a formula, as
defined in Appendix C.2. First, we prove a few preliminary lemmas. As a convention,
we write w’ to denote a world w that is visible to K.

Lemma D.1 (Monotonicity). If w E A and w' > w, then w' = A.

Proof. We induct on A.

Case. A = P (A is atomic)

Suppose w = P, and w' > w. We want to show that w' | P. By assumption
w = P, which implies that P € p(w). Hence P € p(w') (condition Rho-her). Thus
w' | P.

Case. A = T is trivial

Case. A= 1

Suppose w = L and w' > w.

To show: w' = L.

By assumption w € F. Hence by (F-her), w’ € F. Thus v = L.

Case. A= A; N Ay

Suppose w = A1 A Ay and w' > w.

To show: w' = A1 A As.

By assumption, w | A; and w = As. By ih., v’ E A and v’ = Ay, Thus by
definition w’ = A1 A As, as required.

Case. A=A,V Ay

Suppose w = A1 V Ay and v’ > w.

To show: w' = Ay V As.

By assumption, w = A; or w = Ay. Let us take the case w |= A; (the other case
is symmetric). By i.h., w’ | A;. Thus by definition w’ = A1 V Aj, as required.
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Case. A=A D Ay

Suppose w = A1 D Ay and w' > w.

To show: w' = A1 D As.

Suppose w” > w'.

To show: w” = A; implies w” = As.

By transitivity of >, w” > w. By definition of w | A1 D As, w” = A; implies
w” | Ay as required.

Case. A= K says B

Suppose w = K says B and w’ > w.

To show: w' = K says B.

By assumption w = K says B, either w € F or w < w"” Cg w” implies w” = A.
If w e F, by (F-her), w" € F. Hence w' | K says B. Otherwise, pick any wy
and ws such that w' < wy Eg ws. Clearly, by transitivity of <, we also have
w < wy Cx ws. Thus by the assumption ws = A as required.

"

O
Lemma D.2 (Falsehood). If w = L, then for any proposition A, w = A.
Proof. By induction on A.

Case. A = P (A is atomic)

Suppose w = L

To show: w = P.

By assumption, w € F'. By (F-univ), P € p(w). Thus w = P.

Case. A =T is trivial.
Case. A = | is trivial.

Case. A = A; A As.
Suppose w = L. By i.h. w = Ay and w | As. Hence by definition of satisfaction,
w l: A N As.

Case. A = A; V As.
Suppose w = L. By i.h. w = A;. Hence by definition of satisfaction, w = A4; V
As.

Case. A = A; D As.

Suppose w = L. Choose any w' > w. We want to show that w’ = A implies
w' = B. By Lemma D.1, v’ | L. Hence w' = B by i.h., and in particular,
w' = A implies v’ = B.

Case. A = K says B.
Suppose w = L. Thus by definition, w € F. Hence by definition, w = K says B.

O]

Theorem D.3 (Soundness). If T’ LN A, then for each Kripke model M, M =X T > A.
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Proof. We induct on the derivation of I" A

P atomic = |
Case. ———————init

rpp
Pick any w such that K € §(w). We want to show that w = (I' A P) D P. So
pick any w’ > w. It suffices to show that w’ =T A P implies w’ = P. But if we
assume that w' =T A P, then w' = P follows by definition of satisfaction.

I K caims A, A X, ¢ K=K

Case. = claims
I'K claims A — C

Pick any w (K’ € 6(w))
To show: w |= (T A K says A) D C

1. Assume any w’ > w
Suffices to show: w’ =T A K says A implies w’ = C

2. Assume: w' =T and w’ = K says A

3. Suffices to show: v’ = C

4. From ih.: w' = (T A (K says A) A A) D C. (We can apply i.h. since
K' € 0(w) and w < w' imply K’ € §(w'))

5. By definition on (4): v’ =T and w’ = K says A and v’ = A implies v’ |= C

6. From (2), w' | K says A. Also, K’ € 6(w'). Hence, by (View-close),
K € 6(w'). By (Imp-refl) and (Mod-refl), w’ < w’ Cx w'. By definition
of satisfaction, either w’ € F, or w’ = A. In the former case, w’ = A by
Lemma D.2. Thus v’ = A.

7. From (2), (6) and (5) , w’ |= C as required in (3).

K
T A
Case. [ =

saysR

!

FLKsaysA

Pick any w such that K’ € 6(w).

To show: w =T D K says A.
1. Assume any w' > w

Suffices to show: w’ =T implies v’ = K says A
2. Assume w' = T.
3. Suffices to show: w’ = K says A

4. Assume w' ¢ F, and pick any w”,w” such that v’ < w” Cx w"”
(Note: K € 0(w")).

5. Suffices to show: v = A

6. Let I'|x = K claims By, ..., K, claims B,,.
(Note: K; = K for each 1)

7. By i.h., w"” = (Ky says By A ... A K, says B,) D A
(we can apply i.h. because K € 0(w""))
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8. By definition on (7), w"” = K; says B; for all i implies w” = A
9. From (5) and (7), suffices to show that w"” |= K; says B; for each i.

10. Choose any w"” < wg Cg, ws. Suffices to show: ws = B;. (Note: K € 0(w,)
by (View-closure))

11. From (4) and (10), we have w” Cxg w” < wy. By (Commutativity), w” Cg
wy. By (Mod-closure), w” Cg, wy.

12. We now obtain v’ < w” Cg, wy Cg, ws.

13. From (12), and (Mod-trans), v’ < w” Cg, ws.

14. Since w’ | K says B; (assumption 2), and v’ ¢ F (assumption 4), by
definition of satisfaction, ws = B;, as required in (10).

I', K says A, K claims A x, C
Case. saysL

I') K says A LSNPS
We want to show that if w®', then w = (I A K says A) D C. Equivalently,
for any w' > w, w' = T A K says A implies w' = A. By ih, w' T A
K says A A K says A implies w' = A. However, w' = T A K says A and
w' =T A K says A A K says A are equivalent by definition.

r&a rtn
Case. I AR
r —AAB
Suppose w’ is a world. We want to show that w =T D (A A B). Pick any w’ > w
and assume that w’ = T'. It suffices to show that w’ = A A B, or equivalently
that w’ = A and that w’ = B. This follows immediately by i.h. (since K € 6(w'))

I AAB,ABS C
AL

I AABS ¢
Suppose w¥ is a world. Pick any w’ > w. It suffices to show that w' =T A A A B
implies that w' = C. This follows immediately by the i.h. (since K € 6(w’)).

Case.

r & 4
Case. Ki\/Rl
' - Av DB

Suppose w’ is a world. Pick any w’ > w. It suffices to show that w’ = T implies
that w' = A V B. Assume v’ |= T. By ih., w' = T implies w’ = A. Hence
w' = A. By definition of satisfaction, w’ = A V B as required.

r&p
Case. ————V Roy

r& ave

Similar to the previous case.

r,AvB AL o r,AvB,Biﬁcv

r,aveLc
Suppose w’ is a world. Pick any w’ > w. We want to show that w’ =T A (A V B)

Case. L
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implies w’ = C. Suppose that w’ =T A (A V B). By definition, v’ = T and
either w’ = A or w' = B. Suppose that w' = A (the other case is similar). By
i.h. on first premise, w’' =T and w’' = A imply v’ |= C. It follows immediately
that w’ = C as required.

Case. TR

r &

Pick any w’. We want to show for any w’ > w that w’ = T implies v’ |= T.
However, w’ = T is always true by definition.
Case. —— | L

r15¢

Pick any w®. We want to show for any w’ > w that w’ =T A L implies v’ |= C.
Assume that w' = T A L. In particular, w’ = L. By Lemma D.2, v’ = C, as
required.

rAfp
Case. KiDR
' —A>DB

Pick any w’, and any w’ > w. It suffices to show that w’ |= T implies w’ = A D B.
To show this pick any w” > w’, assume that w” &= A and observe that it suffices
to show that w” = B. Now from Lemma D.1, it follows that w” = T. Hence
w” =T A A. From i.h., w” = B as required.

rA>B% A RADRBEwJL
D

r,A->B5% ¢
Pick any w® and w’ > w. We want to show that w' = T A (A D B) implies
w' = C. Assume that w’ =T and that w’' = A D B. From i.h. (1) it follows that
w' = A. Hence w' = B. Now from i.h. (2), w' = C as required.

Case.

O]

D.2 Canonical Kripke Model and Completeness

In this section, we provide proofs of Lemmas and Theorems from Section 4.1.

Lemma D.4 (Canonical Model; Lemma 4.8). The model constructed in Definition 4.7
18 a Kripke model for DTLy, i.e., it satisfies all conditions of Definition 4.1.

Proof. We verify all the conditions from Definition 4.1.

o (View-closure) Suppose K € 6(I',S) = S. Now by (Prin-closure), there is a
principal K such that S = {K | K = Ky}. It follows that K > Ky. Now suppose
K' = K. By the fact that > is a pre-order, K’ = Kjy. Thus K' € S =0(T, 5), as
required.

e (Imp-mon) By definition, (T, .S) < (I",5’) implies S C ', i.e., (T, S) C (1", 5").

e (Imp-refl) and (Imp-trans) follow by definition of < in the canonical model.
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(Mod-refl) Let w = (', S) and K € S. We want to show that (I, S) Cx (T,5).
For this, we need to show that K says A € I" implies A € I". This follows from the

condition (Fact-closure) because K says A X, Ain the sequent calculus.

o (Mod-trans) Let (I'1,S1) Cx (I'2, 52) Cx (I's, S3). We want to show that K says
A € Sy implies A € S3. By condition (Prin-closure), there is at least one element

in S1, say K1. Now observe that K says A LNy says K says A. Hence K says
A € I'1 implies (by Fact-closure) that K says K says A € I';, which implies (by
definition of C ) that K says A € 'y, which further implies that A € T's.

e (Mod-closure) Let (T'1,51) Cg (I'2,S2) and K’ = K. We want to show (I'1,S1) Cx
([, S3). Clearly, K' € Sy because K € Sy. Pick any K’ says B € I';. We need

to show B € I's. However, K’ says B LNy e says B for any Ko € S;. Thus by
(Fact-closure), K says B € I'1. Hence by definition of Cg, B € I'y as required.

e (Rho-her) Let P € p(I'y, 51) (i.e., P € T'1) and (T'y, S1) < (I'2, S2). By definition of
< in the canonical model, I'; C I'y. Thus P € I'y, or equivalently, P € p(I'y, S2).

e (F-her) Let (I'1,51) € F (i.e.,, L €T) and (T'1, S1) < (I'2, S2). By definition of <
in the canonical model, I'; C I'y. Thus L € I'y, or equivalently, (I'y, S2) € F.

e (F-univ) Let (I', S) € F. By definition, 1 € I'. By condition (Prin-closure), there

is at least one principal, say K, in S. Also, L X, P in the sequent calculus.
Therefore, by condition (Fact-closure), P € ', or equivalently, P € p(T', S).

o (Commutativity) Suppose (I'1,51) Cx (I'2,.52) < (I's, S3). We want to show that
(Fl,Sl) Cx (Fg,Sg). Since K € SQ and SQ - Sg, K e Sg. A]SO7 K says A€ I'4
implies (by definition of Cg) that A € I'y which in turn implies A € I's (since
Iy CTy).

O

Lemma D.5 (Consistent Extensions; Lemma 4.9). Let (T',S) be an A consistent theory.
Then there is an A consistent prime theory (I'*, S) such that I' C T'*.

Proof. We use Zorn’s lemma. Let us define the set & of theories as follows: § =
{T,8)|I"2I, VK € S. T ﬁ A}. We make the set a partial order by defining
(I",8) < (I',S) if I C T”. Clearly S is non-empty since (I',S) € S. Now take any
chain (I'1, §) < (I'g,8) < ...in S. Clearly (UI';, S) is an upper bound on this chain. We
show that (UT';, S) € S. First, clearly UT'; O I since each I'; D I". Second, UT; ﬁ A for
any K € S. To see this, assume (for the sake of contradiction) that UI'; X, A for some
K € S. Then there is a finite subset I of UI'; such that I" K, A. Since I is finite,
there must be some n such that IV C I',,. Clearly then I, X, A, thus violating the fact

that (I',,,S) € S. Hence, UI'; 7£> A. And therefore, (UI';,S) € S.
By Zorn’s lemma, S has a maximal element. Let this element be (I'*,S). By

definition of S, I'* ﬁ A for any K € S, so that (I'*,S) is A consistent. We now show
that (I'*, S) is a prime theory. To do this, we verify the (Fact-closure) and (Primality)
conditions. (The condition (Prin-closure) holds because we assume that S is a filter).
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e (Fact-closure) Suppose for the sake of contradiction that I'* K, O for some K € S ,
but C ¢ I'*. Let Ky be a minimum element of S (this exists because S is a filter).

Clearly I'*, C' 7ﬁ> A. (If not, then I'*, C Ko, Aand T £ € would imply I'* Ko, 4
by Theorems B.1 and B.2, thus contradicting the A consistency of (I'*,S).) It

follows that for any K € S, I'*,C 7£> A. Thus (I'"U{C},S) € S. This contradicts
the maximality of (I'*,.5).

e (Primality) Suppose for the sake of contradiction that BV C' € I'* and B,C ¢ I'*.
Consider the theories (I U{B}, S) and (I U{C}, S). We claim that at least one
of these is A consistent. Suppose on the contrary that both are A inconsistent.

Then T*, B 2% A and T*, C 22 A for some K, Ko € S. Thus T*, BV C 2% 4,
where K is a least element of S. Further, since B V C € I'*, we would obtain

p* Ko, A, thus violating the A consistency of (I'*,S). Hence at least one of the
theories (I' U {B}, S) and (I'* U {C},S) is A consistent. Assume without loss of
generality that (I'™ U {B},S) is A consistent. Then clearly, (I'" U {B},S) € S,
which violates the maximality of (I'*,S). Thus at least one of B and C' must be
in I'*, as required.

O]

Lemma D.6 (Satisfaction; Lemma 4.10). For each formula A, and each prime theory
(T, S), it is the case that (I',S) = A in the canonical model iff A € T'.

Proof. We induct on A.

Case. A = P (A is atomic).
(I,S)EPit Pep,9)iff PeT.

Case. A=BAC.

Suppose B A C € T'. We want to show that (I', S) = B A C. By (Fact-closure) on
the theory (I', S), B € I'and C € I'. Hence by the i.h., (I',S) = Band (T, 5) = C.
It follows then that (I, S) = B A C.

Conversely suppose that (I',.S) = B A C. By definition (I', S) = B and (I', 5) =
C. By i.h., B,C €T. By (Fact-closure), BA C €T.
Case. A=BVC.

Suppose B V C' € I'. We want to show that (I',S) = B vV C. By the (Primality)
condition on (I, S), either B € I or C € I'. Assume the former (the other case is
similar). Then by i.h., (', S) = B. Hence by definition, (I, S) = B Vv C.

Conversely, suppose that (I',S) = B vV C. By definition, either (I',S) = B or
(T, S) E C. Assume the former (the other case is similar). Then by i.h., B € T.
Hence by (Fact-closure), BV C €T.

Case. A=T.
Suppose T € I'. Then trivially, (T, S) & T.

Conversely, suppose (I', S) = T. Since I’ T for any K, T € I by (Fact-closure).

64



Case. A= 1.
(I,S) = Liff (I,S)e Fiff L eT.

Case. A=B>C

Suppose B D C € T'. Pick any (I",5") > (T, S). We want to show that (I, S") = B
implies (I, 8") = C. Assume (I',5") E B. By i.h., B € IT". Also, by definition,
I OT. Hence, B> C €I'. Clearly B,B > C K, O for any K € S’. Thus by
(Fact-closure) on (I, S’), it must be the case that C' € T'. By i.h., (I',5") = C,
as required.

Conversely, suppose that (I',S) = B D C. We want to show that B D C € T.
Assume for the sake of contradiction that B O C ¢ T", and pick any K € S. Due to

(Fact-closure), it must be the case that I' 7£ B D C. It follows immediately (from

basic properties of the sequent calculus) that T, B ﬁ B> C. Thus ('U{B},S)
is B D C consistent. By Lemma D.5, there is a prime theory w = (TU{B}UI",S)
which is B D C consistent. Now by i.h.,, w | B. Also, since w > (I',5), and
(I, S) = B > C, we obtain w = C. By i.h., C € TU{B}UT". Since C X B> C
for any K, it follows by (Fact-closure) on w that B D> C' € T'U{B} UTI”, which
violates the B D C consistency of (I' U {B} UTI",S). It follows therefore, that
B D C €T, as required.

Case. A= K says B

Suppose K says B € T'. We want to show that (I',S) &= K says B. So pick
any sequence: (I',S) < (I',8") Cg (I',S”), where K € S”. Since I' C I",
K says B € I". By definition of Cg in canonical models, B € I'. Hence by
i.h., (I, S8”) = B. Since I'', T §', S” are arbitrary, by definition of satisfaction it
follows that (I', S) = K says B.

Conversely, suppose that (I',S) = K says B. We want to show that K says B € T".
If L €T, this is trivial due to the closure condition. Hence we may assume that
1L ¢T. Let Sy = {K' | K' = K}. Now consider the theory (T|x,Sk)?. We
claim that this theory is not B consistent. Suppose on the contrary that it is B
consistent. Then by Lemma D.5, there is a larger prime theory (IV, Sk) that is
B consistent (I'" D T'|g). Observe that (I',S) < (T',S) Cxg (I",Sk). The first
relation is trivial. To prove that (I',S) Cx (I",Sk), pick any K’ says C € T,
where K’ = K. We will show that C' € I". Since K’ says C € ', K’ says C € T'| k.
Hence, K’ says C € T". Now observe that K’ says C K, . So by (Fact-closure)
on (I'",Sk), C € I. Hence (I, S) < (I, S) Cx (I, Sk).

Next, from the assumption that (I',S) = K says B and the fact that L ¢ " (so
that (I, .S) is not fallible), we must have (I",Sk) = B. By i.h.,, B € I'. This
immediately violates the fact that (I, Sk) is B consistent. Thus (TI'|x,Sk) is
not B consistent. Therefore there is some K’ € Sk such that I'|x X, B. Since

K' = K, it follows from Theorem B.1 that I'|x K B Thus T 25 K says B for
any K” € S. Thus by (Fact-closure) on (T',S), K says B € T.

Tk is defined here as {(K’ says A) € T | K’ = K}
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O]

Theorem D.7 (Soundness and Completeness; Theorem 4.3). - LNy’ if and only if for
each Kripke model M, M =X A.

Proof. Suppose - X, A. Then by Theorem D.3, M =5 T > A. Hence, M =X A.
Conversely, suppose that for each model M, M =% A. Then, in particular for each w’

in the canonical model w = A. By Theorem 4.11, - KNy (else there must be a world
w’ such that w = A). O

E Proofs from Section 5.1

In this appendix we prove that the translation from DTLgy to CS4™ is correct (Theo-
rem 5.2). First, we develop the axiomatic system for CS4™.

E.1 The Axiomatic System for CS4™

In Section 5.1, we listed the axioms and rules of CS4™ that are specific to the modality
Og. Below we list all the rules and axioms of CS4™.

FA FADB HA A is an axiom
F oA - B P A
Axioms:

(Ok(A > B)) 5 (O 4) > Ok B)) (K)
(DKA)DDK O A (4)
(DKA) DA (T)
(DKA) DOgA if K = K' (S)
AD(BDA) (imp1)
(ADB)D((AD(BD(C))D(ADC0)) (imp2)
AD(BD>(AANB)) (conjl)
(ANB)D A (conj2)
(ANB)D B (conj3)
A>S(AVB) (disj1)
B> (AV B) (disj2)
(ADC)D((BDC)D((AVvB)D()) (disj3)

T (true)
104 (false)

Next, we generalize the axiomatic system, adding hypothetical reasoning, as we did
for the axiomatic system of DTLg (Appendix C). We write I' F¢ A to mean that A
follows from the formulas in I'. The rules of deduction are:

‘Fa A I'¢cADB I'tg A A is an axiom
c mp ———ax

——————use ——— e
INAFg A ' ¢ OgA I'tg B F'Fg A

As for DTLg, we prove some elementary properties for the generalized system of
CS4™, and show also that the generalized system and axiomatic system are equivalent.
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Lemma E.1 (Basic properties). The following hold.
1. (Weakening) T F¢ A implies T, T F¢ A
2. (Substitution) ' Fg A and T, Atg B imply I' b B

Proof. Exactly as for DTLg in Lemma C.1, since the proof does not rely on the specific
axioms used. O

Theorem E.2 (Deduction). The following hold.
1. Tkg AD B impliesI',Atg B
2. Arg B impliesT' g AD B

Proof. Exactly as for DTLg in Theorem C.2. The proof does not rely on the axiom (C),
which is the only axiom present in DTLg that is not present in CS4™. O

Theorem E.3 (G iff Axiomatic). - A if and only if - Fg A

Proof. In each direction by straightforward induction on the given derivation. O

E.2 Proof of Soundness

Next we prove soundness of the translation, - £ Ain DTLg implies - O D (K D TA™)
in CS4™. Instead of establishing exactly this statement, we modify it slightly to make
our induction easier.

Lemma E.4 (Soundness of Translation). If g A in DTLy’s axiomatic system, then
O kg A" in CS4™’s generalized axiomatic system.

Proof. We induct on the given derivation of kg A, case analyzing the last rule. (We
remind the reader that the rules for the judgment Fy are listed in Appendix C.)

Fg A
— 11
Fg K says A
Let O = Dg(KlA D) KlB), .. .,Dg(KnA D) KnB)~

Case. ec

1. OFg A (i.h. on premise)
2. O,KFgmA™ (Weakening, Lemma E.1.1)
3. FcOD(KDrAY (Theorem E.2)
4. - FoOg(OD (K DTAY) (Rule (nec))
5. - Fq (OgO) D Og (K DTAY) (Rule (ax), (K), and rule (mp))
6. Ox Oy (K14 D K1), ...,0x Oy (Kua D Knp) Fo Ox (K D TA7) (Theorem E.2)
7. kg (Oe(Kia D K;p)) D 0,04 (Kija D KiB) (Rule (ax) and (4))
8. Uy(Kia D Kip) Fa 0,0 (K4 D KiB) (Theorem E.2)
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9. -F¢ (0,00 (K4 D Kip)) DO Oy (K;a D KiB)
10. O, 0 (K4 D Kip) Fg Ok Oy (Kia D Kip)
11. Oy(K4 D Kip) Fe O O¢ (Kia D Kig)
12. O F¢ Og(K 5 TA7)

gy ADB Fg A
Case. mp
Fn B

1. OFg AT >R
2. OFgrA”
3. Okg B

A is an axiom
Case. —————ax
Fg A

We case analyze the axioms.

(Rule (ax) and (S))
(Theorem E.2)

(Lemma E.1.2 on 8 and 10)
)

(Lemma E.1.2 on 11 and 6

(i.h. on 1st premise)
(i.h. on 2nd premise)

(Rule (mp))

Case. (Axiom K) A = (K'says (A’ D B’)) D ((K'says A') D (K’ says B’))

1. Ot¢ (O (K'D2TA) D (K'D>™B'M)) D
"B'))

(O (K 5 7A) 5 (Oger (K
(Rule (ax) and (K))

2. 0,0g((K' D2TA) D (K'D™B') k¢ (Og/(K' > TAT) D (O (K' D

"B'))

3. b (K'D(TAD™BM) D ((K'>TAT) D

4. - g (DK/(K/ D ('_A,—' > '—B/—'))) D DK/((K/ D

(Theorem E.2)
(K'>™B'™)
(Basic propositional theorem)
TAT) O (K’ D TB')
(Rule (ax), (K) and rule (mp))

5. Ogr (K" D (TA7 5 ™B7) kg O/ (K D TAT) S (K' 5 TB'7))

6. O,0x/(K' > ("TAT "B ke (O (K" 2

(Theorem E.2)
"A™) O (Ok(K' 2 TB"))
(Lemma E.1.2 on 5 and 2)

7.0 F¢ Qg (K" > (TAT D ™B')) D (Og/(K" > TA) D (O (K" D

"B'))

Case. (Axiom 4) A = (K’ says A’) D K’ says K’

O (K’ S TA7) bg O Oper (K" D TA)
‘Fa (DK/(K, D) FA/‘I)) D) (K, D) (DK/(K,

=W =

68

(Theorem E.2)

says A’

e (DK/(K/ D FA/—')) D Ui g (K’ D) '_A,—') (Rule ( ) and 4

(Theorem E.2

)
)
DTA™)) (Rule (ax) and (impl))
ke Og (O (K" D TA™) D (K' D (O (K" D TAM)))) (Rule (nec))



5. - kg (DK/ g (K/ > '—A/—'>) D) DK/(K/ D) (DK/(K/ > '—A/j)))

(Rule (ax), (K) and rule (mp))
6. Oy Qg (K/ > ’_A/—I) Fa DK1<K/ > (DK/(K/ D) I—A/—I))) (Theorem EQ)
7. Og/(K' DTA) bo Og(K' D (O (K" DTA)))  (Lemma E.1.2 on 2 and

6)

8. kg (Og/(K'DTA™) D O/ (K D (O (K DTA™)) (Theorem E.2)

9. Otg (DK/(K/ > I—A/—l)) > \:‘K/(KI D) (DK/(K/ > I—A/—I)))

(Weakening, Lemma E.1.1)

Case. (Axiom C) A = K’ says ((K'says A') D A')

1. Og/(K'DTA),K' b (Og(K'DTAT) D (K' D TAM)

(Rule (ax) and (T))

. kg DK/(KI D) ((DK/(K/ D) I—AI—I)) D) I—AI—I))

)
(Rule (nec))

2. O/ (K'DTAT), K b Ogr (K DTA'T) (Rule (use))
3. Og/(K'DTA),K' kg K' DA™ (Rule (mp))
4. Og/(K' >TA), K' k¢ K’ (Rule (use))
5. O/ (K'DTAT),K' g TAT (Rule (mp))
6. - Fo K' D ((Og/(K'DTAT)DTAT) (Theorem E.2
7

8

. OFeOg/(K' D ((Og/(K'DTAT) DTAT)  (Weakening, Lemma E.1.1)

Case. (Axiom S) A = (K| says A") D (K}, says A)

. - Fg (KD KD (K DFA) D (K5 D TAT)

(Basic propositional theorem)

[\

- ke Oy (K5 O K1) O (K3 DTA™) O (K3 5 7A™))
- Fa (Bky (K5 D K1) O (Mg (K7 5 TA™)) O Oy (K D TA™))

w

(Rule (ax), (K), and rule (mp))

Oy (K4 D K1), Oy (K D "A') b Oy (K3 D TA™) (Theorem E.2)
Fa (Ou(K5 D K1) D Uk (K5 D KY) (Rule (ax) and (S))
Oe(K5 D K1) b O (K5 O Ky) (Theorem E.2)
)

)

© 00N> U

Oe(K5 D K1), Oy (K7 D TA™) b Opey (55 D TA™)

(Lemma E.1.2
10. Dg(Ké D Ki), DK{ (Ki D l—A/—') Fa DKé (Ké D '_A/—‘)
(Lemma E.1.2

(Rule (nec))

~—

e (O (K] DTA™) D gy (K7 DA (Rule (ax) and (S)
Oy (87 D TA™) b Uiy (K7 D TA™) (Theorem E.2

on 6 and 4)

on 8 and 9)

11, Op(K5 D K)o (B (K7 D TA™) D gy (K5 DA™ (Theorem E.2)
12. O kg (O (K7 D TA™) D Oy (K3 D TAT) (Weakening, Lemma E.1.1)

The remaining cases are straightforward.
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E.3 Proof of Completeness

Our proof of completeness of the translation from DTLg to CS4™ is semantic, and uses
Kripke models of DTLg described in Section 4 and Appendix D. At a high level, the
steps in the proof are the following. First we define an interpretation of the formulas
of CS4™ in Kripke models of DTLg, and show that the interpretation is sound. This is
rather unusual, and works because the logics DTLy and CS4™ are quite similar. Next
we show that for any DTLg formula A, it is the case that = "A7 in this interpretation
if and only if = A in the usual Kripke interpretation of DTLg. Then, completeness of
the translation follows from completeness of DTLy with respect to its Kripke models
(Theorem D.7).

Definition E.5 (Kripke Interpretation of CS4™). Let (W, 6, <, (Cx)XP*i® 5 F) be a
Kripke model for DTLy. Then for CS4™ formulas, we define satisfaction at a world w
by induction on formulas as follows:

w = Piff P e p(w).

wkEKiffweF or K € 6(w).

wEAANBiff wEAand wkE= B.
wEAVBiffwEAorwlE=B.

wkET.

wELlLifweF.

wE ADBiff for all ', w < w’ and w' = A imply v’ = B.

w | OgA iff either w € F or (for all w',w”, w < w' Ck w” implies w” = A, and
for all w’, w < w' implies w’ = A).

Lemma E.6 (Monotonicity). For any CS4{™ formula A, w E A and w < w' imply
w' | A.

Proof. By induction on A. Most cases work as for the proof of Lemma D.1. The only
new cases here are A = K and A = O A'.

Case. A =K. Sincew = K, w € F or K € f(w). In the former case, by condition
(F-her), w’ € F. Thus w' = K. In the latter case, by condition (Imp-mon), K € 6(w’).
Thus v’ = K.

Case. A =0gA". We need to show that w' = O A’. We assume that w ¢ F, because
otherwise w’ € F' by (F-her), and trivially we would have w’ = Ox A’. Pick any ws, w3
such that v’ < we Cg ws. Clearly, w < we Cg ws. Hence by assumptions w | O A’
and w ¢ F, we get ws | A’. Next, pick any w” > w’. Clearly, w < w”. Hence by
assumptions w = O A’ and w € F, we get w” = A’. Thus ' = OgA'.

O

Lemma E.7 (Falsehood). For any CS4™ formula A, w = L implies w = A.
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Proof. Exactly like that of lemma D.2. O

As for DTLy, given a Kripke model M we say that M = A if for each w € M,
w = A. This interpretation is sound in the following sense.

Lemma E.8 (Soundness of Interpretation). If- A in CS4™, then for each DTLy Kripke
model M, M = A.

Proof. Pick any model M. We induct on the derivation of F A in CS4™ to show that
for each w € M, w = A. We case analyze the last rule in the derivation of - A.

HA

Case. ne
FOgA

C

Pick any w’, w” such that w < w’' Cg w”. By i.h., w” = A. Next, pick any w’ such
that w < w'. By i.h., w’ = A. Thus by definition of satisfaction, w = Ok A.

FADB FA

Case. "5 mp
. wEADB (i.h. on 1st premise)
2. wEA (i.h. on 2nd premise)
3 w<w (Reflexivity of <)
4. w = A implies w = B (Defn. of satisfaction, 1, 3)
5. wE= B (2,4)
Case. Aisan—axiomax
HA

We analyze the possible axioms A.

Case. (AXiOHl K) A= (DK/(A/ D) B/)) > ((DK/A/) D) (DK/B/))

Pick any w’ > w, and assume that v’ | Og/(A" D B’). It suffices to show that
w' = (OgA") D (O B’). Now pick any w” > w’ and assume that w” = Ogr A’
Then it suffices to show that w” &= Og/B’. We may assume that w,w’,w"” & F
because otherwise, by condition (F-her), w” € F, and trivially we would have
w” ): Il K/B/.

Pick w3, wy such that w” < ws Cgs wy. Observe that w' < ws Cgxs wy. From
assumptions w’' | Og/(A" D B') and v’ ¢ F it follows that wy = A" D B'.
Similarly, from assumptions w” | Ok A" and w” ¢ F it follows that wy = A’
Clearly, then wy = B'.

Next pick w3 such that w” < ws. Observe that w' < ws. From assumptions
w' E Og/(A" D B') and v’ ¢ F it follows that ws = A" D B’. Similarly, from
assumptions w” | O A" and w” € F it follows that ws = A’. Thus ws = B'.

It follows from the definition of satisfaction for Og/ B’ that w” | O/ B'.
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Case. (AXiOHl 4) A= (DK/A/) D DK’ DK/ A

Pick any w’ > w, and assume that w’ = OgsA’. Tt suffices to show that w' |=
Ox Ogr A’. We may assume that w' ¢ F because otherwise v’ = O Ogr A’
trivially by definition of satisfaction.

Pick any ws, w3 such that w' < wy Cgr ws. We must show that ws = Oxs A", So
pick any wy, ws such that w3 < wy Cgr ws. We must show that ws = A’. Observe
that w' < wy Cgr w3 < wyg Cgr ws. By (commutativity), v’ < wy Cgr wy S ws.
By (mod-trans), w’ < wy Cgr ws. It follows from assumptions w’ = Ogr A’ and
w' ¢ F that ws = A’. Next, pick any wy such that ws < wy. We must show
that wy | A’. Observe that w' < wy Cxr w3y < wy. By (commutativity),
w < wy Cgr wy. It follows from assumptions w’ = Ogr A’ and w' ¢ F that
wy = A'. Hence ws = Ok A.

Next pick wsy such that w’ < we. We must show that we = OxsA’. So pick any
w3, wy such that wy < ws Cgr wy. We must show that wy = A’. Observe that
w < wy Cgr wy. It follows from assumptions w’ = Qg A’ and w' € F that
wy | A’. Finally pick ws such that we < ws. We must show that ws = A'.
Observe that w' < ws. By assumptions w’ = O A" and w’ € F it follows that
ws = A’. Hence wy = Oxr A'.

Thus w’ ): DK/ DK/ A
Case. (Axiom T) A= (O A") D A

Pick any w’ > w, and assume that w' |= O/ A’. Tt suffices to show that w' = A.
We may assume that w’ € F, else w’ = L and by Lemma E.7, v’ E A’". Now
observe that w’ < w’. Hence by definition of satisfaction of (g A’, we must have
w' | A" as required.

Case. (Axiom S) A = (OgA’) D Ox/A’, where K = K’

Pick any w’ > w, and assume that w' | OgA’. Tt suffices to show that w' =
OxrA’. We may assume that w’ € F, else we trivially have v’ = Og/A’ by
definition of satisfaction.

Pick any wsg,ws such that v’ < wy Cgr ws. We must show that wg = A’. By
(mod-closure), v’ < wy Ck ws. It follows by assumptions w’ = Og A" and w’ & F
that wg = A'.

Next pick any we such that w' < wy. We must show that wy = A’. This follows
immediately by assumptions w’ = O A" and w’ & F.

Thus w' = Ok A, as required.
The remaining cases are straightforward, as they do not rely on modalities.

O]

Now we prove a critical lemma, which states that w = "A™7 if and only if w = A, for
each DTLg formula A.
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Lemma E.9 (Critical Lemma). For each DTLgy formula A, each Kripke model M, and
each w € M, it is the case that w = A if and only if w = "A™.

Proof. We induct on A, and analyze cases on the top constructor in it.

Case. A= P (A is atomic). "A7 = P.
By definition, w = A iff w € p(P) iff w =A™

Case. A=A1 NAy. TAT=TA;TATA".

whEAINAy ff wkE A and w E Ay (Defn.)
iff wETA;7and wE="A" (i.h.)
iff wETATATAY” (Defn.)
Case. A=A1 VA TAT=TA;7V Ay
whEA VA iff wkE A orwlE A (Defn.)
iff wETATorwlpE"Ap" (i.h.)
iff whETATV A" (Defn.)

Case. A = A1 D) AQ. FAT = '_Al—' D) ,_AQ—l.

Suppose w = A1 D As. Pick any w’ > w and assume that w’ |="A4;7. It suffices to
show that w’ =" A37. By i.h., v’ = Aj. By assumption w = A1 D Ag, w' = A; implies
w' = Ag. Thus w' | Ag. By i.h., w' =" As™ as required.

Conversely, suppose w |="A4;7 D T As™. Pick any w’ > w and assume that w' = A;.
It suffices to show that w’ = As. By i.h., w’ E"A;". By assumption w ="A4;7 D TAy7,
w' = TA;7 implies w’ |="A7. Thus w' |="A7. By i.h., w' = Ay as required.

Case. A=T.TA7=T.
This case is trivial because w = T for each w.

Case. A=1."TA"T=1.
By definition, w = A iff w € Fiff w ="A™.

Case. A= Ksays B. "A7=0g(K D"B").

Suppose w = K says B. We must show that w | Og (K D "B™). We may assume
that w ¢ F, otherwise by definition we have w = Og (K D "B7).

Pick any wi,ws such that w < w; Cg wy. We need to show that we = K D "B™.
So pick any ws such that wy < ws and ws = K. It suffices to show that ws = "B™.
Now observe that w < w; Cg wy < ws. By (commutativity), w < w; Cg ws. By
assumptions w = K says B and w ¢ F, we get w3 = B. By i.h., ws = "B7, as required.

Next, pick any w; such that w < w;. We need to show that wy = K D "B™. Pick any
wg such that wy < wy and wy = K. It suffices to show that we = "B7. From assumption
we = K, we get wy € F or K € O(wy). If wy € F, then by Lemma E.7, wy = "B™. If
K € 0(ws), by (mod-refl) we get wo Cx we. We therefore have w < wy Ci wa. By
assumptions w = K says B and w ¢ F', we get wy = B. By i.h., we = "B7, as required.
Thus w = Og (K D "B7).

Conversely, suppose that w |= Og (K D "B™). We must show that w = K says B.
We may assume that w ¢ F', otherwise by definition we have w |= K says B.
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Pick any wi,ws such that w < w; Cx wy. It suffices to show that wy = B. By
assumptions w = Ox (K D "B™") and w ¢ F' it follows that wy = K D "B™. Hence,
wy = K implies we = "B™. Now, by definition of Cx, K € 0(w2). Thus, wy = K. This
gives us wg ="B". By i.h., wy = B as required. O

We need one last lemma before we establish soundness and completeness. This
lemma states that O is satisfied in all Kripke models.

Lemma E.10 (Satisfaction for orders). For every Kripke model M, and every w € M,
wE= 0.

Proof. We show that w = Oy(K; D K3) whenever Ko = Kj. Pick any w’, w” such that
w < w' Cp w”. We need to show that w” = K7 D Ks. Pick any ws > w” and assume
that ws = K;j. It suffices to show that w3 | K. By assumption w3 | Kj, we get
ws € For Kj € 0(ws). If wg € F, then w3 = Ky by definition. If K; € 6(ws), then by
(view-closure) and Ky = K, we get Ky € O(ws). Thus, ws = Ko as required.

Next pick w’ such that v’ > w. We need to show that w' = K; D Ks. Pick any
wy > w' and assume that wy = K;. It suffices to show that we = Ks. By assumption
wy = Ki, we get wy € F or Ky € O(wz). If wg € F, then we = Ky by definition. If
K, € 0(w2), then by (view-closure) and Ky = Kj, we get Ky € 6(wz). Thus, wy | Ks
as required.

Hence w |= Uy(K; D K2) whenever Ky = K1, and consequently, w = O. O

Theorem E.11 (Correctness; Theorem 5.2). - K A DTLy if and only if H O D
(K DTA™) in CS4™.

Proof. Suppose - K A By Corollary C.10, kg K says A in DTLg’s axiomatic sys-
tem. By Lemma E.4, O kg Og(K D TA7) in CS4™’s axiomatic system. Since
O te (Og(K D TAT) D (K D "A") by Axiom (T), we get O F¢ K D "A™ by
(mp). By Theorem E.2, - ¢ O D (K D "A"), and by Theorem E3,F O D (K DTA").

Conversely, suppose that - O D (K D "TA7) in CS4™. By Lemma E.8, for each
Kripke model M, and each world w, w = O D (K D "A™). From Lemma E.10, w = O.
Therefore, w = K D A7, Since w is arbitrary, M = K D "A7. Now pick any w € W&,
By definition, w = K. Using this fact and M = K D "A7, we get w = "A™". Using
Lemma E.9, we deduce w |= A. Since w is arbitrarily chosen in W, we get M =X A.
Since M is arbitrary, by Theorem D.7 we obtain - LNy O

F Proofs from Section 5.2

In this Appendix we prove that the translation from ICL to DTLg is both sound and
complete (Theorem 5.3). We use a sequent calculus formulation of ICL that is shown
in Figure 6.!° This sequent calculus is taken from earlier work [33] (For a slightly more
detailed, tutorial explanation see [30]). It uses two categorical judgments: A true and
K affirms A. The latter means that principal K states that A is true. Just as K says A

10We could have avoided using the sequent calculus for ICL, and worked with the axiomatic system,
without any significant change to the proof method. Using the sequent calculus eliminates trivial steps
that often arise in formal axiomatic proofs, and compacts our proofs.
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(P atomic) , | r-A

-~ init - affs
rPrP I' F K affirms A
I'+ K affirms A I') K says A, A+ K affirms C
saysR : saysL
I'F Ksays A I', K says A+ K affirms C
A I'-B I'AANB, A B-C I'AANB,A, BF K affirms C
AR AL - ALaff
'HFAAB IIAANBFEC I'’A A BF K affirms C
I'FA I'tB I'AvVv B,AFC AvB,BFC
— VR4 —V Ry VL
'Av B 'Av B rAvBrC
I'AvV B, AF K affirms C F,A\/B,BI—KafﬁrmszLH
[,AV BF K affirms C .
— TR — 1L _ 1 Laff
r=T rLEC I, L + K affirms C
A+ B IMADBFA I'NA>DB,BFC
— DR DL
I'rADB IA>BFC

IINAD>DBFA I'’AD B,BF K affirms C
I'’AD B+ K affirms C

DLaff

Figure 6: Sequent Calculus for ICL

internalizes K claims A in DTLgy, K says A internalizes K affirms A in ICL. Unlike
DTLg where the judgment K claims A only occurs in the hypothesis, but never as the
conclusion of a sequent, the judgment K affirms A in ICL occurs only in the conclusions
of sequents and never in the hypothesis. This shift is due to the difference in the nature
of says in the two logics. As usual, the judgment name true is often elided. It is quite

easy to show that this sequent calculus is equivalent to the axiomatic presentation for
ICL (Section 5.2).

Lemma F.1. - A in ICL’s axiomatic system if and only if - = A in ICL’s sequent
calculus.

Proof. 1t is easy to show by induction that - A implies - = A. For the proof in the other
direction, we generalize the statement, and prove by induction that whenever I' - A in
the sequent calculus, then F I" D A in the axiomatic system. (This requires that we
establish the deduction theorem for the axiomatic system, but that is straighforward.)

O

The sequent calculus for ICL admits two cut principles, as the following lemma
states.
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Lemma F.2 (Admissibility of Cut). The following hold for ICL’s sequent calculus.
1.THFAand T, A C implyT'-C
2. T'F K affirms A and ', A+ K affirms C imply T' F K affirms C.

Proof. See [33], Theorem 2, clauses 4 and 5. O
Similarly, the identity property also holds for ICL’s sequent calculus.

Lemma F.3 (Identity). For each formula A, it is the case that I', A+ A.

Proof. See [33], Theorem 2, clause 2. O

F.1 Proof of Soundness

Before proving soundness we prove a basic lemma.

Lemma F.4 (Global Lemma). For each ICL formula A and each principal K in DTLy,
it is the case that "A7 2 global "A™ in DTLy.

Proof. We induct on A, and case analyze its top constructor.

Case. A is atomic.

1. Lclaims A4, A5 A (Rule (init))
2. Lclaims A 5 A (Rule (claims))
3. Cclaims A5 ¢ says A (Rule (saysR))
4. ¢ claims A, ¢ says A Ny says ¢ says A (Rule (saysR))
5. £says A Ny says ¢ says A (Rule (saysL))

Case. A = A1 N Ay

1. £ claims"A™ £ claims "BT,"A™ LA (Theorem B.3)
2. l claims "A", ¢ claims " B™ LA (Rule (claims))
3. L claims"A™7 ¢ claims "B," B Lrpo (Theorem B.3)
4. ¢ claims "A™, ¢ claims " B™ Lrpn (Rule (claims))
5. £ claims "A7, £ claims "B 5 AT A TRBY (Rule (AR) on 2 an 4)

6. £ claims "A" ¢ claims "B,/ says "TA ", £ says "BTTAT A "B LNy says (TA7 A
"B7) (Rule (saysR))

7. ¢says" A7 lsays"BT,TATATB™ KN says ("TATATBT) (Rule (saysL) twice)
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10.

11.

12

rAT Ky says " A"

.TA fsays" B TATATB" LNy says (TATATBT)
g Ky says " B

FATTBTTATATBT LNy says (TATATBT)

crAATB Ky says ("ATATBY)

Case. A=A,V Ay

1. /claims™AT, " A" Loran
2. Lclaims" AT A" Lrgnyrp
3. (claims AT LA v BT
4. lclaims"A" fsays"TATTAT vV BT KNy says (TA7 Vv BT
5. ¢says"ATATV BT Ny says ("A7 Vv BT
6. ~AT Ky says " A"
7.TATTATV TBT LNy says (A7 Vv BT
8. ¢says"B,TAT VB £ says ("A7V BT
9. 'B7 Ky says " B
10. "TBT,TATV TB™ £y says (TA7 v BT
11. TAT v BT By says ("A7 v BT
Case. A=T
I
2. T Xy says T
Case. A= 1
.15y says L

Case. A= A1 D Ay

. 4
1. Zclaims™A;"D '_AQ_', FAITDTA TS TA T DT AT

2

. ¢
. lclaimsTA1 T D TA TS TA; T DT AT
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(i.h. on A)

(Theorem B.2 on 8 and 7)
(i.h. on B)

(Theorem B.2 on 10 and 9)

(Rule (AL))

(Theorem B.3)
(Rule (V Ry))
(Rule (claims))
(Rule (saysR))
(Rule (saysL))
(i.h. on A)
(Theorem B.2 on 6 and 5)
(Similar to 5)

(i.h. on B)

(Theorem B.2 on 9 and 8)

(Rule (VL) on 7 and 10)

(Rule (TR))

(Rule (saysR))

(Rule (LL))

(Theorem B.3)

(Rule (claims))



3. £ claims "A; 7D A Lp says (TA; 7D TAy™) (Rule (saysR))
4. Cclaims"A;7 DT A £says (TA; 7D TAYT) LNy says £ says (TA17 DT A7)

(Rule (saysR))
5. £says (TA; 7D AT LNy, says ¢ says (TA;17 DT A") (Rule (saysL))

Case. A = K says B.

1. £ claims K says "B, K says "B LK says "B (Theorem B.3)
2. £ claims K says " B™ LK says "B (Rule (claims))
3. claims K says "B L says K says "B (Rule (saysR))

4. ¢ claims K says "B,/ says K says "B LNy says ¢ says K says "B (Rule (saysR))
5. £ says K says" B LNy says £ says K says " B (Rule (saysL))
O

Now we prove soundness of the translation. If I' is a set of DTLg formulas, we use the
notation ¢ claims I' to denote the DTLg hypothesis obtained by prefixing each formula
in I with £ claims.

Lemma F.5 (Soundness of Translation). The following hold for any ICL formula A,
any ICL principal K, and any set I' of ICL formulas.

1. IfT'F A in ICL’s sequent calculus, then £ claims "' Lrain DTLg.

2. If T'+ K affirms A in ICL’s sequent calculus, then £ claims "' Koratin DTLy.

Proof. We prove both statements by simultaneous induction on the given proofs in ICL’s
sequent calculus. We analyze cases of the last rule.

Proof of (1).

(P atomic)
Case init
T,PFP
1. £ claims "I'", £ claims ¢ says P, { says P, { claims P, P Lp (Rule (init))
2. ( claims "T'7, ¢ claims ¢ says P, ¢ says P, /{ claims P Lp (Rule (claims))
3. L claims "I'", ¢ claims /¢ says P, { says P Lp (Rule (saysL))
4. ¢ claims "I ¢ claims ¢ says P Lp (Rule (claims))
5. £ claims "T'7 £ claims ¢ says P L says P (Rule (saysR))
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'+ K affirms A

Case. saysR
' Ksays A
1. £ claims T &5 m 40 (i.h. on premise)
2. 0 claims T75 K says TA™ (Rule (saysR))
3. £ claims T 5 ¢ says K says "A™ (Rule (saysR))
r-A '-nB
Case.
'FAAB
1. £ claims "T7 5 m A7 (i.h. on 1st premise)
2. ¢ claims "T7 5 rB7 (i.h. on 2nd premise)

3. fclaims T £, FATATBT

T, AAB,ABFC
T,AANBFC

Case.

1. £ claims "T"7 £ claims (TAT A TB7), ¢ claims "A™, ¢ claims " B™ Lo

(Rule (AR))

(i.h. on premise)

2. { claims "T'7. ¢ claims (TAT7ATB™),¢says " A7, ¢ says " B™ ENYou

(Weakening and Rule (saysL))

3.740 5y says"A™

4. ¢ claims "', £ claims (TATATB™),T A7, ¢ says " B Lo

(Lemma F.4)

(Theorem B.2 on 3 and 2)

5.7 B1 5 ¢ says " B

(Lemma F.4)

6. ¢ claims "I'", ¢ claims (TATATBT),"TAT," B Lrom (Theorem B.2 on 5 and 4)

7. ¢ claims "I, ¢ claims ("TATATBT),"TATATB,TAT " B™ £ ro

8. £ claims "I £ claims ("TATATB™),"ATATB" Lrem

(Weakening)

(Rule (AL))

9. ¢ claims "T'7, ¢ claims (TA7 ATBT) Lrom (Rule (claims))
'-A
Case. —————V Ry
'HAvB
1. £ claims T 5 A7 (i.h. on premise)
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2. 0 claims 75 FAT v BT (Rule (V Ry))

'=nB
Case. —————V Ry
'-Av B
1. £ claims T 5 BT (i.h. on premise)
2. 0 claims T75 mA7 v BT (Rule (V Ry))
I AVB,A-C T,AVB,BFC
Case. VL
rAvBEC
1. £ claims "I £ claims (TA™ vV "B™), £ claims " A~ Lren (i.h. on 1st premise)

2. £ claims "T7 £ claims ("TA7V "B7),£says " A" Lorom

(Weakening and Rule (saysL))

3.7AT 5 says " A™ (Lemma F.4)
4. ¢ claims "T7, ¢ claims (TA7V "B, TA™ Lren (Theorem B.2 on 3 and 2)
5. £ claims "T'7 £ claims (TA7V "B™),FA7 v B TA™ Lron (Weakening)
6. ¢ claims "T'", ¢ claims ("A7V™BT),"ATV "B, "B" Lrem (Similar to 5)

7. £ claims "T'7 £ claims ("TATV "BT),"A7 Vv "B™ Lrem (Rule (VL) on 5 and 6)

8. ¢ claims "T'", ¢ claims ("TA7 v "B7) Lrom (Rule (claims))
Case. —— TR
r=T
1. ¢ claims 75 T (Rule (TR))
Case. ——— 1L
L=
1. £claims "I"", £ claims L, L Lrem (Rule (LL))
2. lclaims "T'", £ claims L Lrem (Rule (claims))
I AF B
Case. ————— DR
'HADB
1. ¢ claims "T", / claims " A™ Lrpo (i.h. on premise)
2. Lclaims T, £says"A™ Lrpm (Weakening and Rule (saysL))

80



3.7AT 5 says " A™ (Lemma F.4)

4. {claims "I, " AT Lrp (Theorem B.2 on 3 and 2)
5. £ claims T75 A7 S B7 (Rule (OR))
6. € claims T7 5 ¢ says ("A7 D "B7) (Rule (saysR))
rrA>BFHA I'A>B,B-C
Case. DL
A>BFC
1. £claims "I, ¢ claims ¢ says ("A7 D "B7) LA (i.h. on 1st premise)

2. £ claims "T'7 £ claims ¢ says ("A™ D "B™), ¢ claims "B~ Lo
(i.h. on 2nd premise)
3. ¢ claims "T'7, ¢ claims £ says (A7 D "B™), ¢ says "B Lren
(Weakening and Rule (saysL))
4.7 B75 ¢ says "B (Lemma F.4)
5. ¢ claims "T', ¢ claims ¢ says ("TA7 D "B™),"B™ Lrem (Theorem B.2 on 4 and 3)
6. ¢ claims "T'", £ claims £ says ("AT D "B"),"AT > "B" Lrom
(Rule (DL) on 1 and 5)

7. £ claims "T'", £ claims ¢ says ("A" D "B7),¢ says ("A" D "B7),{ claims ("A™ D
"TBM),FAT D> ™B" Lrom (Weakening)

8. ¢ claims T ¢ claims ¢ says (TA™ D "B™),¢ says ("TA™ D "B™),{ claims ("TA™ D
"B7) Lrem (Rule (claims))

9. ¢ claims "T'7, ¢ claims £ says ("TAT D "B™),¢says (TA7 D> "B7) ENYou
(Rule (saysL))

10. ¢ claims "T', ¢ claims ¢ says ("A™ D "B™) Lrom (Rule (claims))

Proof of (2).

'rA

Case. : a
'+ K affirms A

S

1. £ claims "7 5 A7 (i.h. (1) on premise)
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2.

¢ claims "T7 &5 740 (Theorem B.1 on 1)

I' K says A, A+ K affirms C

Case. saysL

1.

2.

I', K says A+ K affirms C

£ claims "T"" ¢ claims £ says K says" A, { claims " A" Koren (i.h. on premise)
£ claims "I ¢ claims £ says K says" A", £ says " A™ K oren

(Weakning and Rule (saysL))

3.740 5y says " A" (Lemma F.4)
4. ¢ claims "T'7, £ claims £ says K says" A7," A" K ron (Theorem B.2 on 3, 2)
5. £ claims "T'"" £ claims ¢ says K says "A", ¢ says K says "A" / claims K says
FTAT K says" A7, K claims" A, T A" K oren (Weakening)
6. ¢ claims "T"" ¢ claims ¢ says K says "A", ¢ says K says "A, ¢ claims K says
FA™ K says" A7, K claims ™A™ £ rem (Rule (claims))
7. ¢ claims "I'"", ¢ claims ¢ says K says "A", £ says K says "A". ¢ claims K says
FAT K says A7 K rem (Rule (saysL))
8. £ claims "T"", £ claims £ says K says " A", £ says K says " A7, £ claims K says " A™ X,
rct (Rule (claims))
9. ¢ claims "', £ claims ¢ says K says" A",/ says K says" A" K rom (Rule (saysL))
10. £ claims "T"", £ claims ¢ says K says " A™ £ rem (Rule (claims))
I'ANB,A BF K affirms C
Case. - ALaff
I''A AN BF K affirms C
1. £ claims "', £ claims (TAT A TB7), ¢ claims "A™, ¢ claims " B™ K oren

(i.h. on premise)

. £ claims "T'7 £ claims (TATATB7), £ says" A7, ¢ says "B K, rom

(Weakening and Rule (saysL))

A By says "A™ (Lemma F.4)

. £ claims "T'7 £ claims ("TATATB7),"A™, ¢ says "B™ K oren

(Theorem B.2 on 3 and 2)

1Ly says "B (Lemma F.4)
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6. ¢ claims "I'", £ claims ("TATATBT),"TAT," B £ rem (Theorem B.2 on 5 and 4)

7. € claims T, ¢ claims (TATATB7),TATATB,TAY,"B7 5,707 (Weakening)

8. ¢ claims "I'", £ claims ("ATATBT),"ATATB™ £ e (Rule (AL))
9. ¢ claims "T', ¢ claims ("TA7 ATB™) SN You (Rule (claims))
I'AvV B, AF K affirms C I'AvV B, B+ K affirms C
Case. . VLaff
I'AvV B+ K affirms C
1. £claims "', ¢ claims (TA7 VvV "B7), £ claims " A~ N Yo (i.h. on 1st premise)

2. ¢ claims "T'7 ¢ claims (TA7V "B, £ says ™A™ K rom

(Weakening and Rule (saysL))

3.7 5y says " A" (Lemma F.4)
4. ¢ claims "T'7", £ claims ("TA7 v TBT),T A" Lo (Theorem B.2 on 3 and 2)
5. £ claims "T'7 £ claims (TATV ™B™),"TA7Vv B rA™ EiNon (Weakening)
6. ¢ claims "T'", ¢ claims ("A7 Vv TBT),TATV "B, "B" N Yo (Similar to 5)

7. £ claims "T7 £ claims ("TATV TB™),"TA7 Vv B" £ e (Rule (VL) on 5 and 6)

8. ¢ claims "I'", ¢ claims ("TA7 v "B7) KN Yo (Rule (claims))

Case. Laff

- 1
I, L+ K affirms C

1. ¢ claims T, ¢ claims 1, L £ ¢ (Rule (LL))
2. ¢ claims "T'7 ¢ claims L SN Yo (Rule (claims))

INA>DBFA I'’AD B,BF K affirms C
Case. - DLaff
I'’AD B+ K affirms C

1. £ claims "T'7, £ claims £ says (TA7 D "B™) Lran (i.h. on 1st premise)
2. £ claims "T'7, £ claims ¢ says (TAT D "B7) K ran (Theorem B.1 on 1)
3. ¢ claims "T'7, £ claims ¢ says ("A™ D "B™), ¢ claims "B~ K rem

(i.h. on 2nd premise)
4. ¢ claims "T'7, £ claims £ says ("A7 D "B™), ¢ says "B K rem

(Weakening and Rule (saysL))
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5. ' 375 ¢ says " B (Lemma F.4)
6. ¢ claims "T'7, ¢ claims £ says (AT D "™B™),"B™ £ rem (Theorem B.2 on 5 and 4)
7. £ claims "T'7 £ claims £ says ("AT D "B™"),"A" > "B" EiNou

(Rule (DL) on 2 and 6)

8. ¢ claims "I ¢ claims ¢ says ("A™" D "B™),¢ says ("A" D "B™),{ claims ("TA™ D
"BT),"AT DB K e (Weakening)

9. ¢ claims "T'7, ¢ claims ¢ says (TA™ D "B7),¢ says ("TA" D "B7),¢ claims (TA" D
"B7) N Yo (Rule (claims))

10. £ claims "', 2 claims ¢ says ("A" D "B7),{says ("AT D "B") £ rem
(Rule (saysL))
11. ¢ claims "T', ¢ claims ¢ says ("A™ D "B™) & rem (Rule (claims))

O]

F.2 Proof of Completeness

We prove completeness of the translation by a method of simulation between proofs.
First we characterize syntactically the sequents that can arise in a proof of a translated
formula. We call such sequents regular sequents. Next, we define an inverse translation
(L-u) from regular sequents to sequents of ICL, and prove by induction that any proof in
DTLy that ends in a regular sequent can also be simulated (under the inverse translation)
in ICL. From this completeness follows immediately. As a convention, we use the letter
k to denote a principal from ICL, and K to denote a principal from DTLg. The latter
may either be a principal from ICL or £.

Definition F.6 (Regular Sequents). A DTLg hypothesis I is called regular if it contains
assumptions of the following forms only: "A™, k claims "A", ksays" A, TA' D "B, P,
£ claims k says" A7, £ claims"A7 D "B, or £ claims P.

A DTLg sequent is called regular if it falls into one of the two cateories:

1. (a-regular) T’ LA TC7, where T is a regular hypothesis.

2. (B-regular) T’ LN C, where I is a regular hypothesis, and C' has one of the forms
FA" ksays" AT TAT DB or P.

Definition F.7 (Inverse Translation). The inverse translation for regular hypothesis
I’ (written LI'J) is defined pointwise, where the inverse translation for assumptions is
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defined as follows:
\_I_A—I_l
Lk claims " A7
Lksays" AT,
LFTATDO B
LP
L{ claims k says" A7,
Llclams"AT D TB,
L? claims P

= A
= ksays A
= ksays A
= ADB
= P
= ksays A
= ADDB
= P

The inverse translation for the a-regular sequent I' K, r07is defined as LT - K affirms

C. The inverse translation for the (-regular sequent I' L, ¢ is defined as T F LC',
where the inverse translation of C' is defined as follows:

LrTATS =
Lksays" AL =
LFTATDTBT, =

LP. =

A
k says A
ADB
P

Lemma F.8 (Completeness of Translation). The following hold.

1. IfT LN ORRT a-regular and provable in DTLg, then .I'J+ K affirms C' in ICL’s

sequent calculus.

2. If L ois B-regular and provable in DTLgy, then I'a - LCL in ICL’s sequent

calculus.

Proof. We prove both statements by a simultaneous induction on the depths of the given
derivations, and case analyze the last rule in the derivations.

Proof of (1).

P atomic _
Case. k init
rP-P
1. J,PHP

2. L'y, P F kK affirms P

(Rule (init))
(Rule (affs))

[k claims"AT, T A™ LNU/o8 kE>=k
Case. : claims
Ik claims™A7 = TC™
1. .y, ksays A, AF k affirms C (i.h. on premise)
2. .I',, k says A F k affirms C (Rule (saysL)
T, 0claims A, A5 o7 1=k
Case. claims

I', ¢ claims A LNL/o8

By regularity, A must have one of the forms k says "B, "By ' D

"By, or P. It is

easy to check that in each case, L claims AL = LAJ. Thus we have:
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1. L4, claims AL, L AL F K affirms C (i.h. on premise)

2. L', l claims AL+ k affirms C (Strengthening; ¢ claims AL = LAL)
r,%c
Case. k—saysR
I' > {says C

By regularity, ¢ says C' must have form "C'", and hence C' must have one of the
forms k' says "A7,"A7 D "B, or P. In each case, observe that the premise is 3-regular,
and that LC'1 = ¢ says C'1. Thus we have

1. TpaFoLCo (i.h. (2) on premise)
2. [Tk O (Weakening)
3. LT+ Ek affirms LC (Rule (affs))
4. (T'L+ k affirms L says C'_ (LCy =l says C)

Ik says "A7 k' claims " A™ LNoR
Case. k saysL,
I K says ™A = rC™

1. LI'., k' says A, k' says A - k affirms C (i.h. on premise)

2. L', k' says A+ k affirms C (Strengthening)

I', ¢ says A, /¢ claims A LNLYon

I',/says A LNLYos
By regularity, A must have one of the forms &’ says"A’7, "B > "C™, or P. In each
case, observe that the premise is also a-regular, and that ¢ says AJ = ¢ claims A_.

Case

saysL,

1. Ty, Ll says AL, Ll claims AL+ k affirms C (i.h. on premise)

2. L.T'J,l says AL F k affirms C (Strengthening; ¢ says AL = L claims A.)

I‘ L I_A—I I‘ L I—B—I
Case. AR
1" L I—A—l /\ I_BT

1. .I'sF k affirms A (i.h. on 1st premise)
2. I'JF K affirms B (i.h. on 2nd premise)
3. ABFAANB (Provable in ICL)
4. A,BF k affirms (A A B) (Rule (affs))
5. .I'y, AF k affirms (A A B) (Lemma F.2.2 on 2 and 4)
6. LI'sF k affirms (A A B) (Lemma F.2.2 on 1 and 5)
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1" I_A_I /\ I_B_I I’A? I—B_I ﬂ I—C—I
Case. — ! ! AL
I"I_A—I /\ I_B_I ﬂ I—C_I

1. LT3, AN B, A, BF k affirms C (i.h. on premise)
2. .I')ANA Bk affirms C (Rule (ALaff))
AN
Case. : V R;
r—-rAvvrp?
1. LI'uF kaffirms A (i.h. on premise)
2. AFAV B (Provable in ICL)
3. At k affirms (A V B) (Rule (affs))
4. (I'JF k affirms (A V B) (Lemma F.2.2 on 1 and 3)
F ﬁ I_B—l
Case. . V Ry
r—-rAvwrB?
1. . I'uF k affirms B (i.h. on premise)
2. BFAVB (Provable in ICL)
3. Bt k affirms (A V B) (Rule (affs))
4. (I'JF k affirms (A V B) (Lemma F.2.2 on 1 and 3)

F I_A—I \/ I_B_I I—A—l i) I_C—l F I—A_I \/ I_B—l I_B_I & I—C—I
Case. — ! ! ! Vv L
]:"I_A—I \/ I_B_I ﬁ) I—C_I

1. . Iy, AV B, Ak affirms C (i.h. on 1st premise)
2. .I' AV B,BF k affirms C (i.h. on 2nd premise)
3. .I's; AV BF k affirms C (Rule (VLaff))
Case. ; TR
rkT
1. . TuFT (Rule (TR))
2. LI'uk kK affirms T (Rule (affs))
Case. fJ_L
rtL-rc
1. Iy, L E affirms C (Rule (LLaff))
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Case. Rule (DR) does not arise.

1" TA—IDI—B—ILI—A—I F I—A—\DI—B—I I_B—ILI_C—I
Case. — ! ’ DL
F) I—A—I D I_B—I L I—C—I

1. T'syAD BF kaffirms A (i.h. on 1st premise)
2. .I'u,AD B,B*F k affirms C (i.h. on 2nd premise)
3. .I'us,AD B,B,AF k affirms C (Weakening)
4. ', ADB,AF A (Lemma F.3)
5. L.I';AD B, At k affirms C (Rule (DLaff) on 4 and 3)
6. L'y, A D BF k affirms C (Lemma F.2 on 1 and 5)

Proof of (2).

P atomic
Case. ————init

rpLp
1. . I',,PHP (Rule (init))

D lchaims A,LALC (=1

Case. 7 claims
I',/¢ claims A — C

By regularity, A must have one of the forms k says "B, "B; ' D> "Bs ', or P. It is
easy to check that in each case, Lf claims AL = L AL. Thus we have:

1. Lol claims AL, LALF LC (i.h. on premise)
2. L4, Ll claims AL LC_ (Strengthening; ¢ claims AL = LAL)
rl, 5 C
Case. E—saysR
I' = ¢says C

By regularity, ¢ says C' must have form "C'", and hence C' must have one of the
forms k' says "TA7, TAT D "B™, or P. In each case, observe that the premise is also
B-regular, and that LCL = ¢ says C1. Thus we have

1. IpaFoLCo (i.h. on premise)
2. [Tk LOs (Weakening)
3. Lak s Says C (\_CJ =/ says CJ)
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Tl & ren
Case. 7 saysR
I' > ksays"C™

Observe that the premise is a-regular.

1.  T|goF K affirms C
2. LI'|got ksays C

3. LI'uF ksays C

I,k says"A7 k' claims ™A™ Lo
Case. J saysL
Ik says"A7 = C

1. L',k says A, k' says A+ LC

2. LI,k says A+ LC

I', ¢ says A, ¢ claims A Lo

Case 7
I'lsays A — C

saysL.

(i.h. (1) on premise)
(Rule (saysR))
(Weakening)

(i.h. on premise)

(Strengthening)

By regularity, A must have one of the forms &’ says "A’7, "B7 D> "B’", or P. In each
case, observe that the premise is also G-regular, and that ¢ says AL = ¢ claims A_.

1. LTy, Ll says A, Ll claims AL F LC

i.h. on premise
p

2. LI, Llsays AL F LC (Strengthening; ¢ says A1 = ¢ claims A.)

rtran rLrpo
Case. 7 AR
I STATATBY

1. T.F A
2. ' FB
3. I'uF(AANB)

F !_A—I/\I_B—I I—A—l I—B—IAC
Y ? J /\

L
r,rATATB S O

Case.

1. JTL,LAANB,A BFLC,

2. L', ANBFELCL

F L I—AT
Case. VvV Ry

FLI—A—I\/I—B—I

1. T.FA
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(i.h. on 1st premise)
(i.h. on 2nd premise)

(Rule (AR))

(i.h. on premise)

(Rule (AL))

i.h. on premise
p



2. oAV B (Rule (\/ Rl))

rtrp
Case. 7 V Ro
F N I—A—l \/ |—B—|
1. I'uFB (i.h. on premise)
2. oAV B (Rule (\/ Rg))

F,’_A—I\/’_B—I,I—A—lLC

Case.

F,,_A—I \V I—B—I,I—B—I £> C

rrAaivre Lo

1. TJ,,AVB,AFLC
2. L I';;, AV B,BFLC,
3. . 's,AvVBFLC,

Case. TR

rtT

1. T

Case. 7€LL
ri.L-c=C

1. o, LFLC

I‘ I_A—I A I—B—I
Case. ’Z SR

—-"TA"> "B

1. T,,AFB
2.  JJJFADB

(i.h. on 1st premise)
(i.h. on 2nd premise)

(Rule (VL))

(Rule (TR))

(Rule (LL))

(i.h. on premise)

(Rule (DR))

I‘TA—IDI_B—IAI_A—l I‘I_A—IDI—B—II_BTAC
) ) 9 DL

Case. J
I''"A">"™B"'—=C

1. T.L,ADBFA
2. . I',;, ADB,BF.CJ
3. . ';,ADBFLCJ

(i.h. on 1st premise)
(i.h. on 2nd premise)

(Rule (DL))

O]

Theorem F.9 (Correctness; Theorem 5.3). = A in ICL if and only if - LA DTLy.

Proof. Suppose - A in ICL. By Lemma F.1, - - A in ICL’s sequent calculus. Thus by
Lemma F.5.1, - 5 T A7 in DTL.

Conversely, suppose that - LA DTLg. By Lemma F.8.2, - - A in ICL’s sequent
calculus. By Lemma F.1, F A in ICL’s axiomatic system. O
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G Proofs from Section 5.3

In this appendix we prove that the translation from IIK to DTLg is both sound and
complete (Theorem 5.4). Part of our proof uses a generalized axiomatic proof system
for ITK, which we develop first.

G.1 The Axiomatic System for ITK

In Section 5.3, we listed the axioms and rules of IIK that are specific to the modality
K says A. Below we list all the rules and axioms of IIK.

FA FADB FA A is an axiom
F K says Anec B mp EA ax
Axioms:

(K says (A D B)) D ((K says A) D (K says B)) (K)
AD(BDA) (impl)
(ADB)D(AD(BD2C))D(ADC0O)) (imp2)
AD(BD(AAND)) (conjl)
(ANB)D A (conj2)
(ANB)D B (conj3)
AS (AV B) (disj1)
B> (AV B) (disj2)
(ADC)D((BDC)D((AvB)D()) (disj3)
T (true)
1DA (false)

Next, we generalize the axiomatic system, adding hypothetical reasoning, as we did
for the axiomatic system of DTLg (Appendix C). We write I' 5 A to mean that A
follows from the formulas in I'. The rules of deduction are:
Fg A I't¢ ADB 'k A

—Uuse — 1eC mp
T, AFg A T g K says A Tl B

A is an axiom

Tha A

ax

As for DTLg, we prove some elementary properties for the generalized system of 11K,
and show also that the generalized system and axiomatic system are equivalent.
Lemma G.1 (Basic properties). The following hold.

1. (Weakening) T' k¢ A implies T, T ¢ A

2. (Substitution) T'Fg A and T, Atg B imply T' ¢ B

Proof. Exactly as for DTLg in Lemma C.1, since the proof does not rely on the specific
axioms used. O

Theorem G.2 (Deduction). The following hold.
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1. kg AD B implies'; AFg B
2. ,Atg B impliesT'-g AD B

Proof. Exactly as for DTLg in Theorem C.2. The proof does not rely on the axioms (4),
(C), or (S), which are the only axiom present in DTL( that are not present in IIK. [

Theorem G.3 (G iff Axiomatic). = A if and only if -+ A

Proof. In each direction by straightforward induction on the given derivation. O

G.2 Proof of Soundness

Lemma G.4 (Soundness of Translation). If = A in IIK, then for each K, - Eratin
ICL’s axiomatic system.

Proof. We induct on the derivation of - A, analyzing cases of the last rule in it.

HA
Case. —————nec
F K says A
K’ : .
1. . — A" (i.h. on premise)
2. . L K says " A7 (Rule (saysR))
3. 54 says K’ says "A™ (Rule (saysR))
FADB -A
Case. mp
FB
1. - Krai5rpn (i.h. on 1st premise)
2. K a0 (i.h. on 2nd premise)
3. g & rpn (Theorem B.3)
4. TAT SR B rpo (Rule (DL) on 2 and 3)
5. - & rp7 (Theorem B.2 on 1 and 4)
A is an axiom
Case. ———————ax

HA

We case analyze all possible axioms A.
Case. (Axiom K) A = (K’ says (A’ D B’)) D ((K' says A’) D (K’ says B'))
1. rAN S B r A0 K rpe (Provable in DTLj)

’
2. K' claims (TA’7 5> "B/7), K’ claims "A'7 £ rpa
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(Weakening and rule (claims))
3. K’ claims ("TA"7 > "B'™), K’ claims " A" 4K says "B’ (Rule (saysR))
4. K'says ("A7 DB, K’ says " A" 4, g says " B'™

(Weakening and rule (saysL))
5. d claims K’ says (TA’7 D "B'™"),d claims K' says " A’ 4 K says " B'"

(Weakening and rule (claims))
6. d claims K’ says (TA’7 D "B'™"),d claims K’ says " A’ Ko says K’ says "B'"

(Rule (saysR))

7. dsays K’ says ("TA'7 D "B'7),d says K' says " A" KL says K’ says "B’

(Weakening and rule (saysL))

8. - K (d says K’ says ("TA'7 D "B'™) D ((d says K’ says "A'™") D d says K’ says
B’ (Rule (DR))

The remaining cases are straightforward.

G.3 Proof of Completeness

Our proof of completeness needs a basic lemma about proofs in DTLy. We also use this
lemma later to prove other translations correct.

Lemma G.5 (Inversion in DTLg). The following hold in the sequent calculus of DTLy.
1. If T, K says A K C then I', K claims A LSNYs! by a shorter or equal derivation.

2. IfT K AANB thenT 5 A andT &5 B by shorter or equal derivations.
Proof. In each case by induction on the given derivations. O

Next, we carefully characterize sequents that may occur in the proof of a translated
formula. We call these sequents regular. As a general convention, we use the letter &k to
denote principals in IIK, and K to denote principals in DTLg. The latter may either
be principals from IIK, or d. The principal ¢, although present in DTLg, never shows
up in proofs of translated formulas. This is a consequence of the subformula property
of DTLgy’s sequent calculus.

Definition G.6 (Regular Hypothesis). Given an IIK principal k, we call a hypothesis
I" k-regular if the following holds:

1. T contains assumptions of the forms "A™, k claims "A7, and d claims k' says "A™
only, where A denotes an arbitrary formula in ITK. (Note that the principal & in
“k-regular” is the same as the principal k in k claims "A™.)

We call a DTLg hypothesis I' d-regular if the following hold:
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1. T contains assumptions of the forms d claims k says "A™ and & claims " A™ only,
where A denotes an arbitrary formula in IIK.

2. kclaims" AT € T implies d claims ksays" A" € T.

Definition G.7 (Regular Sequent). We call a sequent regular if it has one of the fol-
lowing forms:

1. (k-regular) T’ LA TA7 where I' is k-regular.

2. (d-regular) I' LNy says " A7, where T" is d-regular.

Next we define an inverse translation L-Jx from regular hypothesis to hypothesis in
IIK’s generalized axiomatic system.

Definition G.8 (Inverse Translation). The inverse translation (I'y; for a k-regular
hypothesis I' is defined pointwise, where the inverse translation for assumptions is:

LmA = A
Lk claims ™A™y, = A
Ld claims k' says"A7,, = K says A

The inverse translation L'y for a d-regular hypothesis I' is defined pointwise, where the
inverse translation for assumptions is:

Ld claims ksays"A7,; = ksays A
Lk claims "AT = - (Empty)

Lemma G.9 (Completeness of Translation). The following hold:

1. If * LR k-regular and provable in DTLgy, then .I'y, Fq A is provable in
1IK’s generalized axiomatic system.

2. If T LNy says " A" is d-reqular and provable in DTLg, then I'aq Fg k says A is
provable in IIK’s generalized axiomatic system.

Proof. We prove both statements simultaneously by induction on the depths of the given
derivations. In each case, we analyze the last rule in the derivation.

Proof of (1).

P atomic

Case. 7k1mt
rp—-p

1. Ty, Ptg P (Rule (use))

D,kclaims™A7," A7 5B ksk

——claims
. k
I'kclaims"A7 = "B"

Case.

1. Iy, A, At B (i.h. on premise)
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2. LTy, Abg A (Rule (use))

3.  I'uy,AFg B (Lemma G.1.2 on 2 and 1)

NP <K says "A™
Case. - saysR
I' = dsays k’ says " A™

By k-regularity of I', I'|; must have the form d claims k; says "B17,...,d claims
k, says " B),". Clearly, I'|; is d-regular. Hence the premise is d-regular.

1. LT|gagtg kK says A (i.h. (2) on premise)
2. LD|gag C LT (Defn.)
3. LI Fg k' says A (Lemma G.1.1 on 1 using 2)

I',d says 4 says TA7 d claims K says TA™ L o0
Case. . saysL.
I',d says k' says "A7 = rC™

1. LTy, K says A, k' says At+g C (i.h. on premise)
2. LTk, k' says Abg k' says A (Rule (use))
3. LI,k says Abg C (Lemma G.1.2 on 2 and 1)

I‘ L I_A—I ]__‘ ﬁ, I_B—I
Case. AR
]__‘ ﬁ, I_A—l /\ I_BT

1. Ty kg A (i.h. on 1st premise)
2. Tuybg B (i.h. on 2nd premise)
3. I'iyFe AD(BD(ANAB)) (Rule (ax) and (conjl))
4. Ty kg BD (AN B) (Rule (mp) on 3 and 1)
5. 'y ANB (Rule (mp) on 4 and 2)

I‘ TA—I /\ I_B—I I—A—l I_B—I ﬁ I_C’—I
Case. — ’ ! AL
I"I_A—I /\ I_B—I ﬁ I_C—I

1. I'ay, ANB,A,BFgq C (i.h. on premise)
2. I'yy,ANBFgANANB (Rule (use))
3. 'y, ANBFg (AANB)D A (Rule (ax) and (conj2))
4. 'y, ANBtg A (Rule (mp) on 3 and 2)
5. Iy, ANBFg(AANB)D B (Rule (ax) and (conj3))
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6. 'y, ANBtg B (Rule (mp) on 5 and 2)

7. Ty, ANB,Btg C (Lemma G.1.2 on 4 and 1)
8 T, ANBbFgC (Lemma G.1.2 on 6 and 7)
1—‘ L |—A—|
Case. : VvV Ry
r=-rA"vrp™
1. Tk A (i.h. on premise)
2. IyyFg AD(AV B) (Rule (ax) and (disjl))
3. 'y AV B (Rule (mp) on 2 and 1)
]_—‘ i) I—B_I
Case. ; V Ro
r—-rAt'wvrp?
1. I'up kg B (i.h. on premise)
2. I'yyFg BD(AV B) (Rule (ax) and (disj2))
3. I'iyFg AV B (Rule (mp) on 2 and 1)

I‘ TA—I \/ I_B—l I—A—l i) TC—I F I_A—l \/ I_B—l I_B—I ﬁ I_C—I
Case. — ! ’ ’ VL
F’I_A—I \/ I_B—I ﬁ I_C—I

1. . Tup, AV B,Atg C (i.h. on 1st premise)
2. I'y,,AVB,Btg C (i.h. on 2nd premise)
3. . I'p, AVBFgADC (Theorem G.2 on 1)
4.  I'.y,AVBFsBDC (Theorem G.2 on 2)
5. Ty, AVBFg(ADC)D((BDC)D((AVvB)D>C(C)) (Rule (ax) and (disj3))
6. 'y, AVBFg(BDC)D((AVvB)DC) (Rule (mp) on 5 and 3)
7. Iy, AVBFg(AVB)DC (Rule (mp) on 6 and 4)
8 I'uy,AVB,AVBFgC (Theorem G.2 on 7)
9. 'y,AVBFg AV B (Rule (use))
10. LTy, AV Btg C (Lemma G.1.2 on 9 and 8)
Case. —— IR
r—=mr
1. Tup b T (Rule (ax) and (true))
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Case. fJ_L
r,L-=-rCc"

1. 'yt L DC

2. Iy, L C

1—‘ FA—I L rB—l
Case. ’k: SR
I =TA7>™B"

1. T, A B

2. I'iyyFg ADB

]__"TA—IDI_B—Iﬁl_A—I

I''"A' D

I—B—I7 I_B—I ﬁ I_C—I

Case.

rNTA' D

1. 'y, ADBFg A

2. 'y, ADB,BtFgC
3. . 'uyyp, ADBFqs ADB
4. .I'.y,ADBtg B

5 . I'uyy,AD BFag C

Proof of (2).

I_B—l ﬁ) I_C—I

I',d claims k" says "B, k' says " B™ LNy says " A

Case.

(Rule (ax) and (false))

(Theorem G.2)

(i.h. on premise)

(Theorem G.2)
DL

(i.h. on 1st premise

(i.h. on 2nd premise

(Rule (mp

)
)
(Rule (use))
) on 3 and 1)

)

(Lemma G.1.2 on 4 and 2

d>=d

claims

I',d claims k" says " B™ LNy says " A’

1. T',d claims k' says "B, k' claims " B™ LNy says " A™

2. L'y, K says B ¢ k says A

By d-regularity, I'|; must have the form k claims "B;7,...
d claims k says " B; " € I'. Clearly, the premise is k-regular.

1. Bi,..., B, Fg A
‘Fa (Bl/\...
kg ksays (B1 A ...

kg (ksays By A ...

A Bp) DA

(Lemma G.5.1 on premise)

(i.h. on 1; the sequent in 1 is d-regular)

A Bp) D A)

A k says By,) D k says A
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,k claims " B,,”", where

(i.h. (1) on premise

)

(Theorem G.2)
(Rule (nec))

)

), (K), and rule (mp)



5. ksays B1,...,ksays B, Fq k says A (Theorem G.2)

6. {ksays Bi,...,ksays B,} C .I'yy (Defn.; d claims k says "B; '€ T)
7. .T'ugFg ksays A (Lemma G.1.1 on 5 using 6)
U

Theorem G.10 (Correctness; Theorem 5.4). & A in IIK if and only if - Lm0 in
DTLy.

Proof. Suppose - A in IIK. Then by Lemma G.4, - Loran,
Conversely, suppose that - L r A7, Pick any principal k£ in IIK. By Theorem B.1,

LA Using Lemma G.9.1, we get - k¢ A in IIK’s generalized axiomatic system.
Finally, using Theorem G.3, we have - A in IIK. O

H Proofs from Section 5.4

In this appendix we prove that the translation from SL to DTLy is correct (Theorem 5.5).
First we prove a lemma about proofs in SL that is needed to establish the theorem.

Lemma H.1 (Basic properties of SL). The following hold for the inference system of
SL.

1. (Weakening) If A br G then A, Atr G.
2. (Substitution) If Atp P and A, P bp G then Abr G.

Proof. (1) follows by an induction on the derivation of A Fr G. (2) follows by an in-
duction on the derivation of A, P br G. We show below the cases in this proof.

(P —Gy,...,Gp) €EAP (A, PFr Gi)iepn

Case. =" ¢ (Non-principal case
1. (PP —Gy,...,Gp) €A (From 1st premise)
2. (Abr Gi)ieq,..n} (i.h. on 2nd premise)
3. Atp P/ (Rule (bc) on 1 and 2)
PeAP (No other premise) o
Case. be (Principal Case)
A PfpP
1. AFp P (Given assumption)
(K':AYel  A'fp P
Case. ; ; says
A, Ptp K’ says P
1. Atp K'says P’ (Rule (says) on the two premises)

O]
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H.1 Proof of Soundness

Now we prove soundness of the translation.

Lemma H.2 (Soundness of Translation). Suppose (K : A) € I'. Then A bp G in SL
implies that "T 7, T A™ KorGgin DTLy.

Proof. We induct on the derivation of A Fr GG, and case analyze its last rule.

(P%Gl,...,Gn)GA

(AFr Giieqr,..n}

Case. Abr P bc
L. ("G1'A...ATG,) D P)e™A™ (Assumption (P «— G1,...,G,) € A)
2. TTT AT X, TG (i.h. on 2nd premise)
3. T rAY E rg AL ATG,T (Rule (AR))
4. T,rA P B p (Rule (init))
5. T7,rAT S p (Rule (OL) on 3 and 4 using 1)
Case. (K:A) el Ak Psays

Let I' = (Kl : Ai)ie{l
Ki says '_Blﬂ‘—', ..

A Fr K’ says P

-----

m}, Where each A; = By;,..., By, ;. Then T = (¢ says
.U says K says "B, i ")icq1,..,m}- Further assume that K’ = K; (where

te{l,...,m}), sothat A" = By4,..., By, 4.

K

1. (¢ says K; says "By, ..., says K; says '—Bm,f')ie{l,”_7m},"Bl,t“, R A

[\

t

P

. (U claims K;says "By ;...

P

. (¢ claims K; says "By ; 7, ...

. (¢ claims K; says "By ; 7, ...

. (¢ claims K; says "By ; ', ..

P

i.h. on premise
p

. Ky
r 1 r 1 r —|
)g claims K’L says Bni,i )iE{l,...,m}7 Bl,t Yty Bnt,t B

(Lemma G.5.1)
, £ claims K; says "Bm,[')ie{l,___7m} K. p
(Weakening, Rules (claims), (saysL) and (claims))
;€ claims K; says "By, i ieq1,....m} LN K; says P
(Rule (saysR))

., £ claims K; says er,i—')iE{me}, ALy says K; says

(Rule (saysR))

. (€says K;says "By, ..., 0 says K;says "By, i ieq1,...mp A LNy says K; says P

(Weakening and Rule (saysL))

O]
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H.2 Proof of Completeness

To prove completeness of the translation, we carefully characterize DTL( sequents that
may occur in the proof of a translated Soutei query. We call these sequents regular
sequents. As a general convention, we use the letter k£ to denote principals in SL, and
the letter K to denote principals in DTLy. The latter may either be principals from
SL, or £. In addition to I', we also use the letter ® to denote DTL( hypothesis. (The
categorical judgments allowed in the hypothesis denoted by the symbols I and & differ,
as described below.)

Definition H.3 (Regular Hypothesis). A DTLg hypothesis I is called O-regular if the
following hold:

1. All assumptions in I' have the form ¢ claims &k says "A™ or k claims A, where A
denotes an arbitrary SL clause.

2. kclaims" A7 € T implies ¢ claims ksays" A7 €T’
If £ is a principal in SL, we call the DTLg hypothesis I', ® k-regular if the following hold:
1. T' is a O-regular hypothesis.

2. All assumptions in ® have the form P or " A, where P denotes an arbitrary atomic
formula, and A denotes an arbitrary SL clause.

3. TA7 € ® and A # P implies k claims"A7 e T.

Definition H.4 (Regular Sequents). We call a DTLj sequent a-regular, if it has the
form I', LA "G, where I', @ is a k-regular hypothesis, and G is an SL goal.

A DTLg sequent is called S-regular if it has the form I’ Lk says P, where I' is a
0-regular hypothesis.

Next we define an inverse translation L. from regular hypothesis to hypothesis and
assertions of SL.

Definition H.5 (Inverse Translation). If I" is O-regular then we define the SL hypothesis
L' as follows:

L'y = {k:{A | lclaimsksays"A7 €T} | k € SL}
Similarly, if ', @ is k-regular, we define the SL assertion .I', ®_; as follows:
LI, @y = {A|lclaimsksays"ATe T} U{P | P € ®}
We now prove completeness of the translation.

Lemma H.6 (Completeness of Translation). The following hold:

1. (a-regular) If T, ® Eorgnis a-reqular and provable in DTLg, then (I, @ b1, G
in SL.

2. (B-regular) If T Lk says P is B-reqular and provable in DTLgy, then - - 1, k says P
in SL.
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Proof. We prove both statements simultaneously by induction on the depths of the given
derivations in DTLy. We remind the reader that A denotes a clause from SL, not a DTL
formula. We analyze cases on the last rule in the given derivation.

Proof of (1).

P atomic
Case. ——————init
T, (e,P) L P
Observe that by definition, P € LT, (®, P)_y.
1. I,(®,P)og Fory P (Rule (bc))
(T, k claims "A7), (®,"AT) 557G k=&
Case. - claims
(T',k claims "A™),® — "G™
Note that the premise is a-regular.
1. o (T, k claims "A™), (®," A7) For kclaimsma1, G (i.h. on premise)
2. L(I',k claims A7), (®," A7) 4 = (T, k claims "A™), &, (Defn.)
3. L(F, k claims '_A—l), (I)_lk FLF,kclaims'_A—U G (1, 2)
(T', ¢ claims k" says " A7), k' says A7, ® LNL/ea L=k
Case. k claims
(T, ¢ claims k" says "A7),® = "G"
1. (T, £ claims k' says "A™, K/ claims "A7), LNYen (Lemma G.5.1 on premise)

2. L(F,E claims k‘/ says '—A—‘, k:l claims '—A—‘), q)_lk I_LF,Eclaimsk’says"A",k’cIaims"A"_l G
(i.h. on 1; the sequent in 1 is a-regular)

3. (T, ¢ claims k' says "A™ k' claims "A™), @, = (T, £ claims k' says "A7), &,

(Defn.)
4. T, ¢ claims k' says "A™, k' claims "A7, = LT",/ claims k' says " A7 (Defn.)
5. L(T, £ claims &’ says "A™), @i, F 1 sclaimsk/says a1, G (2, 3, 4)

Case. F|: i says saysR
I, ® = ¢ says k' says P

Note that the premise is S-regular.
L. -k p,, k' says P (i.h. (2) on the premise)
2. LIpu=1Ty (Defn.)
3. - k., K says P (1, 2)
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4. T, ®_p b, k' says P (Lemma H.1.1 on 3)

T,(®,(TG1 7Y, ...,"Ga ) D P) B rGi AL ATG,T
T, (®,("Gy7,...,"Gy) > P,P) &g

Case. : DL
r,(e,("Gi",...,"G,") D P) = "G"
1. I(®,("Gi,...,"GR,") D P) LN (Lemma G.5.2 on 1st premise)
2. [,(®,("G17,..., Gy ) D P)y For, Gi (ih. on 1)
3. kclaims ("G1,...,"G,") D PeTl (Defn. of k-regular)
4. fclaims ksays (("G17,...,"G,") D P) el (Defn. of O-regular and 3)
5. P—Gy,...,Gp e T, (Q,("G1,...,"Gy7) D P) (Defn. of L1 and 4)
6. (P, ("G17,...,"Gp") D P bur, P (Rule (bc) on 5 and 2)
7.0, ("G, ...,"GL) D P)ug, P, G (i.h. on 2nd premise)
8. .I(2,("Gh,...,"Gp ") D Py b, G (Lemma H.1.2 on 6 and 7)

Proof of (2).

',/ claims k' says "A7, k' says " A™ Lk says P L0
Case. claims

I", ¢ claims k" says " A" Lk says P

1. T,/ claims k' says "A7, k’ claims " A™ Lk says P (Lemma G.5.1 on premise)
2. - '_LF,chaimsk’saysrA—',k/claimsrA—'J k says P (1 h. on 1)
3. L', £ claims k' says "A™, k' claims "A7, = LT", £ claims k" says " A7 (Defn.)
4. - FLF,ZcIaimsk’says"A_‘J k says P (27 3)
T, &P
Case. e—saysR
I' = ksays P

Note that the premise is a-regular (with ® = -).

L Dlgag B P (i.h. (1) on premise)
2. Tpo=1Ty (Defn.)
3. Tk by P (1, 2)
4. k: T|gop € LT3 (Defn.)
5. -k, K says P (Rule (says) on 4 and 3)

O
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Theorem H.7 (Correctness; Theorem 5.5). Suppose (K : A) € I'. Then A bp G in SL
if and only if "T T AT KorGgin DTLy.

Proof. Suppose (K : A) € I'and A bp G in SL. Then "T7,TA™ K rgn by Lemma H.2.

Conversely, suppose that (K : A) € T' and "T7,TA™ K rg7in DTLg. Let

= (K; : Ai)igq,...,m), where each A; = Ay ;... Ay, ;. Then T = (£ says K; says
FAy; ... 0 says K; says "Ap,i")icq1,..,m). Further assume that K = K; (where
te{l,...,m}), sothat A = A;4,...,Ap, . Then we have,

1. (¢ says K; says "Ay ;... € says K; says "Ap, Vieq1,omp " At e T An 1! K,
rG" (Assumption)
2. (€ claims K;says " Ay ;... £ claims K; says " An, i Dieq1,my T AL e T Ang s ER
rGg" (Lemma G.5.1)
3. (£ claims K;says" Ay ;... £ claims K; says " Ap, i Vieq1,....m}, K claims TAy 7L
Ky claims ™A, 7T AL, L T A, B TGO (Weakening)
4. T = (¢ claims K; says "Ay; ..., ¢ claims K; says "Ap, i ieq1,....m}, K¢ claims
FA1: ..., Ky claimsTA,, ;2 (Defn.)
5. A = (¢ claims K; says "Ay;", ..., L claims K; says "Au, i ")icq1,....m}, Kt claims
I_ALt—I, e ,Kt claims I_Ant,t—l, '_Al,t—l, e ,[_An“t—l_l[(t (Defn)
6. AFp G

(Lemma H.6.1 on 3 using 4 and 5 to abbreviate; the sequent in 3 is a-regular)

O]

I Proofs from Section 5.5

In this appendix we prove the Theorems related to BLgy (Section 5.5). Many of these
theorems rely on the Hilbert style axiomatization for BLg, which we develop first.

I.1 The Axiomatic System for BL,

In Section 5.5, we presented some rules and axioms for the axiomatic system of BLy.
Here, we list all the rules and axioms, including those listed earlier.

FA FADB FA A is an axiom
—— nec mp — ax
K says A FB FA

Axioms:
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(K says (A D B)) D ((K says A) D (K says B)) (K)
(K says A) D K' says K says A (Bind)
K says ((K says A) D A) (C
AD (BDA) (impl)
(ADB)D((AD(BDC))D(ADC0O)) (imp2)
AD (B> (ANB)) (conjl)
(ANB)D A (conj2)
(ANB)D B (conj3)
A>S(AV B) (disj1)
B> (AV B) (disj2)
(ADC)D((BD2C)D((AvB)D()) (disj3)
T (true)
1DA (false)

Next, as we did for DTLg in Appendix C, we introduce a generalized axiomatic system
for BLg. Let I' denote a multi set of formulas (not judgments). We write I' F¢ A
to mean that A may be established from assumptions I'. The rules of the generalized
axiomatic system are:

‘Fa A I't¢cADB ' A
———————nec mp
I'kFg K says A I'-¢ B

—Uuse
T, Alq A

A is an axiom

g A

ax

Now we prove some basic properties of the generalized axiomatic system, including
the deduction theorem, and show that the generalized system reduces to the axiomatic
system when I is empty.

Lemma I.1 (Basic properties). The following hold.
1. (Weakening) T kg A implies T,T' F¢ A
2. (Substitution) T'Fg A and T, Atg B imply ' b B

Proof. Exactly as for DTLg in Lemma C.1. The proof does not rely on the axiom (4),
which is the only difference between the two systems. O

Theorem 1.2 (Deduction). The following hold.
1. Tkqg AD B impliesT,A+q B
2. T,Atg B impliesT ¢ AD B

Proof. Exactly as for DTLg in Theorem C.2. The proof does not rely on the axiom (4),
which is the only difference between the two systems. O

Theorem 1.3 (G iff Axiomatic). + A if and only if - Fg A

Proof. In each direction by straightforward induction on the given derivation. O
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1.2 Proofs of Theorems 5.6 and 5.7

We simultaneously prove Theorem 5.6 (Equivalence of sequent calculus and axiomatic
system for BLg), and Theorem 5.7 (Correctness of translation from BLy to DTLg). To
do this we establish three lemmas.

Lemma I.4 (Sequent Calculus = Axiomatic System). I K Adn BLy’s sequent calculus
(Figure 5) implies - b K says (I' D A) in BLy’s generalized aziomatic system.

Proof. We induct on the given derivation of I' S A, and show some cases related to
claims and says. We freely use properties such as Currying in the axiomatic system.

P atomic |
Case. — ¢ init
r.p X p
l. k¢ (TAP)DP (Rule (ax) and (conj3))
2. -Fg Ksays (T A P) D P) (Rule (nec))

I' K claims A, A K )
Case. I claims
I' K claims A — C

1. - g K says (T A (K says A) A A) D O) (i.h. on premise)

o

ko (TN Ksays A) D A) D (T A K says A) D (AD (T A (K says A) A A))) D
(T A Ksays A) D (T A (K says A) A A))) (Rule (ax) and (imp2))

3. kg (K says (T A K says A) D A)) D ((K says (T A K says A) D (AD (T A
(K says A) A A)))) D K says ((T' A K says A) D (T A (K says A) A A)))

(Rule (ax), (K), Rule (mp))

4. - g K says (T A K says A) D A) (Theorem in G, follows from (C))
5. - kg (K says (T A K says A) D (A D (T A (K says A) A A)))) D K says (T A
K says A) O (T A (K says A) A A)) (Rule (mp) on 3 and 4)

6. k¢ (TAKsays A) D (AD (T A (K says A) A A)) (Currying)
7. Fg Ksays (T A Ksays A) D (AD (T A (K says A) A A))) (Rule (nec))
8. g K says (T A K says A) D (T A (K says A) A A))  (Rule (mp) on 5 and 7)
9. F¢(ADB)D((BDC)D(ADC(C)) (Theorem in G)
10. -+F¢ Ksays ((ADB)> (B> C) > (ADC))) (Rule (nec))

11. - kg (K says (A D B)) D ((K says (B D C)) D K says (A D ())
(Rule (ax), K, rule (mp))
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13.

14.

Case.

g (K says (T' A K says A) D (T' A (K says A) A A))) D ((K says ((T A (K says
A)ANA)DC)) D Ksays (T AKsays A) D C)) (Instantiate 11)

k¢ (K says (T A (K says A) A A) D C)) D K says ((T A K says A) D C)
(Rule (mp) on 12 and 8)

g K says (T A K says A) D C) (Rule (mp) on 13 and 1)

T 54

= saysR
I' — Ksays A

Let I'| = K says Ay, ..., K, says A,

1.

2.

~

-Fa K says ((Kjsays Ay A ... AN Ky, says A4,) D A) (i.h. on premise)
kg (K says K says Ay A ... A K says K, says A;,) D K says A (Rule (ax), K,
and Rule (mp))
. K says K says Ay, ..., K says K, says A, F¢ K says A (Theorem 1.2)
-Fa (K says A;) D (K says K; says A;) (Rule (ax) and (Bind))
. K; says A; F¢ K says K; says A; (Theorem 1.2)
. Kysays Ay, ..., K, says A, g K says A (Lemma 1.1.2 on 5 and 3)
' K says A (Lemma I.1.1)
FgT D Ksays A (Theorem 1.2)
k¢ K’ says (T D K says A) (Rule (nec))
I'' Ksays A, K cIaimls AX, CsaysL
I' K says A X
k¢ K’ says ((T' A (K says A) A (K says A)) D C) (i.h. on premise)
g (T A K says A) D (T A (K says A) A (K says A)) (Theorem in G)
g K'says (T' A K says A) D (T A (K says A) A (K says A))) (Rule (nec))
‘F¢(ADB)D((BD>C)D(ADCQO)) (Theorem in G)
ke K'says ((ADB)D ((BD>C)D(ADC(Q))) (Rule (nec))
ke (K'says (A D B)) D ((K'says (B> (C)) D K'says (A D ())
(Rule (ax), K, rule (mp))
Fa (K" says (T A K says A) D (T A (K says A) A (K says A)))) D ((K' says

(T A (K says A) A (K says A)) D C)) D K’ says (T A K says A) D C))
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(Instantiate 6)

8. -Fag (K'says (T A (K says A) A (K says A)) D C)) D K’ says (T A K says A) D

) (Rule (mp) on 7 and 3)
9. - k¢ K'says ((T' A K says A) D C) (Rule (mp) on 8 and 1)
O

Lemma I.5 (Soundness of Translation). If - A in BLg, then for every K, - LS [A] in
DTLy.

Proof. We induct on the derivation of - A, and case analyze the last rule.
FA
—————n
F K’ says A
To show: - = ¢ says K says [A].

Case. ec

K/

1. - — [A] (i.h. on premise)
2. - L K says [A] (Rule (saysR))
3. - £ v says K’ says [A] (Rule (saysR))
FADB HA
Case. mp
FB
-5 [A] o [B] (i.h. on 1st premise)
2. & [A] (i.h. on 2nd premise)
3. [A],[A] o [B] & [B] (Theorem in DTLy)
4. [A] > [B] & [B] (Theorem B.2 on 3 and 2)
5. - 5 [B] (Theorem B.2 on 4 and 1)
A is an axiom
Case. ———— ax
A

To show: - 2% [A]. We case analyze all the axioms, showing only some of the
important cases here. The other cases are straightforward.

Case. (Axiom K) A = (K’ says (A’ D B’)) D ((K' says A’) D (K’ says B'))

To show: - -5 (¢ says K’ says ([A'] D [B'])) D ((¢ says K’ says [A']) D (¢ says
K' says [B']))

1. [4] > [B],[4] £5 [47] (Theorem B.3)
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2. [4] > [B],[41,[B] % [B] (Theorem B.3)

3. [4] > [B].[4] X5 1B (Rule (OL))
4. K' daims ([A] > [B]), [4] > [B], K’ claims [A'], [A] 25 [B]

(Weakening)

5. K’ claims ([A'] D [B']), K’ claims [A'] £, 1B] (Rule (claims) twice)

6. K'says ([A] D [B']), K’ claims ([A’] D [B']), K’ says [A'], K’ claims [A'] LN

K' says [B'] (Rule (saysR))

7. K'says ([A'] © [B]), K’ says [A'] LK says [B'] (Rule (saysL) twice)

8. ¢ claims K’ says ([A'] D [B']), K’ says ([A'] D [B]),¢ claims K’ says

10.

11.

12. -

[A’], K' says [A'] LK says [B'] (Weakening)

. L claims K’ says ([A’] D [B']), ¢ claims K’ says [A] L K’ says 1B]

(Rule (claims) twice)
¢ claims K’ says ([A'] D [B]),¢ says K’ says ([A'] D [B']), ¢ claims K’ says
[A'], ¢ says K’ says [A’] £, ¢ says K’ says [B'] (Rule (saysR))
¢says K’ says ([A'] D [B']), ¢ says K’ says [A'] X, 0 says K’ says [B']

(Rule (saysL) twice)

K (¢ says K’ says ([A’] D [B'])) D ((¢ says K’ says [A']) D (¢ says K’ says
[B])) (Rule (DR) twice)

Case. (Axiom Bind) A = (K’ says A’) D K" says K’ says A’

To show: - -5 (¢ says K’ says [A']) D ¢ says K" says ¢ says K’ says [A’]

1.

10. -

® N o ok wN

¢ claims K says [A'], K" says [A"], K’ claims [A'], [A"] £~ [[A’]]

(Theorem B.3)
¢ claims K’ says [A'], K’ says [A'], K’ claims [A’] X, [A] (Rule (claims))
¢ claims K’ says [A'], K’ says [A'] — £, [A] (Rule (saysL))
¢ claims K’ says [A'] £, 14 [A'] (Rule (claims))
¢ claims K’ says [A'] L K’ says [A] (Rule (saysR))
¢ claims K’ says [A'] — SNy says K’ says [A'] (Rule (saysR))
¢ claims K’ says [A'] L K" says / says K’ says [A] (Rule (saysR))
¢ claims K’ says [A], £ says K’ says [A'] LNy says K" says { says K’ says [A]

(Rule (saysR))
¢ says K’ says [A] KNy says K" says ¢ says K’ says [A’] (Rule (saysL))

X, (¢ says K’ says [A']) D ¢ says K" says ¢ says K’ says [A’] ~ (Rule (DR))
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Case. (Axiom C) A = K’ says ((K'says A’') D A')
To show: - 2 ¢ says K says ((¢ says K' says [A']) D [A])

1. £ claims K’ says [A'], K’ says [A'], K’ claims [A'], [[A’]] [[A’]]
(Theorem B.3)

2. ¢ claims K’ says [A'], K’ says [A'], K’ claims [A'] LN [A] (Rule (claims))
3. £ claims K’ says [A'], K’ says [A] — X, [A'] (Rule (saysL))
4. { claims K’ says [[A’]] [[ d (Rule (claims))
5. ¢ says K’ says [A], £ Ialms K’ says [A’ ]] [[A' | (Weakening)
6. ¢ says K’ says [A’ ]] [[A' | (Rule (saysL))
7. 5 (¢ says K’ says [A']) D [A'] (Rule (DR))
8. L K’ says ((¢ says K" says [A']) D [A']) (Rule (saysR))
9. . K¢ says K’ says ((¢ says K’ says [A']) D [4']) (Rule (saysR))

O]

Finally, we seek to show that whenever [I'] LS [A] in DTLy, it is the case that
r & Ain BLy. To do this, we syntactically characterize the sequents that may occur

in a proof of [I'] LR [A]. We call these sequents regular sequents. We further categorize
regular sequents into two: «-regular and (-regular. As a general convention, we use
the lowercase letter k to denote principals from BLy, i.e., principals distinct from ¢. By
assumption, such principals are unrelated to each other in the order .

Definition 1.6 (Regular Sequents). A DTL( sequent is called regular if it has one of
the two forms:

1. (a-regular) T’ LA [A], where T' contains assumptions of following forms only: [B],
k says [B], k claims [B], and ¢ claims k says [B].

2. (B-regular) T’ Lk says [A], where T" contains assumptions of the following forms
only: k says [B], k claims [B], and ¢ claims k says [B].

Note that the difference between the hypothesis allowed in a-regular and g-regular
sequents is that the former may contain assumptions of the form [B] whereas the latter
may not.

Next, we define an inverse translation from hypothesis of regular sequents to BLy.
We denote the translation using the notation L-_.

Definition 1.7 (Inverse Translation). The inverse translation for regular hypothesis ( I'
is defined pointwise on the assumptions, where the inverse translation of assumptions is
defined as follows:

L[A] = A
Lk says [A] = kclaims A
Lk claims [A] = kclaims A
Ll claims k says [A]s = k claims A
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Lemma 1.8 (Completeness of Translation). The following hold.
1. IfT LA [A] is a-regular and provable in DTLg, then T, kA s provable in BLy.

2. IfT Lk says [A] is B-regular and provable in DTLg, then (T LRy provable in
Bly.

Proof. We simultaneously prove the two clauses of the Lemma by induction on the
derivations of the given regular sequents. For each clause, we analyze cases of the last
rule in the derivation. We assume that weakening and strengthening for hypothesis
holds in BLg. These may be established easily by induction on derivations.

Proof of (1).

P atomic | |
Case. ——————init
I [P] = [P]
1. .r,PEp (Rule (init))
I,k claims [4],[A] & [C] k=k
Case. : claims
[, k claims [A] — [C]
1. L.I'y, k claims A, A LN (i.h. on premise)
2. L',k claims A ke (Rule (claims))
T, /¢ claims k' says [A], k' says [A] LA ICT C-k
Case. - claims
[,/ claims k" says [A] = [C]
1. LT,k claims A, k' claims A ko (i.h. on premise)
2. L', K claims A ko (Strengthening)

Y
r k' says [A
Case. k\g _ vs 4] saysR
[ = ¢ says k' says [A]

By definition, ¢ says k' says [A] = [k’ says A]. Therefore we need to show that

.T. £ & says A. Assume that I|y = ¢ claims ky says [Ai],..., ¢ claims k,, says [Ay].
Note that LI's D ky claims Ay, ..., k, claims A,.

1. ki claims Aq,..., k, claims A, LNy} (i.h. (2) on premise)
2. ky claims Ay, ..., ky claims A, LRy says A (Rule (saysR))
3. 0.5 K says A (Weakening)
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Note that the application of (saysR) in step 2 is allowed in BLg, but not in DTLy.

Case

T, K says [A], & claims [A] & [C]

T, K says [A] = [C]

1. LT, & claims A, k' claims A % C

2. L',k claims A LNYe!

saysL,

(i.h. on premise)

(Strengthening)

T, ¢ says k' says [A], £ claims ¥ says [A] % [C]

Case.

saysL

T, ¢ says k' says [A] = [C]

1. L', K says A, k' claims A LYo,
2. L.T'1, k' says A LNYe!

r&pa r&m

g AR
T £ [4] A [B]

Case.

1L .r.xa
2. .. B

3. L AAB

Case

T, [A] A [B] & [C]

1. ..,AAB,ABY ¢
2. LFJ,A/\B£>C

T 5 [4]
Case. ————V Ry
T 5 [4] v [B]

1. .I'. £>A

2. |_F_|£>A\/B

T 5 [8]

k

———VRy
r k4] v [B]

Case.

... 5B

k
CLIAIA LB AL 8] ~ e

i.h. on premise
p

(Rule (saysL))

(i.h. on 1st premise)
(i.h. on 2nd premise)

(Rule (AR))

(i.h. on premise)

(Rule (AL))

i.h. on premise
p

(Rule (V Ry))

(i.h. on premise)

111



2. .5 AvB

Case. . [A] v [B].[A] ~ [C] I, [A4] v [B], [B] &

[€]

(Rule (V Ry))

VvV L

T, [A] v [B] & [C]

1. .T,,AVB,AL C
2. I_F_I,A\/B,BLC
3. . ', AvB L

Case. TR

rkT

LT

Case. —— 1L

1. ., L5c

I, [A] = [B]

p SR
I'=[A] > [B]

Case.

1..r,ALB

2. LF_I&ADB

Case. L[4l > [B] - [A] I, [A] o [B], [B] LR ICT

I, [A] > [B] & [C]
1. LF_I,ADBAA
2. . T.L,A>D BB C

3. I_F_I,ADBLC

Proof of (2).

T,/ claims k" says [A], k' says [A] Lk says [C]
Case.

(i.h. on 1st premise)
(i.h. on 2nd premise)

(Rule (VL))

(Rule (TR))

(Rule (LL))

(i.h. on premise)

(Rule (DR))

DL

(i.h. on 1st premise)

(i.h. on 2nd premise)

(Rule (DL))

[,/ claims k" says [A] Lk says [C]

1. L', K claims A, k' claims A LNVs,
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2. LT,k claims A LNVs, (Strengthening)

k
r A
Case. ﬁsaysR
I' = k says [A]
J BN Y PR LYY (i.h. (1) on premise)
2. . T.5 A (Weakening)

I, K says [A], & claims [A] 5 k says [C]

Case. saysL
T, K says [A] 5 k says [C]
1. LT, k' claims A, k' claims A & C (i.h. on premise)
2. T,k claims A & C (Strengthening)
No other cases apply. ]

We now prove Theorems 5.6 and 5.7.

Theorem 1.9 (Equivalence; Theorem 5.6). - K A BLy’s sequent calculus if and only
if F K says A in BLg’s axiomatic system.

Proof. Suppose - K A BLy’s sequent calculus. By Lemma 1.4, - ¢ K says (T D A)
in BLg’s generalized axiomatic system. By Theorem 1.3, - K says (T D A). Now, as in
the proof of Corollary C.10, this implies F K says A.

Conversely, suppose that F K says A in BLy’s axiomatic system. By Lemma 1.5,

RNy says K says [A] in DTLg. There is only one rule that can applied to derive this:
(saysR). Hence, - LK says [A]. Again, only the rule (saysR) can derive this. Thus
SER [A]. Now by Lemma 1.8.1, - £, Ain BLy’s sequent calculus. O

Theorem 1.10 (Correctness; Theorem 5.7). T' K A BLy’s sequent calculus if and
only if [T] X, [A] in DTLy’s sequent calculus.

Proof. Suppose I' K Ain BLg’s sequent calculus. Let I' = Ay,..., A,. Then,

1. - g K says (T' D A) (Lemma 1.4)
2. + K says (T D A) (Theorem 1.3)
3. -5 £ says K says ([T] O [A]) (Lemma 1.5)
4. -5 mo4 (Inversion)
5. - 5 ([A] A .. A [AR]) O [A4] (Definitions)
6. [A1], .., [An], JAL] A - A [AR]) D [A] 5 [4] (Basic reasoning)
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(A atomic) | Or+ A [OAARC
————~init ——— R _
T AF A Or, T F OA [.O0AFC
A TFB I,AAB,AFC I AAB,BFC
AR AL A
TFAAB T,AABFC T.AABFC

T A T+ B LAVBAFC T AVBBEC o

—V R —V Rg
I'-Av B I'-Av B IAvBEC

— TR — 1L
THT I,LFC

A+ B INNA>BFA I''A>DB,B-HC
— DR DL
I'-ADB rNA>BFC

Figure 7: Cut-free Sequent Calculus for CS4 (Taken from [13])

7. [A], ..., [A] 55 [A] ie. [I] 55 [A4] (Theorem B.2 on 5 and 6)

Conversely, suppose [I'] LN [A]. By Lemma I.8.1, [I'] X, L[A]o. But by defini-
tion, L[[']o =T and [A]s = A. Therefore, T’ £ A O

1.3 Proof of Theorem 5.9

In this section we show that the translation from BLg to CS4 is sound and complete
(Theorem 5.9). We use a sequent calculus for CS4, shown in Figure 7. T denotes a set
of formulas in CS4, and " denotes a set of formulas of the form [JA. This sequent
calculus is the O-free fragment of a sequent calculus described by Bierman et al [13],
with only the difference that we restrict initial sequents (Rule (init)) to atomic formulas.
However, we show (Lemma I.11 below) that this restricted sequent calculus admits the
general (init) rule; hence the two formulations of the sequent calculus are equivalent.
Our version reduces the technical difficulty of proving completeness of the translation. It
is shown in Bierman et al’s paper that the sequent calculus is equivalent to the axiomatic
formulation described in Section 5.1, that it admits weakening and the cut rule, and that
it has the subformula property.

Lemma I.11 (Identity). For each CSj formula A, it is the case that T'; A+ A.

Proof. By induction on A. We case analyze the top constructor in A. Most cases work
as in the proof of Theorem B.3. The case A = (B is new, and the case A = Ay A As
is different, because in CS4’s sequent calculus we use two left rules for A, whereas in
DTLg’s sequent calculus there is one left rule for A. We show these two cases below.

Case. A=0B. Let I' = 01", 1

1. OI",0B,B+ B (ih. on B)
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2. OI', OB+ B (Rule (L))
3. OI,I”,0B + OB (Rule (OR))

Case. A = A1 N Ay

1. TVAL N A, Al H Ay (i.h. on Aj)
2. Ay N A Ay (Rule (A Ly))
3. VAL N Ay, Ao Ay (i.h. on Aj)
4. T A1 N Ay - Ay (Rule (A L))
5. T A1 AN Ay A A Ay (Rule (A R) on 2 and 4)

O

Restricting initial sequents to atomic formulas allows us to prove the following in-
version theorem, which helps us simplify the completeness proof. We can also prove
completeness without this theorem, but we would have to consider many more cases.

Lemma 1.12 (Inversion in CS4). If there is a derivation of T' = A D B in CS}’s sequent
calculus, then there is a shorter or equal derivation of I') A+ B.

Proof. We induct on the given derivation of I' - A D B, analyzing cases on the last
rule. We do not explicitly prove that the constructed derivations are shorter or equal;
the reader may verify this easily in each case.

I,0C,CHA>DB

Case.
I,OCFASB
1. I,ac,C,A+ B (i.h. on premise)
2. T,0C,AF B (Rule (OL))

F,Cl/\CQ,Cl FADB
Case. ALy
CinCo-ADB

1. ICy ANCy,C1,AF B (i.h. on premise)
2. ,C1 NCy,AEB (Rule (A Ly))

INCiANCy,CoFADB
Case. A Lo
ICinCsFADB

1. ICy ANCo,Co, AF B (i.h. on premise)
2. ,C1, NCy,AEB (Rule (/\ Lg))

ICivCy,Ci-ADB F,Cl\/CQ,Cgl—ADB\/L
IcivC,-ADB

Case.
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1. IC1 vy, Ci,AF B
2. ,Cy v Oy, Co, AF B
3. F,Cl\/CQ,AI—B

Case. E——— J_L
;]

1.T,1,AFB

F701 DCQl—Cl

F,Cl DCQ,CQ"ADB
DL

Case.
cioC,-ADB

1. C; D Cy, Ay
2. 1,C1 D Cy,Cy, AF B
3. INCi D0y, A B

No other cases apply.

(i.h. on 1st premise)
(i.h. on 2nd premise)

(Rule (VL))

(Rule (LL))

(Premise)

(Weakening on 1st premise)
(i.h. on 2nd premise)

(Rule (DL))

O]

We also need a lemma about BLg’s sequent calculus for proving completeness.

Lemma 1.13. IfI', K says A x, C in BLgy, then there is a shorter or equal derivation

of I', K claims A x, C.

Proof. By induction on the derivation of I', K says A x, C. O

Lemma I.14 (Soundness of Translation). If T’ K, Ain the sequent calculus of Bly,
then "I, K = "A™ in the sequent calculus of CS4 (where the translation of the context
T is defined pointwise, and K claims A is treated as K says A).

Proof. We induct on the derivation of I" X, A, analyzing cases of the last rule.

P atomic | |
Case. ——————init

P& p

1. T P,KFP

I' K claims A, A LN} .
Case. claims

I', K claims A K

1. TVOK > A7), K> ALK+ K
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2. T, O(K DTAY), K DTAY K,TAT A7

3. TTLOK DTAYN), K D TA K- AT

5. " TTOK DODTAT),TATVKFTC™

)

( )
( )
4. T OK DAY, KA
( )
( )

6. T, 00K DTA"),K+rC™

INJEANY]

Case. saysR

!/

r & K says A
Let I'| = K claims Ay, ..., K, claims 4,
1. O(K; DAY, ..., 0K, D "4,7), K FTA”
2. 0K1D>"A),...,0(K, DA, ) F K DA™
30K DA ,..., O, DT4, ) FOK DA
4. TTUK'FOK DTA™)

I', K says A, K claims A LNy
Case. saysL.

F,KsaysAﬂC

1. T, 0(K 5 TA7),0(K >TA7),K'-7C"
2. T, O(K DAY, K+ ¢
r&sa4 1&g

Case. e AR
' —AAB

1. TUVKETAT
2. " TVKFTB"
3. T KETATATB™
I'AANB,A, B—>C
I, A/\B——>C’

Case.

1. I—F‘I7 I—A_| A I_BT’ FA"I) I_B—l’ K+ I_C—I
2. I—F‘I’ mAT A I—BT7 I—A‘I, I_B‘I’ KEFTAT
3. I—F—I, I—A—l A I—BT’ I_B—I, K+ I—A—l
4. l_]_"—|7 I_A—l A I_BT’ I_B—I’ KEFIMTBT

5. "TTVTATATBTU K -TB™
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(Lemma I.11

(Rule (DL)

(i.h. on premise

)
)
(Rule (L))
)
)

(Cut on 4 and 5

(i.h. on premise)
(Rule (OR))
(Rule (OR))

)

(Weakening

(i.h. on premise)

(Strengthening)

(i.h. on 1st premise)

(i.h. on 2nd premise)

(Rule (AR))

(i.h. on premise

(Lemma I.11

)
)
(Rule (A Ly))
(Lemma 1.11)

)

(Rule (A Lg)



6' I—F—I’ I—A—I A I—BT’ I—B—I7K |7 I—C—I

7. T TATATBY K O

r&a
Case. ————V Ry

r&avne

1. T, KA
2. TLKFTATV B

r&p
Case. Ki\/Rg
' —AVB

1. T, KB’

2. TVKEFFATV BT

Case.

rAvB AL C F,AVB,Biicv

r,AvBL ¢
1. I—]__‘—I’ I_A—l \/ I_BT’ I_A—I7 K l_ I_C—l
2‘ I—F—I’ I—A—I v I—BT’ I_B—I,K I_ I—C—I
3. T, FATV B K FrCn

Case. TR

r & T

. TLKFT

Case. 7KJ_L
ri.—c«a

1. T, 1L, KFrCh

rAfp

Case. KiDR
' —A>DB

1. TNTATKFTBY

2. TVKFTATD™B™

Case. =
I'NA>B—C

1. TNTAT OB KETA™
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rAa-BX A4 1,4-5BBEC .
D)

L

(Cut on 3 and 1)

(Cut on 5 and 6)

(i.h. on premise)

(Rule (V Ry))

i.h. on premise
p

(Rule (V Ry))

(i.h. on 1st premise)
(i.h. on 2nd premise)

(Rule (VL))

(Rule (TR))

(Rule (LL))

(i.h. on premise)

(Rule (DR))

(i.h. on 1st premise)



2. TOFTADTB "B KETC™ (i.h. on 2nd premise)
3. "TVTAT DBV K ETCT (Rule (DL))
O

Next, we seek to show the converse of the above lemma, namely, if "T'"", K - TA™

in CS4, then T’ K Ain BLgy. Our approach is based on a careful characterization of
sequents that may occur in a proof of "T", K - "A™". We call such sequents regular
sequents.

Definition 1.15 (Regular Hypothesis). A CS4 hypothesis I" is called regular if it con-
tains formulas of the form "A7 and K D " A7 only (A denotes an arbitrary BLg formula).

Definition I.16 (Regular Sequents). A CS4 sequent is called regular if it has the form
I' K T A" where I' is a regular hypothesis.

Next, we define an inverse translation from regular sequents to BLg sequents.

Definition I.17 (Inverse Translation). The inverse translation .- for regular hypothesis
is defined pointwise, where the inverse translation for formulas is defined as follows.

I_,_A_I_l — A
LKDTA, = Kclaims A
A regular sequent I', K " A7 is inverse translated to LI'J A

The following completeness lemma contains two statements that we prove by simul-
taneous induction. The second statement is the actual completeness that we need. The
first statement is needed for induction to work.

Lemma I.18 (Completeness of Translation). Let I' be a regular hypothesis.
1. If T, K+ K" in CS4 and K # K', then LT KN for any C in BLy.
2. IfT, K F"A" in CS4, then T %5 A in BLo.

Proof. We induct on the depth of the given derivations, and analyze cases of the last
rule in the derivations.

Proof of (1).

Case. minit
1. K=K’ (K" €T by regularity)
2. Contradiction (Assumption K # K’ and 1)
3.5 ¢ (RAA)
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T,OK” 5TAY), K’ 5TA K+ K’ oL

Case. - y
OK ST A),KFK

1. LT, K" says A, K" claims A KN (i.h. on premise)

2. LTy, K" says A e (Rule (saysL))

[LFATATBTTAV K F K’
Case. — A Ly
IN'"TA"AN"BKFK

1. .';,;ANBA EiNYe! (i.h. on premise)
2. .T,,AAB,ABL C (Weakening)
3. . I',,ANBS C© (Rule (AL))

ILTATATBY "B K K’
Case. — AN Lo
I'"A"AN"B"KFK

1. ',,AANB,B LNy (i.h. on premise)
2. I',AAB,A,BL C (Weakening)
3. 0.,ANBS © (Rule (AL))

[LFTATVITBTTAV K F K’ ILFTA"V B "B K+ K’
Case. ; VL
I''"A"VTBTKFK

1. I'n,AV B, A 5 c (i.h. on 1st premise)
2..',AV B,B e (i.h. on 2nd premise)
3. .I',,AvBL C (Rule (VL))
Case. ————— L
I LKFK
K
1. . I'y,L —=C (Rule (LL))
[L"TATSTBLKFTAT T,7A">™B."BVKF K’
Case. ; DL
[,TA' S BV KFK
1. T,A>BE 4 (i.h. (2) on 1st premise)
2. .I',ADB,B L (i.h. on 2nd premise)
3. . I.,A>BE C (Rule (DL))
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I'K">™BLK+K' T,K'>"B."B,KFK' .
D)

Case. - ;
I'K"D™BLWKFK

We analyze two subcases:

Case. K = K"
1. .., K" claims B, B EiNYs (i.h. on the 2nd premise)
2. ., K" claims B LNy (Rule (claims); K = K")
Case. K # K"
1. ., K" claims B & C (i.h. on 1st premise)

Proof of (2).

(A atomic) | |
mit

Case. —— =~
INAKEA

1. LT A KNy (Rule (init))
Or-K >TA™
; ; UR

O0, I, K - O(K 5 A

Let T = O(K; 5 A7), ..., O(Ky D A7),

Case.

1. O, K'FTA™ (Lemma 1.12 on premise)
2. Kqsays Ay,..., K, says A, KA (i.h. on 1)
3. Kj claims Ay,..., K, claims A4, K4 (Lemma 1.13)
4. K claims Ay, ..., K, claims A, "2 % K says A (Rule (saysR))
5. Kisays Ay,..., K, says A, . I", LNyl says A (Rule (saysL))

INOK DTAY),K' DTA K FTC™
Case. ; L
LOK DFAY,KE"C™

1. .I'y, K" says A, K’ claims A LNy (i.h. on premise)
2. LT, K’ says A KN (Rule (saysL))

I KETA™ I K+F™B"
Case. AR
I'KFTATATB?

..o A (i.h. on 1st premise)

2. I, 5 B (i.h. on 2nd premise)
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3. L AAB

I‘ TA—I/\I_B—I I—A—l Kl_l_C_I
Case. — ’ !

T,"ATATB, K+ (T
1. .I,AANB AL C

2. .I,,ANB,ABE C

3. .I',ANBS ¢

1" I_A—I/\I_B_I I—B—I Kl_l_CVT
Case. — ’ ’

I,FATATB,KFrCT
1. .I',,AAB, B ¢
2. .T,,AAB,ABL C
3.T,ANB L ¢

IKETA™
Case. VvV Ry
IKFTATVTB?

L% 4
2. LFJﬁAVB

I KF™B"
Case. V Ro
IKFTATVTB?

1. I_F_ILB
2. X AvB

1" I_A—I\/I_B_I I’A? Kl_l_c_l
Case. — ’ ’

ALy

(Rule (AR))

(i.h. on premise)
(Weakening)

(Rule (AL))

(i.h. on premise)
(Weakening)

(Rule (AL))

(i.h. on premise)

(Rule (V Ry))

(i.h. on premise)

(Rule (V Ry))

F [_A—I\/I_B_I I—B_I Kl_l—c'—l
) Y Y \/L

LFTATVIBUK ETCT

1. I_FJ’A\/B,ALC
2. T,AvBBL C
3. I_F_I,A\/Bi(—)c

Case. ———— TR
IK+FT

R AT
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(i.h. on 1st premise)
(i.h. on 2nd premise)

(Rule (VL))

(Rule (TR))



Case. ———— | L
I LKETCT

1.0, 15 C (Rule (LL))

I,F A", K T B7

Case. DR
[LKFTAT ST BT
1. Iy A 5B (i.h. on premise)
2. . I.5 A5B (Rule (OR))

I"TA"D™B,KETA™ I''"TATDTBVTBTLKEFTC™
Case. DL
I''mTATD™BLKETCT

1. I'n,ADB o4 (i.h. on 1st premise)
2. . I'.,ADB,B K (i.h. on 2nd premise)
3. I',,A>BL ¢ (Rule (OL))

K DTATKFK' IK'DTATATL KT Cn
Case. ; DL
K DTALKETCT

We analyze two subcases:

Case. K = K’
1. LT, K claims A, A KNS, (i.h. on 2nd premise)
2. T, K claims A 5 © (Rule (claims); K = K')
Case. K # K’
1. LT, K’ claims A Ec (i.h. (1) on 1st premise)

O]

Theorem 1.19 (Correctness; Theorem 5.9). - K A BLg if and only if H K D TA™
in CS4.

Proof. Suppose - K A BLy. By Lemma 1.14, K + "A". Hence by rule (DR),
-FKDTA™

Conversely, suppose - F K D "TA" in CS4. By Lemma 1.12, K - "TA". By
Lemma 1.18.2, - 25 A, O
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