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Abstract

This paper aims to give an epistemic interpretation to the tensor disjunction in depen-
dence logic, through a rather surprising connection to the so-called weak disjunction in
Medvedev’s early work on intermediate logic under the Brouwer-Heyting-Kolmogorov
(BHK)-interpretation. We expose this connection in the setting of inquisitive logic
with tensor IngB® [7], but from an epistemic perspective. More specifically, we trans-
late the propositional formulas of IngB® into modal formulas in a powerful epistemic
language of knowing how following the proposal by [21,18]. We give a complete ax-
iomatization of the logic of our full language based on Fine’s axiomatization of S5
modal logic with propositional quantifiers. Finally we generalize the tensor operator
with parameters k£ and n, which intuitively captures the epistemic situation that one
has n potential answers to n questions and knows that at least k of them must be
correct. The original tensor disjunction is the special case when kK = 1 and n = 2.
We show that adding the generalized tensor operators do not increase the expressive
power of our logic, inquisitive logic and propositional dependence logic, though most
of these generalized tensors are not uniformly definable in these logics, except in ours.

1 Introduction

As a rapidly growing field of research, Dependence Logic studies reasoning
patterns expressed by logical languages extended with (in)dependence atoms
(cf. e.g., [11] for a survey). The intuitive meaning of the atomic formula is
best fleshed out formally by the team semantics capturing the (in)dependence
between variables, where a team can be viewed as a collection of assignments
or possible worlds. In defining the truth conditions for logical connectives, one
guideline is to keep the property of flatness, i.e., for any formula o without the
(in)dependence atoms, it is true w.r.t. a team X (X F «) if it is true on each
singleton team {w} such that w € X. To some extent, flatness preserves the
intuition of the classical logical connectives. In particular, the semantics of the
distinct tensor disjunction ® in dependence logic can be viewed as a natural
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lifting of the world-based semantics for classical disjunction to teams, viewed
as sets of possible worlds:

X Fa® g iff there are U,V C X such that X CUUV,UEFEaand V EJ

Note that a disjunction aV 3 is classically true on each world in a set X of
possible worlds if and only if there are two subsets jointly covering the whole
space of possible worlds such that one subset satisfies a homogeneously and
the other satisfies 8 homogeneously. This lifting may also give the impression
that ® can be read more or less as a classical disjunction. However, it is not
so straightforward. For example, the truth of the propositional dependence
formula (=(p,q) ® =(p,q)) over a team is not equivalent to =(p, ¢). In fact,
(=(p,q) ® =(p,q)) is valid technically but =(p, q), which says that the truth
value of ¢ depends on the truth value of p, is clearly not valid. A natural
question arises: how to understand ® intuitively and precisely? ' Our work
proposes a possible epistemic understanding of ® (and its generalizations) from
a Brouwer-Heyting-Kolmogorov (BHK)-like perspective to be explained below.

The initial idea is based on an unexpected connection between the tensor
disjunction and the so-called weak disjunction in Medvedev’s early work [14] on
the problem semantics of intuitionistic logic, following Kolmogorov’s problem-
solving interpretation [13]. This connection is best exposed in the setting of
inquisitive logic with tensor disjunction discussed in [7], since inquisitive logic
has intimate connections with both the propositional dependence logic [25,4]
and Medvedev’s logic [9]. More specifically, various versions of propositional
dependence logic can be viewed as disguised inquisitive logic, e.g., the depen-
dence atom =(p, q) becomes (pV-p) — (¢V—q) in inquisitive logic [23,25,6]. On
the other hand, Medvedev’s logic is the substitution-closed core of inquisitive
logic IngB that also admits a BHK-like interpretation via resolutions [3,9].2
Another advantage of using inquisitive logic as the “medium” is that we can put
classical, intuitionistic, and tensor disjunctions in the same picture to reveal
their differences. The last missing piece for an intuitive reading of tensor is an
epistemic interpretation that can incorporate the BHK-interpretation. Wang
proposed to capture intuitionistic truth using a modality Kh to express knowing
how to prove/solve [21], which reflects Heyting’s often-overlooked early view of
intuitionistic logic as an epistemic logic [12]. This also led to an alternative
epistemic interpretation of inquisitive logic [18], where a state supports a for-
mula « is rendered as it s known how « is resolved when viewing the state as
a set of possible worlds capturing the epistemic uncertainty. This can give us
alternative epistemic readings of inquisitive formulas, e.g., the excluded middle
pV —p in inquisitive logic is first rendered as Kh(pV —p) (knowing how pV —p is
true), then it can be reduced to Khp vV Kh—p (knowing how p is true or knowing

L In [17], it is suggested that the (in)dependence formulas can be viewed as types of teams,
i.e., each formula specifies a property of the team. The truth conditions of connectives also
have their roots in the game semantics for classical and IF logic [17].

2 TIn recent literature, inquisitive logic is also viewed as an extension of classical logic [4].
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how —p is true), and finally it is equivalent to the intuitively invalid Kp V K—p
[18]. We will also see these reductions later in this work.

Now we are ready to give the epistemic interpretation of tensor disjunction.
According to Medvedev’s problem semantics [14], the weak disjunction o U 8
captures a composite problem where the solutions are pairs of potential solu-
tions to the problems of o and B respectively such that at least one solution in
each pair is correct.® From our epistemic perspective, Medvedev’s truth con-
cept for a formula v means it is known how to solve . In particular, a weak
disjunction a.Ll 3 is true w.r.t. a set of possible worlds (i.e., a team or a state in
inquisitive logic) iff there are two solutions r; and 79 such that it is known that
one of 1 and 79 is a correct solution to the corresponding problems. In the
setting of inquisitive logic, instead of problems, we take formulas as statements
or questions, which may have resolutions instead of solutions. We will show
such a truth condition amounts to exactly the team semantics for tensor.

We first summarize what we are going to do in the paper before diving into
the technical details. After introducing inquisitive logic with tensor disjunction
IngB® in Section 2, we first propose in Section 3 a logical language of know-
that and know-how, with extra machinery of announcements and propositional
quantifiers, interpreted over epistemic models that are essentially states/teams
in the literature. The semantics of the know-how operator Kh is given by using
the 3zK schema as in know-wh logics [20], based on a BHK-like interpretation
following Medvedev’s idea. The intention is to capture the alternative epistemic
meaning of an IngB® formula a as knowing how to resolve a. In Section 4, we
show that valid know-how formulas correspond exactly the theorems in IngB®.
Moreover, we also show that the announcements and propositional quantifiers
facilitate a recursive process to “open up” the know-how formulas, in particular
to decode the ®, and eventually translate them into classical ones free of the
know-how operator. Based on such a process we give a complete axiomatiza-
tion of our full dynamic epistemic logic in Section 5. Finally, in Section 6 we
generalize the idea of the tensor, from our epistemic interpretation, to obtain
a spectrum of n-ary disjunctions ®¥, which captures the interesting epistemic
situation of knowing n potential answers to n questions and being sure at least
k of them must be correct. We show that adding the generalized tensor oper-
ators does not increase the expressive power of our logic, the inquisitive logic
and propositional dependence logic, though most of these generalized tensors
are not uniformly definable in these logics. In contrast, we can uniformly define
the generalize tensors in our epistemic language.

2 Inquisitive logic with tensor

Following [7], we introduce the language and semantics of Inquisitive Logic
with Tensor Disjunction (IngB®). In contrast with [7], we use the symbol V
for the inquisitive disjunction and adopt the model-based semantics as in [5].
Throughout the paper, we fix a countable set P of proposition letters.

3 See [2], for the corresponding Kripke semantics of weak disjunction.
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Definition 2.1 (Language PL®) The language of propositional logic with
tensor disjunction (PL®) is defined as follows:

az=p|Ll|(arha)|(aVa)|(la=a)|(a®a)
where p € P. We write —a fora — 1L, T and a <> 8 are defined as usual.
Definition 2.2 (Model and state) A model is a pair M = (W, V) where:
o W is a non-empty set of possible worlds;*
e V:P — p(W) is a valuation function.
A state (or, say, a team) s in M is a subset of W.

We will also view these models as epistemic models for our dynamic epistemic
language to be introduced in Section 3.

Given M, we refer to its components as Wi, and V. We write w € M in
case that w € Wy, and M’ C M in case that W), C W The semantics is
defined through the support relation between states (in models) and formulas.

Definition 2.3 (Support [7]) The support relation |- is defined inductively:
M,slkp iff Yw € s,w € V(p)
M, sk L iff s=9
M,sl-(anB) iff M,slFaand M,sl-j
M,sl-(aVvB) iff M,slkFaorM,slEg
M,slk(a—B) iff VtCs:if M tlFa then M tIF g
M,slE(a®B) iff there exist two setst C s and t' C s such that

M tlFa, M, ' IF B, and t Ut = s.
A formula « is valid if it is supported by any state in any model.

Here are some simple properties.

Proposition 2.4 (Downward closure) For any o € PL®, if M, s |- « then
M, tIFa for any t C s. Moreover, M, IF « for all o € PL®.

Proposition 2.5 For any o € PL®, M,s IF « implies M',s |- a for any
M' C M such that s C M'. Conversely, if M’,s |- a then M, s |- a given
M’ C M. Namely, the support relation only depends on the state.

Definition 2.6 Inquisitive Logic with Tensor Disjunction (Ian®) is the set
of valid PL® formulas under the support relation.

3 A dynamic epistemic language

Definition 3.1 (Language PALKII) The language of Public Announce-

ment Logic with Know-how Operator and Propositional Quantifier s:°
pu=plL(eAe)[(eVe)l(pee)]|(p—e) | Ke|kKal|Vpp|[ele

where p € P and o € PL®. We write —~p for ¢ — L, K for =K—=, Ip for =Vp—

for allp € P and {(p) for =[p]- for all ¢ € PALKhII.

4 In [8], the world set W could be empty. The distinction is not technically significant.
5 TI in the name PALKhII denotes propositional quantifiers as in the literature [10].
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Intuitively, Ky expresses “the agent knows that ¢”, Kha says that “the agent
knows how to resolve o” or simply “the agent knows how « is true”, Vpp says
that “for any proposition p, ¢ holds” and [p]? means that “after announcing ¢,
1 holds”. Note that Kh only allows PL®-formula « in its scope. For instance,
we can express K-Kha but not KhKa in PALKOII. We write ¢[¢/x] for any
formula obtained by replacing one or several occurrences of ¢ with x in .

We view the models in Definition 2.2 as epistemic models where the implicit
epistemic relation is the total relation. The semantics of PALKHhII is given on
such models, with the notions of resolution space and resolution as below.

Definition 3.2 (Resolution space) S is a function assigning each o € PL®
its (non-empty) set of potential resolutions:

S(p) ={p}, forpeP S(L)={L}
S(aVvp)=(S(a)x {0} U (SB) x{1})  S(a— B) =5(8)%
S(anp) = S(a) x S(B) S(a® ) = S(a) x S(B)

Resolution spaces reflect the BHK-interpretation, e.g., a possible resolution of
an implication is a function transforming resolutions of the antecedent into
resolutions of the consequent.® Note that resolution spaces for atomic propo-
sitions are singletons, based on the assumption in inquisitive semantics that
atomic propositions are statements without inquisitiveness. The set of actual
resolutions of each formula on each world in a given model is a (possibly empty)
subset of the corresponding resolution space, as defined below.

Definition 3.3 (Resolution in model) Given M, R : Wy x PL® —
Uascpre S(a) gives the (actual) resolutions for each formula on each world:

R e
R(w,aV f) = (R(w,a) x {0}) U (R(w, B) x {1})
R(w,a N pB) = R(w,a) x R(w, B)

R(w,a = ) = {f € S(8)5 | f[R(w,a)] € R(w,B)}
R(w,a® f) = (R(w,a) x S(8)) U (S(a) x R(w, §))

Important notation: For U C Wy, we write R(U, ) for ey R(w, ).

While S(L) = {L} is non-empty, it never has any actual resolution on specific
worlds. For any p € P, p has itself as its resolution iff it is true on w. For
any implication o — 8 € PL®, each of its resolution on w is a function in
S(a — ) which maps an actual resolution of a to an actual resolution of
B on w. Following the idea of the weak disjunction introduced in [14], each
resolution for a ® 8 € PL® on w is a pair of resolutions in S(a ® 3), such that
at least one in the pair is actual on w for the corresponding formula.

6 See [18] for a more detailed explaination (without ®). The definition of resolutions is based
on Medvedev’s problem semantics [14]. A similar definition can be found in [15].
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Note that by definition, R(w,«) C S(w, ) # <.
Proposition 3.4 For any o € PL®, S(a) # @ and S(a) is finite.

Below is a useful observation on the resolution of negations (-« := o — L).

Proposition 3.5 ([18]) For any M, w, any «, R(w, ~«) is either @ or a fized
singleton set independent from w, and R(w,—~«a) = & iff R(w, ) # .

Let P(a) be the set of propositional letters occurring in o and let Vi (w)
be the collection of p € P(«) that are true on w in M. Proposition 3.6 says
that R(w, ) only depends on the relevant valuation on w itself.

Proposition 3.6 For any M,w and N,v, for all « € PL®, if Vi (w) =
VF(v), then R(w, ) = R(v, o).

Now we define the satisfaction relation of PALKHII on pointed models, i.e,
a model with a designated world, in contrast with the state-based support-
semantics. Note that the connectives outside the scope of Kh are classical, e.g.,
® just functions as a classical disjunction. K is the standard epistemic modality
of know-that. The semantics for Kha following the JzK schema in [20,19] via
resolutions, and is intended to capture the know-how interpretation of IngB®.
Vp is a propositional quantifier over the full power set of W,,. The semantics
of the dynamic operator [¢] is as in public announcement logic [16].

Definition 3.7 (Semantics) For ¢,v € PALKhII, a € PL® and M,w
where M = (W, V), the semantics is defined as below (O € {V,®}):

M,wkE L

M,wkEp — weV(p)

MuwE(pQvy) <= MwkEpor MwE?

MwE (pAY) <= MywkE ¢ and M,wkE ¢

MwE (p = ¢) <= M,wk ¢ implies M,wE 9

M, wE Kp <~ foranyve M, M,vkE ¢

M, w E Kha < there is an x € S(a) s.t. for any v € M,z € R(v, @)
M, w E Vpp <~ foranyU € p(W),Mp— Ul,wE ¢

M, wE []p = M,wk ¢ implies M|y, w F ¢

where:

e Giwen U € p(Wn) and p € P, recall that M[p — U] = (W, V"), where the
assignment V' assigns U to p and coincides with V' on all other atoms; and

o [V]m ={w e Wa | M,wE Y} and M|x is the submodel of M by restrict-
ing to & # X C Wr. Thus M|[[¢]]M 1s the submodel restricted to the worlds
satisfying v in M. We also write M|y, as M|y for brevity.

Validity and entailment are defined as usual.

In [18], to handle the implication in the know-how scope, we have a dynamic
operator O such that Oy says that “given any information updates, ¢ holds”.
This can be expressed by Vp[p]¢ in our language, given that p is not free in ¢.

We write M E ¢ iff M,w E ¢ for all w € Wy,. Clearly, M,w F Kha iff
M E Kha and M,w E Ky iff M E ¢. The rephrased truth condition of Kh
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below says that Kha holds on a (pointed) model as long as there is a uniform

resolution for o on that model, where we define R(U, ) as (¢ R(w, @).

(MEKa <= MuwFkKa < RWu,a) # 2]

As in [18], we can give a uniform alternative truth condition for PL®-
formulas via the existence of actual resolutions.

Proposition 3.8 For any a € PL® and M,w, M,wF a <= R(w,a) # @.

Proof. We prove by induction on the structure of av. We only show the cases
for ®. The other cases can be found in [18].

MuwE(@®p) < M,wkFaor MjwEf
<= R(w,a) # @ or R(w,B) # 2
<= thereis an x € R(w, «) or there is a y € R(w, f)
<~ Jz,y') € R(w,a® f) s.t. x € R(w,a) ANy’ € S(B)
or ' y) € R(w,a® f) s.t. 2’ € S(a) Ny € R(w, B)
— Rw,a®p)+#o

O
From Proposition 3.8, we see that in propositional formulas, both V and ®
collapse to the classical disjunction outside the scope of Kh. Yet ® is weaker
than V in the way that we can construct a resolution of o ® 8 from that of
aV B. Tt also follows from Proposition 3.8 that for any o € PL®, M, w E Ka
iff for each v € M, there is some resolution for o on v, in the shape of K3z. In
contrast, M, w F Kha iff there is a uniform resolution for o« on M in the shape
of JxK. The following is then immediate.

Proposition 3.9 kKha — Ka is valid for all « € PL®.

Since each p € P only has one possible resolution, when each point has a
resolution for p, the model has a uniform one. Thus we have Proposition 3.10

Proposition 3.10 Khp <> Kp is valid for all p € P.

Based on the semantics, we can have more intuitive readings of the formulas
in inquisitive logic, e.g., Kh(p V —p) is equivalent to Khp V Kh—p and Kp VvV K—p.
This also explains the failure of excluded middle in inquisitive logic (cf. [18] for
more discussions).

The rule of replacement of equals is not valid in general, for instance, al-
though (p V —p) <> (p — p) is valid, Kh(p V —p) +> Kh(p — p) is not. However,
if we only allow substitution to happen outside the scope of Kh operators, the
rule becomes valid. It is not hard to verify the following:

Proposition 3.11 For any ¢,v, x € PALKNMII, the validity of ¢ <> ¥ implies
the validity of x[p/¥] > X, given that the substitution does not happen in the
scope of Kh.
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4 Expressivity

Let PALII be the Kh-free fragment of PALKII, ELII be the [¢]-free fragment
of PALII and EL be the Vp-free fragment of ELIIL. In Subsection 4.1, we show
Kh and [¢] can be eliminated, thus making PALKhII, PALII and ELII equally
expressive. In Subsection 4.2, we show that the valid Kh formulas of PALKhII
correspond to IngB® precisely.

4.1 Reduction

We introduce the reduction schemata to eliminate the Kh modality, which will
also be used in the proof system to be introduced later. First, we have the
following observation.

Proposition 4.1 For any a1, as € PL® where py and py do not occur free, for
any pointed model M, w, M,w E Ip13p2K((p1 @ p2) A [p1]Khaa A [p2]Khas) iff
there are Uy, Uy C Wy s.t. Uy UUy = Wpy and U; # & implies R(U;, o) # &
fori=1,2.

Proof. Given a U C Wy, for any w € M, Mp— Ul,wEp < w e U ().

For brevity, we write 3U for there exists U € Wx,. Recall that M|y denotes

the submodel of M restricted to U, if U is non-empty (otherwise undefined).
M, w F Ip13p2K((p1 @ p2) A [p1]khas A [p2]Khas)

U130, M[p1,p2 — U1, Us],w E K((p1 @ p2) A /\?:1[1%]”1%)

3U13Us, Yo € W, Mp1,p2 = Ur, Ua), v F (p1 ® p2) A NPy [pi]Kha

(by (%) and the fact that [¢]y holds trivially if ¢ is false)

U303, Vv € Wag, Mp1,p2 — Ur,Us],v E p1 V po

and v € U; implies M([p1, pa — Uy, Us],v F [p;]Khey; for i = 1,2

JU13U,, U1 UUs = Waq and Yv € Wy, v € U; implies

MIp1,p2 — Uy, Us]|p,, v E Khay, for i =1,2

(since p; and py do not occur free in a; and g, we have:)

JU13U,, U1 U Uy = Way and Yv € Wy, v € U; implies

M|y, v E Kha; for i =1,2

< JU,3U,,U; UUy = Wy and U; # @ implies R(U;, ;) # & for i = LZD

I 111

!

Together with Proposition 3.10 and 3.11, Proposition 4.2 helps us to first
eliminate the Kh modality without changing the expressive power, i.e., each
PALKHhII-formula is equivalent to a PALII-formula.

Proposition 4.2 The following formulas and schemata are valid:

KKhp : Kp — kKhp Kh) : Khl < L
Khy :  Kh(aVB) < Kha VvV Khg Khy @ Kh(aAB) < Kha AKhS
Kh, : Kh(a — 8) < KVp[p](Kha — Kh3), p does not occur free in o or 8
Khg :  Kh(a® 8) < Ip1Ip2K((p1 @ p2) A [p1]Kha A [p2]KhB),
where p1, pa do not occur free in o or B

Proof. We only show Khg and Kh_,. The other cases can be found in [18].
For Khg:
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=>: Suppose M,w E Kh(a ® (), then by the semantics, there is some
(z,y) € RWp,a® ). Let U ={u € Wy | ¢ € Rlu,a)} and V = {v €
Wam |z € R(v,B)}. It is not hard to see that U UV = Wy, U # @ implies
R(U,a) # @ and V # @ implies R(V, ) # @. By Proposition 4.1, M,w E
Ip13p2K((p1 @ p2) A [p1]Kha A [po]Kh ).

<=: Suppose M, w E Ip1IpaK((p1 @p2) A[p1]KhaAp2]KhB), by Proposition
4.1, there are Uy, Us satisfying the desired property. If Uy # @ and U; # @,
pick (z,y) as the witness for R(Wx, a®f) s.t. « € R(Uy,a) and y € R(Us, B).
If Uy = @ then U # @ since W is non-empty, then we pick (z,y) such that
y € R(Us, ) and x € S(«). Similar for the case when Us = @. This suffices to
show M, w F Kh(a ® B).

For Kh_,: In [18], we showed the validity of Kh(aw — ) <» KO(Khaw — Khj3)
where O is the informational update operator such that M, w F Op <= for
any M’ C M s.t. w € M, M',w E ¢. Note that Oy can be defined by Vp[pp
where p does not occur free in . The rest is the same as in [18]. a

By Proposition 4.3 we can further eliminate the announcement operator in
a formula without Kh.7

Proposition 4.3 The following formulas and schemata are valid:

e Dp< (x—=p), pePU{L}

o e Ov) < Xle O Xv, O € {A,V,®, =}
[k [XIKe < (x = K([x]p))

[Iv  X]Vpw < VpIx]ew, p is not in x

Proof. We only show []y and []y as examples.

For [|v: M, w FE [x](¢ V) iff M, w E x implies M|y, w E V¢ iff M,wE x
implies (M|y,w F ¢ or M|y, w E 9) iff (M,w E x implies M|,,w E ¢) or
(M, w E x implies M|,,w E ¢) iff M,w F [x]p or M,w F [x]¢ iff M,w
e v [X]v.

For []v: M,w E [x]Vpy iff M,w E x implies M|,,w E Vpyp iff M,w E
x implies for all U" C Waq , My )[p = U'l,w F ¢. If U C Wy then
U =Un Wi, € W, Conversely, if U C W, then for some U C
W, U= UnNWyy, . Hence, M,w F [x]Vpy iff M,w F x implies for all
UC Wpm, Mlp = Ul)ly,w E ¢ iff for all U C Wy, M,w F x implies
(Mp — Ul)|y,w E ¢. Since p is not in y, it is easy to see that M, w F y iff
M[p— U],wE x. Hence, M,w E [x]Vpp iff for allU C Wy, M[p — U],w E x
implies (M[p — Ul)|y,w E ¢ iff for all U C Wpy, M[p — Ul,w E [x]p iff
M, w E Vp[x]e. O

Without loss of generality, we can always rename the bound variable in
case it occurs in x. Then for any Kh-free formula ¢, by repeatedly applying

7 An alternative set of reduction formulas for the announcement operator is presented in
Lemma 12 of [1] on top of reduction axioms in [16]. See [22] for more detailed discussions on
reduction axioms for PAL.
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Proposition 4.3, we can get rid of all [] operators and find an equivalent ELII-
formula for each PALII-formula. We will give a formal presentation of this
result in Theorem 5.8 as a natural consequence of Theorem 5.2 (Soundness).

4.2 Inq®Kh = IngB®
Now we show that Inq®Kh = {a € PL® | F Kha} is exactly IngB®.

Lemma 4.4 For any a € PL®, M,w E Kha iff M,Wr IF a. As a conse-
quence, for any non-empty state s in M, M, sk « iff M|, E Kha.

Proof. Note that M,w F Kha iff M F Kha by the semantics, so we simply
show M F kha iff M, Wi, IF « inductively on the structure of . We only
prove the case of ® since the rest are the same as in [18]. By Proposition
4.1 and 4.2, M E Kh(a ® §) amounts to U,V s.t. UUV = Wy, U # @
implies R(U,«) # @ and V # @ implies R(V, 3) # @. We show this is exactly
MW lFa® B.

= If both U and V are non-empty, then M F Kh(a ® 8) amounts to
M|y E Kha and M|y E Kh3. By IH, it is equivalent to M|y, U I+ « and
M|y, V Ik 8, which implies M, Wp IF a ® 8 since UUV = Wy If one of U
and V is empty, suppose w.l.o.g. U = &, then we can also show M,V I 3 (as
before), and M, U I «, for the empty state support all formulas by Proposition
24. Thus MW IFa® B.

<=: Suppose M, W IF a® B3, then there are substates ¢ and ¢’ such that
tUt = Wi, M,tlFaand M, t' I 5. Take U =t and V =/, by IH, we have
UUV =Wy, U # @ implies M|y F Kha and V' # & implies M|y E Khg.
Hence, U # @ implies R(U,a) # @ and V # & implies R(V,3) # @. By
Proposition 4.1 and 4.2, we have M, W E Kh(a ® 3).

For the consequence, M|s, w E Kha iff M|, s IF a iff M, s Ik «, and the last
step is due to Proposition 2.5. O

Remark 4.5 Note that the proof for the ® case above actually established the
equivalence between our semantics inspired by Medvedev’s weak disjunction
and the team/support semantics in dependence/inquisitive logics. As men-
tioned in the introduction, the formula = (p,q) ® = (p,q) in propositional
dependence logic is equivalent to the following formula in inquisitive logic

((pV=p) = (gvV—q)@(pV-p) —(qV—9).

In our setting, it says that there is a pair of dependence functions (f1, f2) s.t.
you know that one of these functions captures how ¢ depends on p actually.
Note that such a pair of functions always exists: every state can be split into
two substates such that one collects all the worlds where ¢ is true, and the
other one collects the rest. Then in the substate where ¢ is homogeneously
true we can define a constant function essentially assigning any resolution of
p V —p to the fixed resolution ¢. Similarly for the other substate where ¢ is
homogeneously false. Therefore this formula is valid.

Based on the lemma above, we can establish the relation between IngB®
and Inq®Kh, where KhI' = {kha | a € T'}.
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Theorem 4.6 Given any {a} UT C PL®, T'IF a iff Kh[' E Kha. As a conse-
quence when I’ = @, IngB® = Inq®Kh.

Proof. Suppose I' IF @ and M,w F Kh['. Now we have M, Wy IF T' by
Lemma 4.4 thus M, W I «, therefore M, w F «. For the other way around,
if Kh' E Kha and M, s IF T', then M|; E KhI' by Lemma 4.4, thus M|, F Kha.
By Lemma 4.4 again, M, s IF a. a

5 Axiomatization of PALKhII

In this section, we introduce the proof system SPALKhII* as below. The axioms
can help us to “open up” the Kh-formulas step by step, and eventually eliminate
all the Kh operator and the announcement operators.

System SPALKhII™

Axioms

TAUT Propositional tautologies Tk Ko — ¢

RA® (p@1) < (V) 4y Ko — KKe

DISTk K(QO - ¢) - (KSO - qub) 5k ﬁK(p — KﬁK(p

[ [Xlp < (x = p), pe PU{L} 4y, Kha — Kkha

[lo Xl O ) < Xl O Xy 5k —Kha — K—kha

[k [XIKg < x = K[x]e Rules

[Iv [XIVpg > Vplx]e, p is not in x 0,01

DISTy  Vp(e — ) = (Vpp — Vpih) HP ¥

SUBy Vo — @[/p], ¢ is free for p in ¢ NEC e

SU Ip(p A V(g — Kp — q))) O FKy

BC VpKyp — K¥pp GENy Fo—9

KhK Kha — Ka Fo — Vpy

KKhp Kp — Khp p not free in ¢

Kh, Kl L RE Foey

Kby, Kh(a vV B) < Kha V Khj3 = xle/Y] < X’

Kh, Kh(a A B) < Kha A Khj3 given that the

Kh ., Kh(ae — ) <> KVp[p](Khar — Kh}3) substitution

Khe Kh(a ® B) <> Jp13p2K((p1 @ p2) does not happen
Alp1]Khar A [po]KhB) in the scope of kh

where p € P, a, 8 € PL®, p,9,x € PALKhII, O € {A,V,®, —}; p,p1,p2 do
not occur free in « and B in Kh_, and Khg.

Together with rRE, RA® states the fact that ® behaves exactly like V when
it occurs outside Kh. S5 axiom schemata/rules for the know-that modality K
together with TAUT, DISTy, SUBy, SU and rule GENy form a complete axioma-
tization SBIIT of S5 logic with propositional quantifiers [10], where SU states
the existence of atoms, crucial to capture the powerset domain for the propo-
sitional quantifier. Axioms [y, []o, []k and []y are reduction axioms for the
announcement operator [-] [16,1].8 KKhp, Kh,, Khy, Kh,, Kh_, and Khg are
the reduction axioms decoding the PL® formulas, whose usages are shown in

8 The original form of [y in [1] is [x]Vpy < (x — Vp[x]¢) (p is not in ).



730 An Epistemic Interpretation of Tensor Disjunction

Lemma 5.3. Barcan formula BC, introspection schemata 4k, 4k, and 5k, can
be proved from the rest of the system. In particular, 4y, requires an inductive
proof on the structure of a. We include them for their intuitive meanings.

Remark 5.1 Compared to the proof system SDELKh in [18] for the standard
propositional inquisitive logic, there are a few notable differences:

e In order to capture tensor, we need a more powerful language PALKhII
than the language DELKM in [18]. Since we have the public announcement
operator [-] and propositional quantifier Vp in PALKII, the informational
update operator O in DELKh can be expressed by Vp[p]. The axioms and
rules of [-] and Vp can handle O implicitly. In Section 6, we will see our
language can uniformly define various generalised versions of tensor as well.

¢ In the proof system SDELKh of [18], there is a set of axiom schemata {EUy, |
k € N}, which captures the idea (roughly) that given a definable finite set
of worlds, we can have an updated submodel with it as the set of possible
worlds. These axioms are also necessary in the process of eliminating O
in [18] and have an intimate connection with the axioms NDj in inquisitive
logic. However, these axioms are no longer needed here, as the same function
of postulating the existence of certain updated models can be realized by
concrete announcements in our language PALKhII.

The next subsection explores reductions of Kh systematically.

5.1 Provable equivalence

In Section 4.1, we showed that PALKAII is expressively equivalent to ELII.
Now we can show that each PALKhII-formula ¢ is provably equivalent to
an ELII-formula ¢’ (Lemma 5.7) in SPALKhII*. Meanwhile we provide a
translation from ¢ to ¢'.

Theorem 5.2 (Soundness) SPALKhIIT is sound over the class of all models.
Proof. The validity of [, []o, [Jk and []v are given in Proposition 4.3. DISTy,
SUBy, SU and rule GENy are given in [10]. KKhp, Kh , Khy, Kha, Kh_,, and Khg are
shown to be valid in Proposition 4.2. The validity of rRE is given in Proposition
3.11. The rest are trivial. a

To prove the completeness we first prove Lemmata 5.3 and 5.6 with two
sets of reduction axioms for Kh and [-] respectively. Recall that PALII is the
Kh-free fragment of PALKII, and ELII is the []-free fragment of PALII.

Lemma 5.3 Fach PALKhII-formula is provably equivalent to a Kh-free
PALII formula in SPALKhIIT.

Proof. We use rRE and axioms Kh ,Kha,Khy,Kh_,, Khg repeatedly to reduce
Kha to some formula with Khp only. With - Khp <+ Kp from KhK and KKhp, we
can eliminate all Kh modalities. a

To eliminate the announcement operator, we need a notion of complexity.

Definition 5.4 (Announcement rank) For each ¢ € PALII, we define its
announcement rank ar(p) inductively as follows:
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e Ifo=pore=_1, then ar(p) = 0.

o If o =91 Ove where O = A, V,® or —, then ar(y) = max{ar(yy), ar(i2)}.
o If o = Ko, then ar(yp) = ar(v).

e If o =Vpy, p € P, then ar(p) = ar(y)).

s If o =[x]¢, then ar(p) = ar(¢) +ar(x) + 1.

Lemma 5.5 Each PALII-formula of the form [x]v is provably equivalent to a
PALII-formula o in SPALKhITT such that ar(p) < ar([x]y).

Proof. We prove by induction on 1):

(i) If » = p or ¢ = L, then by axiom []p, [x]Y ¢ (x = ) and ar(x — ) =
max{ar(x),ar(¢)} < ar([x]¢). Hence ¢ = x — 1 is what we need.

(11) If’l)[} = ¢1 01/’2 where O = /\7 \/7 ®7 —, then by HO? [XW’ A [X]djl O[X]¢2
By IH, there are ¢1 <> [x]¢1 and @2 <> [x]|2 such that ar(p;) < ar([x]y1)
and ar(y1) < ar([x]y1). Hence, ¢ = ¢1 O @2 is what we need.

(iii) If ¢ = K¢', then by []k, [X]¥ < (x — K[x]¥'). By IH, there is a ¢’
such that ¢’ <> [x]¢’ and that ar(¢’) < ar([x]¢’). Then ar(x — Kg

max{ar(x), ar(K¢')} = max{ar(x),ar(¢')} < max{ar(x),ar([x]¢’)
ar([x|Kvy'). Hence, p = x — K¢’ is what we need.

/):
}:

(iv) If ¢ = Vpy)’ where p € P, we consider two subcases. 1) If p is not in x, we
use [ |y and the proof is similar to the above cases. 2) If p is in x, replace p
with the first letter ¢ € P which is not in x (such relettering can be done
in the system), and then go to case 1).

(v) If ¢ = [X']¢', by IH, there is a ¢’ such that ¢’ <> [x']¢" and that ar(¢’) <
ar([x']¢"). So XXV < [xl¢’ and ar([x]¢’) < ar([x][x]¢¥'). Hence

» = [x]¢’ is what we need.
O

Given the above lemma, we can eliminate the announcement operators even-
tually. The idea is that each formula in the shape of [x]¢ has a finite announce-
ment rank, and can be reduced to an equivalent formula ¢’ with a lower rank.
In case ¢ still has subformulas with the announcement operators, we can re-
place each of these subformulas with a provably equivalent one with a lower
rank. Note that by definition, a subformula’s rank is no greater than the whole
formula. Eventually, by repeating this process, we can decrease the rank to
zero and obtain an equivalent formula without the announcement operators.

Lemma 5.6 Fach PALII-formula is provably equivalent to an ELII-formula
in SPALKhITT.

Combining Lemmata 5.3 and 5.6 we immediately have.

Lemma 5.7 Fach PALKhII-formula is provably equivalent to an ELII-
formula in SPALKhITT.

Theorem 5.8 follows naturally from Lemma 5.7 and Theorem 5.2.
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Theorem 5.8 PALKMII is equally expressive as ELII over all models.
Note that ELII is more expressive than EL [10].

5.2 Completeness

With Lemma 5.7 and Theorem 5.8, the completeness of System SPALKhII™
can be reduced to that of S5IIT, which is given in [10]. S5IIT is a variation
of second-order modal logic, containing all the axiom schemata/rules of S5 as
well as those concerning propositional quantifiers in SPALKhIIT.

Theorem 5.9 (Completeness of S5ITT [10]) S5IIT is a complete aziomati-
zation with regard to the class of models.

Theorem 5.10 (Completeness) System SPALKhIIT is complete over the
class of all models.

Proof. We first use Lemma 5.3 and Lemma 5.6 to translate each PALKhII-
formula ¢ into an equivalent ELII-formula ¢’ and then use the completeness
of S5IT*. Note that - ¢ below means ¢ is in SPALKhITT.

expressive equivalence ; completeness of S5+ ’
= = FSSI‘H "2}
Theorem 5.8 Theorem 5.9

S5I1+T CSPALKhITT provable equivalence
= o — Fo

Lemma 5.7

6 Generalization of Tensor Disjunction

Inspired by our epistemic interpretation, we generalize the binary ® to n-ary
operators for any n > 2 with another parameter & < n. Due to the lack of
space, most of the proofs are omitted, except for a few crucial ones.

6.1 Generalizing the tensor operator

Consider the following scenario: You completed an exam with n questions, for
which you need at least k correct answers to pass. Now you only know you
have passed the exam. What is your epistemic state about your answers? For
any n > 2 and 1 < k < n, we now define an n-ary connective ®* capturing
that you are sure at least k& of your n answers must be correct, but may not
know which ones are correct. The original tensor actually captures the special
case when k=1 and n = 2.

Definition 6.1 (Language PL®Z) The propositional language with general
tensor (PL®)’3) is defined as follows:

az=p|L|(@ra)|(@Va)|(a—a)| e .a)

wherep € P andn >2,1 <k <n.
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Definition 6.2 (Language PALKhIIg) The Public Announcement Logic
with Know-how and General Tensor (PALKhIIg ) is as follows:

eu=p| L] (@Ae) | (eV)|(p—¢) | kg, ,0) | Ko | Kha| ¥y | [ple
———

k
where p € P and a € PL®n.
Now, we introduce the semantics of new connectives ®* via resolutions.

Definition 6.3 For any positive integer n > 2 and 1 < k < n, we define the
resolution space and resolution of @F as follow:

S(@F (a1, an)) = S(a1) x -+ x S(ay)
R(w7®2(a17"' 7an)) = {(Th'" 7Tn) ‘ k< |{l € [17n] | T € R(wvai)}l}

The truth condition for Kh is as before in Definition 3.7. In particular,
MwEKh@F (a1, ap) iff RWa, @F(aq, -+, an)) # @.

By Definition 3.7 and 6.3, it is not hard to see the following.
Proposition 6.4 M,w F Kh®F (ay,--- ,a,) if and only if there is an n-tuple
(r1,--- ,rn) such that for any v € Wiy, |{i | 7 € R(v,04)}| > k, i.e., there are
at least k indezxes i € [1,n] such that r; € R(v, «;).

Based on the above proposition, the truth condition for ®1 is exactly as the
one for the standard ® defined earlier. Note that ®* can also appear outside
the scope of Kh in our language PALKhIIg and we define its semantics below.

Definition 6.5 (Semantics)

M71U':®r]2(90175(pn> <‘:,>M,’LU': \/ /\907’
IC{1,2,--- ,n}i€l
|I|=k

The semantics is guided by Proposition 3.8, with the desired property below.
Proposition 6.6 For any o € PL®" and Myw, M,wE a iff R(w,a) # 2.
Next, we show how to reduce the general tensors in PALKhIlg.

Proposition 6.7 The following schemata are valid:

Rd@i ®fz (9013"' 79071) < \/ /\Sﬁi
IC{1,2,-- ,n}iel
|I|=k

Kher  Kh @) (a1, ,an) < Ip1 - IpaK(@E (01, -+ pn) A\ [pilKhas)
=1

(where all the p; do not occur free in all the «;)

Proof. RA®¥ is valid by the truth condition of ®* in Definition 6.5.
For Khgs:
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= By Proposition 6.4 M,w E Kh ®@F (a1, -+ ,a,) iff there is an n-tuple
(ri,-++ ,rp) s.t. for any v € Wy, there are at least k indexes ¢ € [1, n] such that
ri € R(v, ;). Let U; = {v € Waq | i € R(v,;)}, then consider M[p — U] =
(W, V") such that V' assigns U; to p; for i € {1,...,n} and coincides with V on
all other atoms. Then, for any v € W4, there are at least k indexes i € [1,n] s.t.
M(p+ Ul,v E p;, so M[p+— Ul,vE ®F(py,--- ,p,). And since for any v € U;
we have r; € R(v,q;), so R(U;, ;) # @. Hence, for any v € Wy, M|[p
U],”U F [pz]Kha1 In sumi, M[ﬁ = U},’UJ = K(®]7€L(p17 o apn) A A?:l[pi]Khai)a
which is equivalent to M, w E 3p; - - - Ip, K(QF (p1, - -+, pn) A Ni; [pi]Kha).

=: Suppose M,w £ 3py -+ IpuK(@5 (p1,- - o) A N, [pi]Kha), then
there are U; C Wy such that M[p — Ul,w E K(®@E(p1,- ,pn) A
Ai[pi]Khay;), which is equivalent to M[p — Ul,w E (K ®F (p1,--+ ,p,)) A
Nizi Klpi]Khay;. .

For the first conjunct: M[p — U],w F K®F (p1,---,p,) means that for
any v € W we have M[p — U],v E ®@F(p1,--+ ,pn). So at least k of p; is
true in v, which means v belongs to at least k of the corresponding U;. For the
second conjunct: M[p — U),w E Ai_, K[p;JKha; means that for any v € Wy
and i € [1,n], v € U; implies that R(U;, ;) # &. So, if U; # @, pick a r; from
R(U;, o). If U; = @, pick an arbitrary r; from S(«;). Hence, we have for any

€ [1,n], U; # @ implies r; € R(U;, ;).

Combining the meaning of the two conjuncts, we know that for any v € W,
there are at least k indexes ¢ € [1,n] such that v € U; and U; # @ implies
r; € R(U;, ;) for any i € [1,n]. Hence, (ry,--- ,r,) is a n-tuple satisfying the
desired property, by Proposition 6.4, we have M,w F Kh ®@F (ay, -+ ,a,). O

By using the reduction axioms above, all the general tensors can be elimi-
nated semantically, and thus PALKhIIg and PALKAII are equally expressive.

Let SPALKhHér be SPALKhITT extended with RA®X and Khg for any n > 2
and 1 < k < n. Similar to Theorem 5.10, it is straightforward to show:

Theorem 6.8 (Soundness and completeness) Proof system SPALKhILE
is sound and complete over the class of all models.

6.2 Support semantics for ®F

We can now go back to define the support semantics for @*.

Definition 6.9 (Support for ®%) M,s I ®F (a1, -, a,) iff there exist n
subsets t1,-+- ,t, of s such that for any i € [1,n], M,t; It a; and for any
w € s, there are at least k indexes i € [1,n] such that w € t;.

The support semantics for other connectives stays the same as in Definition

k
2.3. Let Ian®lt§ be the set of valid PL®" formulas by the support semantics.

We can show Ing®sKh = {a € PL®"| £ Kha} is exactly IngB®x, based on
the following generalization of Lemma 4.4.

Proposition 6.10 For any o € PL®Z, M, wE Kha <= M, Wi lFa.

Proof. Based on Lemma 4.4, we only consider the case of ®%(ay,--- ,a,) and
write 3U for U C Wy, for brevity, similarly for 3¢.
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M’w F N'](@fz(ala T 7an))

n

= M,wE 3p; - Ip K@ (p1, -+ ,pn) A /\[pi]Khai) (by Proposition 6.7).

i=1
< 33Uy, - ,U,, Vv € Wy, there are at least k indexes i € [1,n] s.t. v € U;
and for any i, U; # & implies R(U;, ;) # &.(similar to Proposition 4.1)
= Ty, by, Vi€ [L,n],t; Ik a; and Yo € Wag, k < |[{i € [1,n] | v € U}

— M, Wl ®ﬁ(a1, Cee Q).
O

As shown in [24], adding tensor does not increase the expressive power of
inquisitive logic. In fact, adding all the general tensors also does not increase
the expressive power of inquisitive logic.

First, we extend the definition of realization in [6] to our new connectives.

Definition 6.11 (Realizations)

* RL(p) ={p} forpeP

RL(L) = {1}

RL(aV B) = RL(a) U RL(B)

e RL(anB)={pAo|peRL(a) and o € RL()}
RI(
RI(

a = B) ={A,crr)(p = f(p) | [ : RL(a) = RL(B)}
®]7€L(O‘17 T aan)) = {_'/\Ig{ll,‘Z,m n} _‘/\'LEI Pi | fO’/‘ all Z',,Oi € RL(O@)}
I|=k

Then we can generalize the inquisitive normal form in [6,9].

Proposition 6.12 For any a € PL®", slk o iff s 1=\, g1 (o) -

Theorem 6.13 PL and PL®" are equally expressive w.r.t. the support se-
mantics.

i
Proof. By Proposition 6.12, for any a € PL®" |« is equivalent to a disjunction
of some p without general tensors. a

In [25], it is shown that the variants of propositional dependence logics PD,
PDVY, PID, IngB are all equally expressive. Similarly, adding general tensors
to the languages of these logics will also not increase the expressive power.

Corollary 6.14 Adding general tensors to the langugaes of PD, PDY, PID
or InqB does not increase their expressive power.

6.3 Interdefinability

In [7], it is proved that although adding ® to PL does not increase the expres-
sive power, ® is not uniformly definable in PL, i.e., ¢ ® ¢ cannot be expressed
by a uniform formula “template” with ¢ and v as its only parameters. It is also
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natural to ask whether general tensors are uniformly definable by the standard
binary tensor ®.

First, on the positive side, we show that ®] is a trivial conjunction and
®L can be uniformly defined by ®3. Moreover, by fixing some components as
T or 1, some general tensors can be uniformly defined by others with smaller
parameters.

Proposition 6.15 For any a1, - ,a, € PL®Z, the following hold:

e For anyn > 2 and any state s, sI- Q" (aq, -+, o) <= sk A\l ;.

o Foranyn >3, slk®@L(ar, ,a,) <= slF@3(®L_ (a1, ,an_1), ).

e Foranyn > 3,1 <k <n and any state s, s |- @5 (a1, - 0,1, T) ==
slF@F o, - an_1).

e Foranyn >3,1<k<n—1and any state s, s - @ (a1, -+ ,an_1, 1) <=
slF@F (ag, - an_1).

Inspired by the proof in [7], we can show that ®2 is not uniformly definable
by the connectives { L, A, —,V,®3i} in PL®.

To show the negative results, we need the following definitions about uni-
form definability from [24].

Definition 6.16 (Context) A context for a propositional logic L is an L-
formula @(p1,-+- ,pn) with distinguished atoms pi1,--+ ,pn, and it is also
allowed to contain other atoms besides pi,-- ,pn. For any L-formulas
Wi, hn, we write (1, -+ ) for the formula (1 /p1,- -+ ¥n/Pn)-

Definition 6.17 (Uniform definability) In a language L, we say that an n-
ary connective ® is uniformly definable if there exists a context ((p1,--+ ,Dn)
such that for all x1,-+ ,xn € L: O(x1," ", Xn) s equivalent to {(x1, "+ ; Xn)-

As the first negative result, we show ®2 is not uniformly definable in PL®. We
consider relative equivalence with respect to a state s.

Definition 6.18 (Relative equivalence [7]) Let s be a state in M and
p, Y € PL®". We say that ¢ and v are relatively equivalent in s, ¢ =4 ¥
iff for all statest C s, tIF ¢ <= tl- ).

It is easy to see that if ¢ and ¢ are equivalent then they are relatively
equivalent in any state s.

Consider ¢ = p; Vpa Vp3 V pg and s = {w12, w13, W14, Wa3, Wag, w34} Where
only p;,p; are true in w;; and all the other propositional letters are false. Now,
we show that with respect to this state s, ®% cannot be uniformly defined by
any context in PL®.

Lemma 6.19 For any context o(py), with ¢ € PL® not containing
P1, D2, 3, Pa, (V) po) would be equivalent to 1,1, @3(1,) or T in s.

Proof. First we notice for any state t, t IF L =t - =t IF @3(¢,) = tIF T
(x). Then we prove by induction on ¢. For short, we write ¢* for ¢(¢/po):

e For ¢ = | or ¢ = p with p # pg: Since we assume that pi, ps, ps, p4 are not
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in ¢, so p is different from them. Hence, it is obvious that ¢* =, L.
e For ¢ = pg: It is obvious that ¢* =, ¥.

e For ¢ = 1 Apa: so p* = p] A ;. By IH, @7 and ¢35 are both equivalent to
1,1, @3(2p,9p) or T in s. Since (tIF x1 = tIF x2) implies (¢ IF x1 A xo2 <
tIF x1), by (%), obviously ¢* is also equivalent to 1,1, ®3(¢,) or T in s.

e For ¢ = 1 V @o: similar to the case of conjunction.

e For ¢ = 1 — wa: s0 p* = 7 — 5, and for any state ¢, ¢ IF o — ¢} iff for
any t' C t, t' IF ¢} implies ¢’ I+ 5. By (%), we could know that:
L=, L=, L= (W), L= T =, ¢ = @8(0,0), v = T,

R (Y, ) — @1, v), @(,9) — T, T — T are all equivalent to T in s.

1 — 1, ®@(h,) = L and T — L are all equivalent to L in s.
- ®@3(1, 1) — 1p and T — @ are equivalent to 1 in s.
- T — ®3(1, 1) is equivalent to ®1(1,?) in s.
Hence, ¢* is equivalent to 1,1, ®3(,9) or T in s.

e For p = @3(p1,p2): s0 ¢* = ®@3(p%, p3). We consider the following cases:

. @i =, T. Then ®}(}, ¢3) =, T.

- ] =5 L. Then ®3(¢,¢5) =5 ¥3.

cof =5 . If 5 =, T or pi =5 L, it would be the same as former cases.

Then we need to discuss two sub-cases:

* 5 =5 1. Then ®3(¢7,¢3) =, @3(4, ).

* o5 =5 @5(¥, ). Then t IF ¢* <= there are t1,ty C t and t; Uty =t
such that t1 IF 1 and o IF ®1(1, 1)) <= there are t1,ty Ct, t; Uty =1t
and p;,, Diy, Dis such that p;, is true in any w € ¢; and for any w € ta, p;,
or p;, is true in w <= there are p;,, pi,, pi; such that for any w € t, p;,,
Di, OF D;, is true in w. However, there are only four propositional letters
p1,P2,P3, P4 and in each w € s, two of these propositional letters are true.
So consider pi,ps and ps, we will know that for any w € t C s, at least
one of p1,pe and p3 is true in w. Hence, @3 (v, @ (1, 1)) =5 T.

C @t = @3(p,1p). Then if o =, T, 0 =, L or v} =, 1, it would be the

same as former cases. And if ¢} =, ®3(¢, 1), the proof is similar to the

previous case and the result is that ®@3(®1(,v), @1(,¥)) =5 T. -

Lemma 6.20 ®2 is not uniformly definable in PL®.

Proof. If ®2 is uniformly definable in PL®, there will be a context ¢(p) such
that for any y € PL®: ¢(x) is equivalent to ®32(x, X, X)-

However, as we proved in Lemma 6.19, for any context ¢(pg) € PL®,
©(1/po) would be relatively equivalent to L, ¥, ®1(1,%) or T in s. But it is
obvious that ®2(1,,1) is not relatively equivalent to L, ¢, ®i(1,%) or T in
s. Hence, ®@3 (1,1, 1) and ¢(1)/po) are not relatively equivalent in s, and hence
not equivalent in general, which gives rise to a contradiction. a

Theorem 6.21 All the ®F are not uniformly definable in PL® except @1 and
®", i.e., for any 2 <k <n—1, ®" is not uniformly definable.

Proof. Note that n > 2 by definition. When 2 < k <n — 1 (thus n > 3), by
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Proposition 6.15, ®3 can be uniformly defined by ®%, so ®32 is not uniformly

definable in PL® implies that ®F is not uniformly definable in PL®. Based
on the first two items of Proposition 6.15, we have the desired result. a

7 Conclusions and future work

In this paper, we proposed an epistemic interpretation of the tensor disjunction
in dependence logic. The interpretation is inspired by the notion of weak
disjunction in Medvedev’s early work in terms of the BHK-like semantics. The
connection between the two disjunctions is exposed in inquisitive logic with
tensor disjunction (IngB®) studied in the literature. We introduce a powerful
dynamic epistemic language which can turn each formula in the language of
IngB® into a know-how formula, which can be further reduced into a know-
how-free formula. Along the way we need to use announcement operators and
the propositional quantifiers to capture the epistemic meaning of the tensor
disjunction. We give the axiomatization of our full logic, and generalize the
tensor disjunction to a family of n-ary operators parameterized by a k < n,
which capture the intuitive epistemic situations that knowing a list of n possible
answers to n questions such that one knows at least k of them are correct.

We have seen that the propositional quantifiers are playing an important
role in our framework, i.e., in defining the tensor and its generalizations. How-
ever, technically speaking, it might be an overkill since the expressive power of
IngB and IngB® are the same. It remains to see whether we can use a simpler
machinery to capture the epistemic meaning of tensor discussion without using
the full power of the propositional quantifiers.

Besides further technical questions regarding our logic, the generalized ten-
sor clearly has a life of its own, and invites further investigations. Its obvious
combinatorial features may find applications in cryptographic protocols and
game theory. To see the connection with the latter, we end the paper with
the following interesting scenario where ®3 makes perfect sense. Consider a
badminton match between two teams. Each team has one good player with
two other less capable ones. We can measure the abilities of the players by
numbers which will determine the result of the matches in the most natural
way. For team A, it is 6, 2,2 for the three players, and for team B it is 5, 3, 3.
The battle between the two teams consists of three single matches, and the
rule of the game does not prevent one player from playing two matches if not
in a row, although the second time the player will lose 1/3 of his or her ability
due to tiredness. Now, with some reflection, we can see team B has a unique
arrangement of the playing players to make sure they can win at least two out
of the three matches no matter how team A will do. Do you know which one?
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