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—— Abstract

The framework of Temporal Network Logic (TNL) — first introduced in [29] and further developed
in [30, 28] — was construed to model how a social network of interacting agents changes through time,

with a language that could reflect both agents’ actions, such as posting information and following
each other, as well as temporal operators. This framework allows, among other things, to detect
social bots, by modelling given bot behaviours as logical formulas and checking these formulas
against a given model. While such applications were the main focus in [29, 30, 28], the complete
axiomatic system of this language has remained an open problem. In this paper, we focus on new
logic-technical results and give a complete axiomatisation for TNL as well as a partial completeness
result for its hybrid extension. The proofs are nonstandard and mix techniques from temporal and
hybrid logics with “orthogonal” models.
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1 Introduction

Temporal logics and multi-agent systems go hand in hand. Since the introduction of
Alternating-time Temporal Logic (ATL) [1], much of the work in logics for multi-agent systems
has been devoted to analysing how agents, their actions, strategies, and relations change
through time. By multi-agent systems, we mean systems of multiple autonomous agents
that may have diverging interests or diverging information but can interact, following [37],
among others. By temporal logic, we mean logical frameworks that include modal operators
such as Past, Future, neXt-time, Yesterday, Since or Until to reason about time. Temporal
logics for multi-agent systems, in addition to ATL, include Epistemic-Temporal Logic (ETL)
[26], for reasoning about agents’ knowledge of observable events through histories in time;
Coalition Logic (CL) [27], used to model game-theoretic strategies of groups of agents;* and
Strategy Logic (SL) [25] where strategies are treated as their own notions in the language,
in contrast to ATL and CL where strategies are embedded in temporal operators. The
BDI-architecture [31, 32] for modeling beliefs, desires and intentions in agents must also be
mentioned as early work predating ATL in temporal reasoning of multi-agent systems.

A paradigm at the intersection of temporal logic and multi-agent systems concerns
temporal logics to reason about social networks, which are graphs where the nodes represent
agents and the relation between them represents a social relation (“follows”, “is friends

! Tt was proved in [20] that CL is in fact a fragment of ATL with only neXt-time as its temporal operator.
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with”; etc.). Work in the field of temporal logics for social networks includes papers such
as [24, 9, 16] and the recent work on Temporal Network Logic (TNL), first introduced in [29]
and further developed in [30, 28]. TNL is a temporal logic where the formulas are interpreted
on a linear timeline with a beginning and no end. Within each time point, there is a social
network, which lets us model how a network of agents changes through time. See Figure 1,
taken from [28], for an example.

Figure 1 A temporal network model.

This figure depicts the two first points of a temporal network model, modelling how a
network of agents named from a to e developes from one step to another. The interpretation
is that the model continues to the infinite. Agents can follow each other, denoted by an
arrow: we can observe that, for instance, agent b follows agent d at t;. Agents can also
post information in the network where the information posted is itself a logical formula. In
the figure, posts are denoted by formulas next to the agent: for example, note that agent d
posted p — ¢ at t;. Propositional atoms are universally true or false at each time point,
denoted in the figure by atoms on the right of the time point. Note that the absence of an
atom means that its negation holds at that time point. The intuitive reading of the model is
that it records snapshots of what is true in a network at given times; this means that we
interpret posts that are there in one point but gone in the next as deleted from an agent’s
profile. Similarly, we interpret that if an agent follows another in one point but not in the
next, it has unfollowed the other. As an example, we observe that agent d has posted false
information in ¢1, but deleted it in the next step: at ¢; agent d posted p — g while p is true
but g is false, and at to the post is gone.

The original work on TNL was developed to propose model checking as a detection method
of social bot behaviour in temporal network models. Social bots are computer programs that
act like humans on social media platforms and have been associated with certain behaviours
such as sharing and amplifying misinformation online [36]. The proposal in [29] was to use
the logical language of TNL to formalise bot behaviour; the global model checking problem
was then interpreted as checking at what time points the behaviour occurred in the social
network. In [30, 28], the language was extended with nominals and operators from hybrid
logic [4]. In this extended hybrid-logical framework, formulas are checked against pairs of
agents and time points, which meant that the output of the global model checking algorithm
gave not only when, but also which agents in the network exhibited bot behaviour. For the
most thorough explanation of TNL and its model checking procedure, we advise the reader
to turn to [28, Chapter 4]. In the rest of the paper, we refer to this work for the original
work on TNL.

This paper is about completeness of TNL, which until now has been an open problem,
both in its standard form (for which we offer a complete axiomatics) and its extensions
(for which we have partial completeness results). Proving completeness of the extended
framework, including both temporal and “social” operators in the language, presents particular
challenges, requiring techniques from orthogonal frames [6, 19] and fusion logics [14, 23]; we
show completeness of a simplified bidimensional socio-temporal framework and highlight
some of these difficulties towards eventually proving completeness of the full hybrid extension.
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The paper is structured as follows. We begin in Section 2 by presenting Temporal Network
Logic. We give an axiomatic system and show that it is weakly complete with respect to
models of TNL. In Section 3 we introduce the hybrid extension of TNL, called Temporal
Network Agent Logic (TNAL) and discuss steps towards proving completeness. These steps
include the presentation of an intermediate logical framework that lies between TNL and
TNAL, and a sketch to prove completeness for this logic. We conclude by sketching on-going
work on an alternative framework with dynamic modalities instead of temporal operators.

2 Temporal Network Logic

We begin by presenting the syntax and semantics of Temporal Network Logic before introdu-
cing its axiomatic system.

2.1 Syntax and Semantics

» Definition 1 (Syntax of TNL [28]). Let Prop be a finite set of atomic propositions and A
be a finite set of agents. We define the well-formed formulas of the language of TNL, Lrn1,,
to be generated by the following grammar:

ou=p| fap | Paw | @[ (@A) [ Go| Hp | X

wi=p|w|(wAw)

where p € Prop and a,b € A. We define propositional connectives like \V,— and the formulas
T, L as usual. Further, we define the duals F := -G— and P := —-H-.

Let © be the Boolean fragment of the language (i.e. the set of formulas given recursively
by w=p| —w | (wAw)). Intuitively, we read f,; as “agent a follows agent b”, p,., as
“agent a posted w” or “the post w is on agent a’s profile”. Note that an agent can only post
information encoded in the Boolean fragment of the language. We read Gy as “p is always
the case in the future”, Hyp as “p is always the case in the past” and Xy as “p is the case in
the next time point”. The models of TNL are meant to emulate a discrete timeline with a
beginning and no end; they are thus built from the natural numbers and their usual order N.

» Definition 2 (Temporal Network Frame and Model [28]). A temporal network model is a
tuple M = (A, N, <, (F})ten, (Pt)ten, V), where:

A is a finite set of agents;

(N, <) is the set of natural numbers in their strict natural order;

P, : A — 29 is a function stating what each agent posts at each time t € N;

F; C A? is a “following” relation on the set of agents at each time t € N;

V : Prop — 2N is a valuation.

We also define a pointed temporal network model (M, t) where M is a temporal network
model and t € N its distinguished point, at which the evaluation takes place.

We can now define the semantics of TNL.

» Definition 3 (Semantics of TNL [28]). Let M = (A, N, <, (F})ten, (Pi)ten, V') be a temporal
network model on N, t € N be a time point, a,b € A be agents, and w € Q be a post. We
inductively define the truth conditions for TNL as follows:

TIME 2026
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M, tEpifteV(p)

M,t = fop iff Frab

M,t = paw iff w € Pia)

Mt = - iff Mt = o

M, tE oAy iff Myt =@ and M,t =

Mt =Gy iff Vs € N such thatt <s: M,s = ¢
M,t = Hy iff Vs € N such that s <t: M,s = ¢
Mt Xp iff Mit+1E o,

where t + 1 is the immediate successor of t

2.2 Completeness

We continue by presenting the axiomatic system TNL and show that it is weakly complete
with respect to temporal network frames on N. As shown in [28], TNL is not compact and so
therefore no axiomatisation for it can be strongly complete.

The logic TNL has the axioms and rules featured in Table 1.2

Table 1 The axiomatic system TNL. Recall that F':= -G— and P := -H-.

(T'aut)  All propositional tautologies (HG) ¢ — HFpAGPy

(Ka)  Gle = 1) = (Gp = GY) (weg)  G(Go = ) VG(GY — )
(Kx)  X(p =) = (X = Xy) (wew)  H(He — )V H(Hy) — @)
(sd) —-Xp ¢+ X (Te) Gy — GGy

(XG) Gp+ XGpAXp (TH) Hyp — HHyp

(ind) XpANG(p = Xp) = Gp (XH) XHp+ oANHyp

(Kr)  H(p — ) — (Hp — HY) (Og) HLVPHL.

(MP) From F ¢ — ¢ and F ¢, infer F 4.

(Nec)  From F o, infer F X, - Gp and - He.

Given a formula ¢ in the language of TNL we write = ¢ to denote that M, ¢t |= ¢ for every
model M and every t € N; we write Fry, ¢ (or simply F ¢) to denote that ¢ is derivable in
the logic TNL. In this section we shall state:

» Theorem 4 (Soundness and Weak Completeness). For every formula ¢ in the language,

Eoiff o

Soundness (F ¢ implies |= ¢) is routine; we shall devote the rest of this section to prove
completeness (= ¢ implies F ). For this, it suffices to prove that any formula which is
consistent (i.e. whose negation is not derivable) is made true in some temporal network
model on N (for then if = ¢, it must be the case that - ¢, for otherwise its negation would
be consistent and thus satisfied in some model).

The completeness proof we present in the sequel is non-standard: it is based on the com-
pleteness proof for Temporal Logic with NeXt-time [18], albeit we diverge from it substantially
to offer a more simplified argument. The basic skeleton of this proof is as follows: starting
from a consistent formula g, we take a finite set T of finite consistent sets of formulas, one

2 Some of the axioms in Table 1 are redundant and included here for expositional clarity. In particular,
the axioms Tq,TH, wea, wey are derivable from the others (same proof as [18, Ch. 9]).
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of which containing ¢g, and we arrange the elements of T’ into a sequence resembling the
natural numbers. After using this sequence for defining an appropriate valuation, we build a
model (N, <, V) which we show satisfies all the formulas appearing in 7.

2.2.1 Maximal Consistent Sets

We say a set x of formulas in the language of TNL is consistent if there are no formulas

D1, -y P € T such that Fow 01 Ao A, — L. A formula ¢ is consistent if the set {¢} is

consistent. A mazimal consistent set is a consistent set having no consistent supersets.
The proof of the following result is standard and can be found in, e.g., [10].

» Lemma 5.

(1) Given a TNL-consistent set y, there exists some TNL-maximal consistent set x such that
y Cx.

(2) A TNL-mazimal consistent x set enjoys the following properties: (i) For all p € Loy,
either ¢ € x or —p € x (but not both); (ii) o N € x iff o, € x; (iti) TNL C x.

Let us now fix a TNL-consistent formula ¢g; let us find a model for it in order to prove
completeness. Let us fix as well some maximal consistent set zy such that ¢¢ € xg, whose
existence is guaranteed by the above Lemma. Let MCS be the set of TNL-maximal consistent
sets; in it, we define the relation z < y iff {¢ : Gp € x} C y; we then consider the set

T={yemMcs:axg=yorazy<yory<agh

» Lemma 6.
(i) z<yiff {fo: Hpey} Cu.
(ii) < is transitive and connected (when restricted to T ).
(iii) If x € T and GO ¢ x, then there is some y € T such that x < y,0 ¢ y.
(iv) If x € T and HO ¢ x, then there is some y € T such thaty < x,0 ¢ y.
(v) Ifx €T, then the set x+ := {0 : X0 € x} is also in T'; moreover x < z™.

Proof. The proof of this result is quite standard; we sketch it here. Ttem (i) is proven using
the (HG) axiom, noting that —¢ € x < y implies P—y € y implies Hp ¢ y. For item (ii),
transitivity is a consequence of (T¢); for connectedness, one first uses the (weg) and (wegy)
axioms to prove weak connectedness in both directions:

if either y >z < z or y < x > z, then either y < z or z < y or y = z;

connectedness follows since all elements in T are related to xo. For item (iii) (resp. (iv)), one
proves consistency of the set {¢ : Gp € x} U {=0} (resp. {p: Hp € x} U{=0}) and extends
it to some y € MCs. For item (v), one uses the (sd) axiom to show that - ¢ — —¢) implies
F X — =X, whence consistency follows; maximality is also a consequence of (sd). |

2.2.2 The Filtrated Tree

Building a TNL model for ¢q requires transforming the tree-like structure (7', <) into a linear
order isomorphic to N. A way to achieve this is to construct a sequence by picking out
elements from some finite set T, which we will obtain by filtrating our tree 7.3

3 For other uses of this technique, see, e.g. [18, 2].

5:5
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Let us consider the set of formulas
A = subf oo U{XGO, X0 : GO € subf oo} U{XHO : HO € subf oo} U{HL, 1},

where subf ¢y denotes the set of subformulas of pg. Note that A is a finite set closed under
subformulas.
We filtrate T' through A in order to obtain the finite set

T :={z:2 €T}, where 7 :=zNA,
and we define two relations on T as follows:
z <7 g iff, for some z € T, Z =7 and 2+ =7.
x <* jj iff there exists some path z = 7o <t ... <7 z, = 7.

Finally, given x € T, let

8y 1= /\ 6 A /\ —6.

fdc ANz deA—x

be the characteristic formula of x. Note that, by definition, §, € z iff the formulas of A that
appear in z and in z are the same, i.e. iff x = Z.

» Lemma 7.
(1) If x < y, then T <* .
(2) <* is connected and transitive.

Proof.

(1) Let x < y; let us see that & <* . For this we consider the formula § :=\/;_.; d.: note
that 0 € y iff Z <* . We prove that G(§ — X ) € x: indeed, suppose not. Then there
is some z > x with 6 — X9 ¢ z. Then § € z and X§ ¢ z. The fact that § € z implies
that  <* z. But then consider zT: since it also holds that Z <* 2+, then § € 2zt which
implies X& € 2: a contradiction. We also note that 6 € x7 (because # <* ) and thus
X0 € x. But since G(§ — X0) € x and X§ € x, we may apply the induction axiom to
conclude G4 € x, which implies § € y, which implies z <* ¥.

(2) Transitivity: if there exists a <'-chain from Z to g, and one from ¥ to Zz, then there is
one from z to z. Connectedness: if x # y, then either x < y or y < z, and thus by (1),
T<*yory<*r. <

» Lemma 8. Let z <* y.
(1) If GO € z, then GO,0 € y.
(2) If HO € , then HO,0 € z.

Proof.

(1) By induction on the length of the chain z <™ ... <t g. If this chain is of length 1, we
have  <* 7; this means that there is some z € T with zNA =2 NA, 2T NA=yNA.
Since GO € z < zT, it follows that € z™; since - GO — GG, it follows that GG € z
and thus GO € zT; but then we have §,G0 € z* N A = 3. Now, assume it is true for
chains of length n — 1 and let T <™ ... <% Z,,_1 <™ ¥; we simply apply our induction
hypothesis to obtain G0 € x,,_; and we are back to the length 1 case.

(2) Analogous to (1). <
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2.2.3 Initial and Final Elements

We say an element z € T is final iff § <* z* for all § # &; we say it is nitial iff z <* 3 for
all y # x. The fact that <* is a connected and transitive relation on a finite set guarantees
the existence of both initial and final elements. These elements need not be unique, except
in the case of the initial element:

» Lemma 9. Z € T is initial iff HL € T. As a consequence, there is only one initial element.

Proof. From left to right, let H1 € x and let y¥ # . Suppose towards contradiction that
T £* y. Then by connectedness it holds that y <* & and thus L € y by Lemma 8, against
consistency. From right to left, suppose £ <* y for all y # z. But then in particular if we
take some 1 € T with H1 € zy, it holds that z; # x, and thus * <* Z;, which in turn
implies | € x: contradiction. There cannot be two initial elements because if & # y are both
initial, then we would have z <* y and, since Hl € y, by Lemma 8 we obtain 1 € z: a
contradiction. <

The final elements need not be unique. Let us show however that we can put them all in
a very convenient order.

» Definition 10. An F-path is a path of the form zy <t ... <* z, satisfying z, <* z; and
wherein all (and only) final elements appear.

» Lemma 11. There exists some F-path.
Proof. Let z1, ..., Z; be the final elements in T. Since all are final, we have
Zy <" < Zg <5 2

ensuring the existence of a <™-path as described above. |

2.2.4 The Final Model

Recall ¢ is a consistent TNL formula and that x¢ € T is a MCS such that ¢y € Tg. Let yg
be the initial element, and let z; <t ... < z, be some F-path containing all and only final
elements. Since gy <* Tg <* z1, there is some sequence

Jo<Tin <t <t iyp=20<T 21 <" ... <" &, = Z1.

We shall construct an infinite sequence consisting of the above path concatenated with
infinite repetitions of the F-path:

Jo<T..<tao<t..<tz<h. <tz <tz<ti<+4z,<tz <t

More explicitly, the sequence in question can be written as (a¢);eny where

?jt 1ft:0,7n,
ar =Ty, ift=n+1,..,n+m;
zZ; ifft>m+nandt—(m+n)=j modgq

Note that, by construction, this sequence satisfies for all ¢t € N:
i a; < Gy1,
ii. a; <* a, whenever t < n,
iii. for all final z, there is some n > t such that a,, = z,
iv. the only initial element is ag.

5:7
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Now we have to make N into a model. We define V(p) = {t € N: p € a;}. For
t € N,a € A, we define the relation and set:

Fo={(a,b): fap €arNA}, Pia) ={w € Q:pgw € ar NA}

Let M = (AN, <,V, (P)ten, (Fi)ien). We shall prove that this is the model we are
looking for; but let us first make an observation about the sequence (a¢)ten:

» Lemma 12 (Filtrated Existence Lemma). Let t € N.
(1) If X0 € A, then X0 € @y iff 0 € Grr1.

(2) If GO € A — ay, then 6 ¢ as for some s > t.

(3) If HO € A — &y, then 0 ¢ a, for some s < t.

Proof.

(1) Let X6 € A. Since by construction a; <% as,1, we have that there is some z € T such
that Z = @y, 2+ = a;;1. But then X0 € a, iff X0 € ziff € 2T iff 6 € ayq;.

(2) Let GO € A, GO ¢ ay; let us assume towards contradiction that 6 € a, for all s > t. We
can prove by a simple induction that, in this case, GO ¢ as for all s > i: indeed, note
that X0 A XGO — G0 is derivable by the (XG) axiom, and since GO ¢ a; and X0 € a;
(the latter because 6 € a1 by hypothesis), then we must have XG0 ¢ a;, and thus
GO ¢ a;11; by repeating this process taking ¢ + 1 instead of i, we obtain GO ¢ a2, and
so on. But then take some m > ¢ such that a,, is final (such an m exists by construction
of the sequence): since GO ¢ a,,, we have G0 ¢ a,,, which entails there is some y > a,,
with 6 ¢ y. But, since (by Lemma 7) a,, <* ¢, it must then be that g is final and thus
by construction there is some s > m with § = a,, and thus we have t < s and 0 ¢ ag, in
contradiction with our hypothesis.

(3) Let HO € A, HO ¢ a;; note that we must have i > 0, for ag is an initial element, which
means by Lemma 9 that H1 € ag, which implies Hf € ag, noting that H1 — H@ is
derivable. Let us assume towards contradiction that 6 € a; for all j < i. In particular,
H0,0 € ag, which combined with the (XH) axiom gives us X Hf € ag. But this means
H € a1, and since 6 € a; by hypothesis, we obtain with the same reasoning Hf € as.
Repeating this process i times we reach the contradiction Hf € a;. |

» Proposition 13 (Truth Lemma). For any formula ¢ € A and any t € N,

Mt ¢ iff p € a;.

Proof. Induction on ¢. The cases p = p, 0, A 03, =0 are routine.

Cases ¢ = fa,b, ¥ = Pa,w: by definition of F} and P;(a).

Case ¢ = X60: By Lemma 12, X6 € a; iff 6 € a;4, iff (by induction hypothesis) t + 1 = 6
iff t = X6.

Case ¢ = GO: If GO € a;, then by Lemma 8 and noting that a; <* as whenever ¢t < s, we
obtain 6 € a for all s > ¢, which by hypothesis gives s |= 0 for all s > ¢, and thus t = G6.
Conversely if GO ¢ a;, then by Lemma 12, we have 0 ¢ a for some s > ¢, and thus by
induction s j= 0 for some s > ¢, which implies ¢ = G6.

Case ¢ = HO: Analogous to the previous case: Hf € a; implies t = Hf by Lemma 8, and
the converse holds by Lemma 12. |

This ends the proof of completeness, for we have started with a consistent formula g € x¢
and we have proven that Mt = ¢o, where ¢ € N is the index such that a; = .

4 A previous version of this proof was significantly more involved; proving this lemma allows us to greatly
simplify the construction of the sequence used to build the valuation for the final model. We thank Rob
Goldblatt for this idea.
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3 Social Relations Through Time

In [28], a multi-dimensional extension of TNL is proposed, with a more expressive language
which allows us to talk about the evolution of an agent’s social network through time. This
is achieved by moving the set of agents A to the semantics: formulas are now read with
respect to a pair (a,t), where a is an agent and ¢ is a time point, thus we can add formulas
to our language which say, e.g., “every follower of a will satisfy p at some future time”. In
this section, we present Temporal Network Agent Logic (TNAL) as it appears in [28], discuss
a possible completeness proof and the foreseeable challenges thereof, and make a first step
towards such proof by giving the complete axiomatics for a (modified) fragment of it.

3.1 Temporal Network Agent Logic

» Definition 14 (Syntax of TNAL [28]). The language of Temporal Network Agent Logic
(henceforth, TNAL) is Lyyap, built from a countable set Prop of propositional variables,
a countable set Nom of nominals, and a countable set SVar of state variables with the
following grammar:

eu=p|n|z| fan|Prw| 0| (@AY)|Go | Ho | Xo|Op | O e | Qup [l 2.

wi=p|w|(wAw),
where p € Prop,x € SVar,n € Nom.

A formula Oy (with dual ) is meant to be read “p holds at all of the agents that the
current agent is following”, whereas [0~ !¢ can be interpreted as “all those who follow the
current agent ”. In TNAL, formulas are evaluated at pairs of agents and time points; thus,
the follower relation can be interpreted in the language with a modal box. The operators @, ¢
and | z.p, standing respectively for “agent n ¢” and “the current agent ¢”, are borrowed
from hybrid logic [11]: each nominal n is a name that will have to be assigned to an agent
by the model, whereas each state variable x will also refer to an agent but this reference
can be determined within the formula via the | x. operator. Using this language, one can
express things like “All of my followers follow n” (OO~ 'n), “n and m follow each other”
(@, 0m A @,,0n), n follows the current agent | z.@,{x.

» Definition 15 (Models of TNAL [28]). Temporal network agent models (henceforth TNAL-
models) are tuples M = (A, N, <, (~¢)ten, (Pr)ten, V)

A is a finite set of agents;

(N, <) are the natural numbers in their usual order;

for each t € N, ~~; is a “follow” relation on the set A;

for each t, Py : A — 2% is a function;

V : PropU Nom — 24%N s a valuation function satisfying the following requirement:

for each t € Nyn € Nom, there exists a unique a € A such that (a,t) € V(n).

Given a € A,t € N we say that n € Nom names a at time t if a is the unique agent such
that (a,t) € V(n); we write name;(n) = a to express this.

» Definition 16 (Semantics of TNAL [28]). Formulas are evaluated with respect to a temporal
network agent model M = (A,N, <, (~¢)ten, (Pt)ten, V) and a triple (a,t,g), where a €
At €N and g: SVar — A is an assignment function, as follows:

TIME 2026
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M, a,t,g Ep iff (a,t) € V(p); M,a,t,g =O¢ iff M,b,t,g = ¢ whenever a ~» b;
M,a,t,g En iff a = name(n); M, a,t,gl=0""p iff M,b,t,g |= ¢ whenever b~ a;
M,a,t,g = fon iff namei(n) ~¢ names(n’); M,a,t,g =Gy iff Vs > t: M,s,a,g = ¢;

M, a,t,g E z iff g(z) = a; M,a,t,gE= Hp iff Vs <t: M,s,a,g = ¢;

M, a,t,g = pnw iff w € Pi(name(n)); M,a,t,g =Xy iff M,a,t+1,9 = ¢;

M, a,t,g =~ iff M,a,t,g ¥ ¢; M, a,t,g = Qup iff M,namet(n),t,g = p;

M,a,t,g = p1 Ap2 iff M,a,t,g = @i,i =1,2; M,a,t, g = lz.o iff M,a,t, g5 E o,

M, a,t,g =z iff g(z) = a; where gg(x) = a, ga (y) = g(y) fory # x.

In [28], a model checking algorithm for the TNAL framework is employed to check formulas
against pairs (a,t) in the model instead of just time points ¢ as in the non-hybrid TNL. The
output of the global model checking algorithm given in [28] is the set of all pairs of agents and
time points where the given formula is true; in effect, it gives in addition to at what time, also
which agents exhibited the behaviour, characterised by the formula. Finding the complete
logic of TNAL models is a matter of ongoing investigation. In the following subsection we
offer partial results, in the form of completeness of a simplified fragment of TNAL (taking us
on a journey through transfer properties of fusion logics [14, 23] and orthogonal frames [6]),
we explain why standard techniques like filtration do not quite work in this framework and
highlight some of the most interesting technical challenges of this framework.

3.2 Time and Friendship: A Complete Logic

Let us present a fragment of the language TNAL containing simply the temporal and “follower”
modality, and define models and a semantics for it. We shall call this framework Temporal
Social Logic, or TSL. We have to make some concessions: first, with the set of agents A
no longer being part of the syntax, and in the absence of nominals, we will have to work
without the p, ., and f,; atomic formulas. Secondly, our models no longer have a temporal
beginning and will now be based on the temporal structure on Z, for keeping N would present
important technical challenges, as we will later highlight. This change may be problematic
if one is conceptually committed to the beginning of time, but we argue it is a harmless
change for most use cases. Thirdly, we do not demand that the set of agents A be finite;
finding this framework’s version of the finite model property is still a pending task. We make
one further concession: we consider symmetric social relations; by doing so, we model the
simplest case wherein the “follower” relation acts more like a “friendship” relation and the
O~! operator becomes redundant. We note that the proof below works the same way if one
removes symmetry, by simply removing the (sympg) axiom.

» Definition 17 (Syntax and Semantics of TSL). Given a countable set Prop of propositional
variables, we let Lig, be the set of formulas defined inductively as follows:

@ == ple A o|—p|Oe|Ge|Hp| X ¢,

with p € Prop. Models for TSL are tuples M = (A, Z,<,(=t)tez, V), where A is a set of
agents, (Z,<) is the set of integers in its natural order, =;C A? is a symmetric relation for
each t, and V : Prop — 24*Z is a valuation.

Formulas of Lig, are read on a model M with respect to a pair (a,t) € A X Z as follows:

M,a,t = p iff (a,t) € V(p); M,a,t =Gy iff M,a,s |= ¢ for all s > t;
M,a,t |=p1 A2 iff Mya,t = s fori=1,2; M,a,t|=Hy iff M,a,s = ¢ for all s < t;
M, a,t = —p iff M,a,t = ¢; M, a,t = X iff Mya,t+1 = ¢;

M,a,t |=0p iff M,b,t = ¢ for all b= a.



S. Fernandez Gonzalez, M. Y. Pedersen, and S. Smets

We shall show that the complete logic for this framework is simply the fusion of the logics
corresponding to the “temporal” and “social” components of the framework. We thus further
divide the language into two fragments, only to then combine the resulting logics.

3.2.1 The Temporal Fragment

The temporal fragment of this language, L, is comprised of formulas of the shape

@ == plo A p|~p|Gp|Hp| X p.

Note that this, minus the p, ., and f,; atoms, is almost identical to the language of TNL.

And so are its models: a T-model is a structure (Z, <, V'), where V : Prop — 2% is a valuation
and formulas are otherwise read as in Definition 3. The logic of these models based on Z is
exactly like TNL minus the axiom establishing a beginning. Indeed, let TNL,, be the least
normal Lp-modal logic having the same axioms and rules as TNL except (0z). We have:

» Proposition 18. TNL., is the logic of T-models.

Proof. Very similar to the proof of completeness of TNL; see the Appendix for a sketch. <«

3.2.2 The Social Fragment

The social fragment of this language is Lg, given by ¢ ::= plp A ¢|—¢|Odp, with p € Prop.

Models for Lg (henceforth S-models) are of the shape (A4,<=, V), where A is a set of agents
and = is a symmetric relation. The sound and complete logic of these models is the normal
modal logic whose axioms are

(Ko) D(p = ¢) — (O — Oy) (symp) ¢ — OO,

with Modus Ponens (from ¢ and ¢ — 1, infer 1)) and Necessitation (from ¢, infer () as
inference rules. Let us call this logic SL. The proof of the following result is standard in
modal logic (see, e.g., [10]) and not included:

» Proposition 19. SL is the logic of (finite) S-models.

3.3 Combining Both Fragments

The sound and complete logic of TSL models is the fusion of the above logics, i.e., the least
normal modal logic containing the axioms of TNL and SL, as shown in Table 2. Let us refer
to this logic as TSL.

Let us prove this is indeed the complete logic of TSL models. For this, we will have to
visit the proofs of some well-known transfer results for fusion logic; we start by describing a
new class of frames:

» Definition 20 (Sproutings). A sprouting® is a birelational model (X, <,=,V) satisfying:

(S1) Ewvery connected component’ of the < relation (henceforth a timeline) is a T-frame (i.e.
isomorphic to (Z,<)).

(S2) Ewvery connected component of the = relation is an S-frame.

5 We borrow this nomenclature from Fine and Schurz [14].
5 Connected component: equivalence class of the least equivalence relation containing <.
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(S3) Given a closed loop of timelines tg = t1 = ..

(Taut)  All propositional tautologies (wea) GGy = Y)V G(GY — @)
(Ka) Gl =) = (Ge = GY) (wew)  H(He =) VHHY = )
(Kx)  X(p—=v) = (Xo— X9) (Ta) Gy — GGy
(Sd) —\XQO(—)X—!()D (TH) H(p—) HHA,D
(XG) Gy XGp N Xp (XH) XHp < pNHp
(ind)  XeAG(p = Xp) = Gy (Ko)  O(e =) = (Op — Oy)
(Ku)  H(p—=¢) = (He — Hy) (symg) ¢ — 00y
(HG) o —> HFpANGPy
(MP) FromF ¢ — v and F ¢, infer F ¢
(Nec) From F ¢, infer - Op, - X¢, F Gy and F Hp
- 0 — 0 —0 — 0 —0 — 0 — 0 — .-
|
—).—).—).—).—).—);—).—)~~~
i
*}.‘*}.*}.*}.*}.*}.*}.*}--~
|
—).—).—).‘—).—).—).—).—)~~~
i
. *}.*}.*}.‘*}.*}.*}.*}.*}--~

Figure 2 A finite sprouting with five timelines. The dashed lines represent the = relation.

. =ty = to, there exist unique elements

x; € t; such that ro = ... = x, = x9, where we define

t=t iffx=2a for somex €tz €t

Note that this entails that two timelines are connected by = at no more than one point,
and, while points are allowed to be reflexive, no two points in the same timeline are
connected by =. A sprouting is said to be finite (resp. countable) if it has a finite (resp.
countable) number of timelines. Given a sprouting (X, <,=,V), and given x € X, let

t, ={yeX:y<zory>zory=ua}

denote the timeline of x, and let

et :=min{fye X:x <y}, 27 :=max{y € X :y <z}
denote respectively the successor and predecessor of X. Note that, by definition, every
point of X has a successor and predecessor, and y € t, iff there is some n such that
either y = x+™ or y = a=" (where the +n superindices denote the concatenation of the
=+ operators n times).

We read formulas of TSL on sproutings as follows:

» Definition 21 (Semantics for Sproutings.). Given a sprouting S = (X, <,=,V) and formula
¢ in the language of TSL, we say ¢ is true at x € X, denoted S,z = ¢, if:

S,z f=p iff © € V(p); S,z =G iff S,y k=@ forally > x;
S,z | —p iff S,x i p; S,x = Hye iff S,y forally <az;
SNy iff SelEpand Sz vy Szl Xe  iff 2T e

S,xl=0p  iff S,y = ¢ forally = x.
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As stated earlier, our goal here is to use these auxiliary structures in order to prove that
TSL is the complete logic of TSL models. This will be done in two steps: first, we shall show
that TSL is the logic of countable sproutings. Then we prove that countable sproutings and
TSL models satisfy the same formulas, whence completeness follows.

Let us show these results in order. The first is already proven in the literature: it appears
(albeit hidden) in the proof of a well-known result on fusion logics (see e.g. [14, 15, 23]).

» Proposition 22 (TSL is the logic of sproutings). If a formula ¢ is TSL-consistent, then there
s a countable sprouting satisfying .

Proof sketch. This result is proven in [14, 23]; see the Appendix for a proof sketch. <

All that remains to finish our completeness proof is to transform a countable sprouting
into a regular TSL model.

» Proposition 23 (Sproutings and TSL models satisfy the same formulas.). If a formula ¢q is
satisfied on a countable sprouting, then there is some TSL model satisfying ¢o-

Proof. Let S = (X, <,=,V) be a countable sprouting, and let zyp € X such that S,z = @o.

Let ty be the timeline with zg € t5. We may assume without loss of generality that, for any
two timelines ¢; and ¢;, there is some path ¢; = ... = t; (for otherwise we could just take
the submodel of S consisting of timelines reachable by tg, and a trivial induction shows this
submodel also satisfies ). We shall now take a function f: X — Z that assigns an integer
to each point in X satisfying the following properties, for all z,y € X:

(F1) f(a™) = f(x) + 1, f(z7) = f(x) = 11 (F2) 2 = y implies f(x) = f(y).
In the Appendix, we show that:
» Lemma 24. There is some function f : X — 7 satisfying (F1) and (F2).

Take some such function f; note that by (F1), the restriction of f to any timeline is an order
isomorphism. For any timeline ¢ and integer n, let f; ' (n) denote the unique € ¢ such that
f(z) = n. Finally, consider the tuple M = (A, Z, <, (=)nez, V*), where:

A is the set of timelines of S

For each n € Z, t; =, t; iff there are € t;,y € t; such that z = y and f(z) = f(y) = n.

VA(p) = {(t;n) - f7 ' (n) € V(p)}-
This is a TSL model (indeed, each =,, relation is symmetric); therefore the following Lemma
(proven in the Appendix) finishes our proof:

» Lemma 25. For any formula v, S,z =9 iff M, (t., f(z)) E .

This proves that M validates ¢g at (fo,0), as we desired to show. <

3.4 Towards a Complete Logic for TNAL

In the present and previous sections we have axiomatised fragments of Liy,.; finding a
complete logic for the whole framework remains an open problem. It is not an easy problem:

many parts of this framework are non-standard and require rather esoteric proof techniques.

The proof we showed in this section illustrates some of these difficulties, while shedding light
on some interesting properties of our models. We highlight some of these below:
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Finite Agents. The TNAL framework is reasonably defined to have finitely many agents; in
this first foray into its completeness proof we have allowed for up to countably many. The
reason is that this framework is resistant to the usual technique of filtration: models for
TNAL are infinite bidimensional models which are countably infinite in one dimension (the
timeline) yet finite in the other (the agents); this is in contrast to frameworks such as [22],
where the agents are defined at the syntax level. Now, of course, any filtration in our models
would undesirably make the whole model finite, and any careless attempt to unravel our
finite filtrated model back into a timeline risks adding back infinite agents. We do not know
of many bidimensional frameworks with such a cardinality requirement. Some novel filtration
technique will most likely have to be developed for this.

Timelines. Famously, models based on timelines require care in their completeness proofs,
since a canonical model does not usually have the desired structure of a model: being countable
(for the set), being irreflexive (for <) are not modally definable, and the functionality of the
successor relation is usually not preserved through filtration. The technique of “pre-filtrating”
the canonical model and constructing a sequence from the finite filtrated set (see [18], [2]
and Section 2 of this paper) does not translate well into our bidimensional framework. For
this technique to work, some non-trivial adaptations are in order.

The Beginning of Time. As we noted earlier, removing the requirement that our timelines
have a beginning simplifies the proof. Here is how: Suppose we take the framework TSL,
defined exactly as TSL except with models based on N. One would expect the logic of this
framework to be the fusion of TNL with SL. However, if one tries to prove this using the same
techniques in this section, one can easily get sproutings with the following kind of shape:

e 0 >0 ——>0—0—0 —>0 —0 — -

e — 0 — 06— 00— 0 —— @ —> -

o 00 ——>0—>0—0—>0 .-

Our numbering trick from Prop. 23 does not work here: there is no way to number the
elements in this sprouting so that (i) each timeline is properly numbered and (ii) the two
white dots in the drawing have the same number assigned. It is certainly not straightforward
to avoid these models wherein an agent finds herself at time ¢ yet has a friend who finds
himself at time s # ¢. This is not a problem in Z, where given a discrete sequence infinite
in both directions, we can take any element to be its zero, and adjust the numbering of its
neighbour timelines accordingly. Is there some trick to redefine sproutings in the framework
based on N so that this numbering works? We dare to conjecture there is not: a crucial
difference between the sociotemporal models based on Z and those based on N is that, in the
former, no meaningful theorems express any interaction between the social and temporal
dimensions (recall that TSL has no axioms combinining social and temporal modalities),
whereas in the latter some meaningful multimodal formulas will be theorems of the logic: for
instance, the formula H 1 — [OH 1, expressing “if [ am at time ¢ = 0, then all my friends are
at time ¢ = 07 is clearly valid in TNAL (and thus any sociotemporal subframework thereof).
We thus expect the logic of sociotemporal models based on N to include some interaction
axioms between the modalities H, G, X on one hand and [J on the other. This would take
us away from the theory of fusion logics and require a different proof technique. It is most
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curious how this seemingly simple change in the structure of the models creates a significant
difference in expressive power: in the models based on N, our agents apparently have a way
to keep track of time, something impossible in models based on Z.”

Hybrid Operators. Languages with hybrid modalities have historically been resistant to
proofs based on canonical models; see for example [34], where a completeness proof based
on tree sequent calculus is given for Epistemic Friendship Logic [35]. A recent technique [7]
involves considering maximal consistent sets of named formulas, i.e., formulas preceded by the
@,, modality; noting that the @,, operator is self-dual (=@, ¢ < @, —¢ is valid in TNAL), one
has that, if = is a maximal consistent set and n is a fixed nominal, then =, = {¢ : Q¢ € z}
is also a maximal consistent set. The aforementioned technique uses this fact to encode the
name of an agent directly onto the canonical model.

4  Conclusion and Future Work

In this paper, we solved the open problem of completeness of Temporal Network Logic and
discussed steps towards proving completeness of its hybrid extension Temporal Network
Agent Logic. These steps included introducing the intermediate logic Temporal Social Logic
as well as its completeness proof. The aim for future work is to build on techniques from
the completeness proof for T'SL to develop a proof for the full hybrid extension of TNL. As
discussed in the previous section, this is a task that will likely require mixing techniques from
fusion logics [14, 23], hybrid logics [11, 7], temporal logics [18, 2] and orthogonal frames [6],
and perhaps coming up with a few novel ones.

Decidability remains an open problem; we conjecture TNAL to be undecidable due to the

undecidability of the hybrid logic H(@, ) [3] and certain epistemic-temporal logics [22, 39)].

In on-going work, we are also modelling the bot behaviour that one observes in specific
multi-agent systems, not in temporal models as in this paper, but by using the techniques
coming from Dynamic Epistemic Logic (DEL) [8, 40]. This allows us to model the dynamics
of posting-events and (un)following social actions in tandem, using two types of events each
of which comes with its own dynamic operators. Such models would be two-dimensional,
similar to those that have operators involving both behaviour change and social network
changes in [38, 5]. DEL is particularly well suited to make the dynamic mechanisms of
this type of information change explicit in such multi-agent systems. Moreover, the DEL
framework will make it easier to include also propositions about the epistemic information
states of the agents in the language and to allow for ‘posts’ that go beyond the Boolean
fragment of the logic. In DEL, learning a piece of incoming information from a highly trusted
source or from a source that is considered to be unreliable, will lead to a different result in
the updated information state of the learner. These information states can then feature as
the precondition for an agent to follow or unfollow another agent in the network. Formally,
such a setting will require us to model the temporal flow of the model as a sequence of
step-wise generated models, each of which is the result of a specific event that acts as a
model-transformer on the model of the previous step. Such sequences of event-generated
models are typically only future oriented in standard DEL but extensions exist so that one
can also look back into the past using the language and framework described in [33].

7 Note as well that a formula such as P(p A ~q) A P(q A —p) can only be true at timepoints ¢t > 2 in
models based on N, yet can be true anywhere in Z!
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Another venue for future work includes other extensions to the framework for reasoning

about further phenomena on social networks. A path left to explore is to add agents’ opinions
to the network; this could let us model that certain posts by one agent could trigger opinion
change in another. Existing work using logic to model opinion and opinion change in social
networks includes [13, 12, 17, 21].

—— References

1

10

11

12

13

14

15

16

Rajeev Alur, Thomas A. Henzinger, and Orna Kupferman. Alternating-time temporal logic.
J. ACM, 49(5):6727713, 2002. doi:10.1145/585265.585270.

Hajnal Andréka, Valentin Goranko, Szabolcs Mikulas, Istvan Németi, and I1diké Sain. Effective
temporal logics of programs. In Time & Logic, pages 51-129. Routledge, December 1995.
d0i:10.4324/9780429321047-2.

Carlos Areces, Patrick Blackburn, and Maarten Marx. Hybrid logics: characterization,
interpolation and complexity. Journal of Symbolic Logic, 66(3):977-1010, 2001. doi:10.2307/
2695090.

Carlos Areces and Balder ten Cate. Hybrid logics. In Johan van Benthem, Patrick Blackburn,
and Frank Wolter, editors, Handbook of Modal Logic, volume 3 of Studies in Logic and Practical
Reasoning, pages 821-868. Elsevier, Amsterdam, 2007. doi:10.1016/S1570-2464(07)80017-6.
Edoardo Baccini, Zoé Christoff, and Rineke Verbrugge. Dynamic logics of diffusion and link
changes on social networks. Studia Logica, 2024. doi:10.1007/s11225-024-10126-0.
Philippe Balbiani and Satl Ferndndez Gonzalez. Orthogonal frames and indexed relations. In
International Workshop on Logic, Language, Information, and Computation, pages 219-234.
Springer, 2021. doi:10.1007/978-3-030-88853-4_14.

Philippe Balbiani and Sadl Fernandez Gonzalez. Indexed frames and hybrid logics. In
International Conference on Advances in Modal Logic (AiML 2020), volume 13, pages 56-72.
College Publications, 2020.

Alexandru Baltag and Bryan Renne. Dynamic Epistemic Logic. In Edward N. Zalta, editor,
The Stanford Encyclopedia of Philosophy. Metaphysics Research Lab, Stanford University,
Winter 2016 edition, 2016.

Francesco Belardinelli and Davide Grossi. On the formal verification of diffusion phenomena
in open dynamic agent networks. In Proceedings of the 2015 International Conference on
Autonomous Agents and Multiagent Systems, pages 237-245, 2015. URL: http://dl.acm.org/
citation.cfm?id=2772912.

Patrick Blackburn, Maarten de Rijke, and Yde Venema. Modal Logic. Cambridge University
Press, Cambridge, 2001. doi:10.1017/CB09781107050884.

Patrick Blackburn and Balder ten Cate. Pure extensions, proof rules, and hybrid axiomatics.
Studia Logica, 84(2):277-322, 2006. doi:10.1007/S11225-006-9009-6.

Zoé Christoff and Davide Grossi. Stability in binary opinion diffusion. In Alexandru
Baltag, Jeremy Seligman, and Tomoyuki Yamada, editors, Logic, Rationality, and Inter-
action, pages 166—-180, Berlin, Heidelberg, 2017. Springer Berlin Heidelberg. doi:10.1007/
978-3-662-55665-8_12.

Zoé Christoff, Jens Ulrik Hansen, and Carlo Proietti. Reflecting on social influence in
networks. Journal of Logic, Language and Information, 25(3-4):299-333, 2016. doi:10.1007/
s10849-016-9242-y.

Kit Fine and Gerhard Schurz. Transfer theorems for multimodal logics. Logic and reality:
essays on the legacy of Arthur Prior, pages 169-213, 1996.

Dov M. Gabbay, Agi Kurucz, Frank Wolter, and Michael Zakharyaschev. Many-dimensional
modal logics: theory and applications. Studia Logica, 81(1), 2005.

Rustam Galimullin, Munyque Mittelmann, and Laurent Perrussel. Formal verification of
diffusion auctions. Proceedings of the AAAI Conference on Artificial Intelligence, 40(23):19099—
19107, 2026. doi:10.1609/aaai.v40i23.38983.


https://doi.org/10.1145/585265.585270
https://doi.org/10.4324/9780429321047-2
https://doi.org/10.2307/2695090
https://doi.org/10.2307/2695090
https://doi.org/10.1016/S1570-2464(07)80017-6
https://doi.org/10.1007/s11225-024-10126-0
https://doi.org/10.1007/978-3-030-88853-4_14
http://dl.acm.org/citation.cfm?id=2772912
http://dl.acm.org/citation.cfm?id=2772912
https://doi.org/10.1017/CBO9781107050884
https://doi.org/10.1007/S11225-006-9009-6
https://doi.org/10.1007/978-3-662-55665-8_12
https://doi.org/10.1007/978-3-662-55665-8_12
https://doi.org/10.1007/s10849-016-9242-y
https://doi.org/10.1007/s10849-016-9242-y
https://doi.org/10.1609/aaai.v40i23.38983

S. Fernandez Gonzalez, M. Y. Pedersen, and S. Smets

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

Rustam Galimullin and Mina Young Pedersen. Visibility and exploitation in social net-
works. Mathematical Structures in Computer Science, 34(7):615-644, 2024. doi:10.1017/
S0960129523000397.

Robert Goldblatt. Logics of time and computation. Center for the Study of Language and
Information, USA, 1987.

Sail Ferndndez Gonzdlez. Logics for social networks: Asynchronous announcements in
orthogonal structures. PhD thesis, Université Paul Sabatier-Toulouse III, 2021.

Valentin Goranko. Coalition games and alternating temporal logics. In Proceedings of the Sth
Conference on Theoretical Aspects of Rationality and Knowledge, TARK ’01, pages 259272,
San Francisco, CA, USA, 2001. Morgan Kaufmann Publishers Inc.

Umberto Grandi, Emiliano Lorini, Arianna Novaro, and Laurent Perrussel. Strategic disclosure
of opinions on a social network. In Proceedings of the 16th Conference on Autonomous Agents
and MultiAgent Systems, AAMAS ’17, pages 1196-1204, Richland, SC, 2017. International
Foundation for Autonomous Agents and Multiagent Systems. URL: http://dl.acm.org/
citation.cfm?id=3091292.

Joseph Y Halpern and Moshe Y Vardi. The complexity of reasoning about knowledge and
time. In Proceedings of the eighteenth annual ACM symposium on Theory of computing, pages
304-315, 1986.

Marcus Kracht and Frank Wolter. Properties of independently axiomatizable bimodal logics.
The Journal of Symbolic Logic, 56(4):1469-1485, 1991. doi:10.2307/2275487.

Vitor Machado and Mario Benevides. Temporal logic for social networks. Journal of Logic
and Computation, 32(6):1088-1108, 2022. doi:10.1093/logcom/exac023.

Fabio Mogavero, Aniello Murano, Giuseppe Perelli, and Moshe Y. Vardi. Reasoning about
strategies: On the model-checking problem. ACM Trans. Comput. Logic, 15(4), 2014. doi:
10.1145/2631917.

Rohit Parikh and Ramaswamy Ramanujam. A knowledge based semantics of messages. Journal
of Logic, Language and Information, 12(4):453-467, 2003. doi:10.1023/A:1025007018583.

Marc Pauly. A modal logic for coalitional power in games. Journal of Logic and Computation,
12(1):149-166, 2002. doi:10.1093/LOGCOM/12.1.149.

Mina Young Pedersen. Malicious Agents and the Power of the Few: On the Logic of Abnormality
in Social Networks. PhD thesis, Department of Information Science and Media Studies, Uni-
versitetet i Bergen, Bergen, Norway, 2024. URL: https://hdl.handle.net/11250/3151733.

Mina Young Pedersen, Marija Slavkovik, and Sonja Smets. Social bot detection as a temporal
logic model checking problem. In Sujata Ghosh and Thomas Icard, editors, Logic, Rationality,
and Interaction, pages 158-173, Cham, 2021. Springer International Publishing. doi:10.1007/
978-3-030-88708-7_13.

Mina Young Pedersen, Marija Slavkovik, and Sonja Smets. Detecting bots with temporal logic.
Synthese, 202(3):79, 2023. doi:10.1007/s11229-023-04264-6.

Anand S. Rao and Michael P. Georgeff. Modeling rational agents within a BDI-architecture. In
James Allen, Richard Fikes, and Erik Sandewall, editors, Proceedings of the 2nd International
Conference on Principles of Knowledge Representation and Reasoning, pages 473—-484. Morgan
Kaufmann publishers Inc.: San Mateo, CA, USA, 1991. URL: http://jmvidal.cse.sc.edu/
library/rao9la.pdf.

Anand S. Rao and Michael P. Georgeff. Bdi agents: From theory to practice. In Proceedings
of the 1st Int. Conf. on Multi-Agent Systems (ICMAS95), 1995, pages 312-319, 1995.
Joshua Sack. Adding Temporal Logic to Dynamic Epistemic Logic. PhD thesis, Indiana
University, 2007.

Katsuhiko Sano. Axiomatizing epistemic logic of friendship via tree sequent calculus. In

International Workshop on Logic, Rationality and Interaction, pages 224-239. Springer, 2017.
doi:10.1007/978-3-662-55665-8_16.

5:17

TIME 2026


https://doi.org/10.1017/S0960129523000397
https://doi.org/10.1017/S0960129523000397
http://dl.acm.org/citation.cfm?id=3091292
http://dl.acm.org/citation.cfm?id=3091292
https://doi.org/10.2307/2275487
https://doi.org/10.1093/logcom/exac023
https://doi.org/10.1145/2631917
https://doi.org/10.1145/2631917
https://doi.org/10.1023/A:1025007018583
https://doi.org/10.1093/LOGCOM/12.1.149
https://hdl.handle.net/11250/3151733
https://doi.org/10.1007/978-3-030-88708-7_13
https://doi.org/10.1007/978-3-030-88708-7_13
https://doi.org/10.1007/s11229-023-04264-6
http://jmvidal.cse.sc.edu/library/rao91a.pdf
http://jmvidal.cse.sc.edu/library/rao91a.pdf
https://doi.org/10.1007/978-3-662-55665-8_16

5:18

Social Networks Through Time: Completeness of Temporal Network Logic

35

36

37

38

39

40

Jeremy Seligman, Fenrong Liu, and Patrick Girard. Logic in the community. In Indian
conference on logic and its applications, pages 178-188. Springer, 2011. doi:10.1007/
978-3-642-18026-2_15.

Chengcheng Shao, Giovanni Luca Ciampaglia, Onur Varol, Kai-Cheng Yang, Alessandro
Flammini, and Filippo Menczer. The spread of low-credibility content by social bots. Nature
Communications, 9(1):4787, 2018.

Yoav Shoham and Kevin Leyton-Brown. Multiagent Systems: Algorithmic, Game-Theoretic,
and Logical Foundations. Cambridge University Press, Cambridge, UK, 2009.

Sonja Smets and Fernando R. Veldzquez-Quesada. A logical analysis of the interplay between
social influence and friendship selection. In Luis Soares Barbosa and Alexandru Baltag, editors,
Dynamic Logic. New Trends and Applications - Second International Workshop, DalLi 2019,
Porto, Portugal, October 7-11, 2019, Proceedings, volume 12005 of Lecture Notes in Computer
Science, pages 71-87, Cham, 2020. Springer. doi:10.1007/978-3-030-38808-9_5.

Edith Spaan. Nexttime is not necessary. In Proceedings of the 3rd Conference on Theoretical
Aspects of Reasoning about Knowledge, pages 241-256, 1990.

Hans van Ditmarsch, Wiebe van der Hoek, and Barteld Kooi. Dynamic Epistemic Logic.
Springer, 2008.

A Appendix

Proof sketch of Prop. 18. This proof is almost identical to the proof of completeness for
TNL in the Section 2, with the following changes:

There is no longer a unique initial element in the filtrated tree T. Instead, we have
multiple initial elements 51,...,51) and we can arrange them into an I-path, i; <t ... <% fp,
where i, <* ;. The existence of such a path is proven just like in Lemma 11.

Given Ty € T such that wo € Zg, we build a sequence of elements of T much like in
Section 2.2.4, except it is now isomorphic to Z, i.e. infinite in both directions: first we
take a finite <T-path that goes from some initial element (say Ep) to some final element
(say f1), going through y; we then plug a infinite repetition of an F-path to its right,
and an infinite repetition of the I-path to the left:

w<Ti, <t <t <, <t <t o<t <t i<t < f <t i<t
| —— N ————
I-path F-path
We assign integers to the elements of this sequence, assigning 0 to zo and numbering the
rest according to their relative position to Zo; we use this to build a valuation on (Z, <)
and the rest of the proof proceeds like in Lemma 12 and Proposition 13, noting one no
longer needs the (0g) axiom to prove item (3) of Lemma 12, which is instead proven
exactly like item (2). <

Proof sketch of Prop. 22. This result is proven in [14] and [23] for sproutings based on
arbitrary complete normal modal logics L; and Ly. The notion of “sprouting” in the present

paper is simplified to fit our particular logics, but generally a sprouting is a birelational frame
(W, Ry, R2) than can be built as the union of Li-frames and Lo-frames in a way such that
the different L;-frames have no points in common and, for i # j, any of the L;-frames and

any of the L -frames have at most one point in their intersection.

One shows that, for any formula ¢ which is consistent in the fusion of both logics L & Lo,

there is a sprouting satisfying ¢. This is used to prove a weaker result: namely that the
fusion L1 @ Lo is complete with respect to frames (W, Ry, Ry) where (W, R;) is an L;-frame
fori=1,2.
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Let us see a sketch of this construction for our particular pair of logics:

Given a formula ¢ in the language of TSL, a T'-constituent of ¢ is any maximal subformula
of ¢ which is preceded by one of the temporal operators G, H or X (or their duals); whereas
an S-constituent is a maximal subformula preceded by O (or ¢).

The T-projection of o, denoted 7, is the formula in the language of TNL resulting from
substituting the S-constituents of ¢ with “surrogate” propositional variables; its S-projection,
9, is the formula in the language of SL obtained by replacing the T-constituents with
surrogates.

(For example, take the formula ¢ = F(p A 0X¢q) A OPr. Its S-constituents are ¢¥; = 0 Xgq
and ¥y = QPr; its T-projection can be written as 7 = F(p A 8y,) A Sy,, Where sy, and sy,
are fresh “surrogate” variables.)

It holds that, if ¢ is a consistent formula in the fusion logic TSL, then both its projections
T and ° are consistent in their respective fragments (note that if, e.g., 7 were inconsistent
in TNL, then —=p? would be a theorem of TSL since TNL C TSL, and so would =, obtained
from @7 via uniform substitution; likewise for ).

The process of building the sprouting that satisfies ¢ is done in a number of steps no
larger than the modal depth of ¢; it goes as follows:

First, one constructs a T-model satisfying the T-projection ¢?. Some of the points in
this model will satisfy the “surrogate” variables of this formula.

Using our example formula ¢ = F(p A QX q) AOPr to illustrate this, we have the following
model satisfying T at the white point:

S 0 —5 00— 00— 00— 0 —> 0 ——> @ —> -

Stpy Sepys P

We now take each of these points satisfying some surrogate variable s, and we make it
into the root of a finite S-model satisfying ©°. Note that the (possibly infinitely many)
models obtained in this step have no points in common amongst themselves and at most
one point in common with the model built in the previous step.

In our example, we compute the projections, ¥ = (0X¢q)° = Osx, and ¥ = (OPr)S =
Ospr, and we make a finite S-model for ¢35 sprout from the white point and one for 1§
sprout from its successor:
SXgq
[ ]
|
C— 0 —S 00— 00— 0 —— 0 ——> 0 —— @ —> .-
! p
|
.
Spr

Again, some of the points in these S-models will satisfy some surrogate variables p . For
each of these, we construct a T-model satisfying 7 at some point and we “plug it” into
the point satisfying pJ. Again, we note that the models obtained in this step are disjoint
among themselves, have no points in common with any T-models obtained in previous
steps, and each of them has at most one point in common with at most one S-model
obtained in the previous step.
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In our running example:
q

P e — 0 —— 0 —— 0 —— 0 —— 0 —— @ — -

S e 50— 0 —5 0 —— 0 —— 0 —— 0 — .-

! p

. *}.*}‘*}.*}.*}.*}.*}.*}---
r
We repeat this process, alternating T-models and S-models that hang off each other, until
the formula is exhausted.

Some caveats are necessary to make sure this construction does not backfire: for instance,
the authors of [23] work with partial valuations and have some restrictions on the types of
models one can use in the alternating sequence, whereas those of [14] circumvent this by
skipping the step-by-step construction and using Zorn’s Lemma to postulate the existence of
a maximal sprouting; likewise, one has to be careful with Boolean combinations of surrogate
variables. We point the reader to the aforementioned texts to fill out the finer details.

What is relevant for our purposes is that, at the end of this construction, we are left with
a birelational model M = (X, <,=, V) that satisfies ¢ and, by construction, is a countable
sprouting. <

Proof of Lemma 24. We construct f by defining it first on Dy = ¢y and successively aug-
menting its domain to the sets Di, Do, ..., where

D,y1 =D, U{x:t=t, for somet € D,}.

(In other words, D,, is the union of all timelines separated from ¢y by a =-path of length at
most n; note that every timeline is a subset of some D,,, and that X = J,,cy Dn)-
First, assign f(xg) = 0. Then, for every element z € ¢(, assign a number corresponding
to the relative position of this element to x¢ in the timeline (i.e. f(zg) =1, f(a{™") =
2, f(zy) = —1, etc.)
Once all the elements of D,, have a number assigned, take a timeline t C D,, 1\ D,,; there
is some timeline ¢’ C D,, such that ¢ = t; there is thus a unique pair of points z € ¢, 2’ € t/
such that = /. Set f(z) := f(2') and assign values to the rest of the elements in
t according to their relative position to z (f(z) = f(z) + 1, f(z7) = f(x) — 1,...,
f@*) = f(z) £n).
Note that this assignment is well-defined on account of property (S3) of the definition of
sprouting: if t C D,, is another timeline such that ¢’ = t, then, remembering that all
timelines have a symmetric =-path to ¢y, we take a closed loop

ths.sttst=st'=s . =ty

and we apply (S3) to conclude that ¢’ and ¢ are also connected at point z and that
f(z') = f(a"), where z” is the unique point in ¢ such that 2" = z.

By this inductive process, we are left with a function f : X — Z which, by construction,
satisfies (F1) and (F2). <

Proof of Lemma 25. Simple induction on 1; the case ¢ = p follows from the definition of

V*, whereas the cases ¥ = —6,1 = 6, A 05 are trivial.

Case p = GO: S,z = GO iff S,y = 0 for all y > =z, iff (by induction hypothesis)
M, (ty, f(y)) = 6 for all y > =, iff (noting that for all m > f(z) there is some y > = with
fly) =m,t, =t,), iff M, (t;,m) =0 for all m > f(z), iff M, (t,, f(z)) = G6.
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Cases ¢ = HO,1 = X@: analogous to the previous case.

Case ¢ = [00: S,z =00 iff S,y |= 6 for all y = «, iff (by hypothesis) M, (t,, f(y)) k= 0 for
all y = x iff (remembering that f(z) = f(y) when z = y) M, (t,, f(z)) = 6 whenever
ty Sp) tas ift M, (t., f(x)) =06. <
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