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Abstract. The Belief–Desire–Intention (BDI) paradigm is a popular 
framework in the development of autonomous systems. However, assur-
ing the correct design of BDI agents remains difficult: existing modelling 
formalisms often require ad-hoc encodings of BDI agents that can be 
difficult to validate, maintain, and reason about. This paper focuses on 
modelling the syntax of BDI agents and shows how algebraic modelling 
in Event-B theories (e.g. inductive data types and polymorphic construc-
tors) yields a faithful, compact, and reusable encoding of BDI syntax. 
Even without c ommitting to the full BDI semantics, the encoding already
supports useful reasoning, including belief entailment and belief-based
invariant checking, and provides a path towards a future BDI semantic
encoding via operators in theories and machine events in Event-B.
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1 Introduction 

The Belief–Desire–Intention (BDI) paradigm [15] has been a popular frame-
work to design and develop autonomous systems that make decisions and exe-
cute actions without human intervention, e.g. in robotics [12]. Rooted in Brat-
man’s philosophical work [10], the (B)eliefs represent what the agent knows, the 
(D)esires what the agent wants to bring about, and the (I)ntentions those desires 
that the agent has committed to act upon. For instance, a robot may maintain
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beliefs about its current position and nearby hazards, desires such as reaching a 
particular inspection loc ation, and intentions of the current navigation plan.

However, assuring the correct design of BDI agents is challenging due to: 
(i) modelling expressiveness and (ii) analysis scalability. The former is limited 
because many existing modelling formalisms are effective for the domains that 
they target (e.g. communication systems) but are not tailored to BDI agents. 
Using these modelling languages often leads to a d-hoc encodings that are diffi-
cult to validate or reuse. The latter persists because model checking—a popular
verification technique for BDI agents—suffers from state space explosion [13]  as  
agent complexity increases for realistic scenarios, despite its high automation.

Significant work on formal modelling and analysis of BDI agents i s surveyed
in [26]. Many approaches adapt modelling formalisms originally intended for 
their target domains to BDI agents through ad-hoc encodings. For example,
one of the earliest approaches [6] employs Promela [23], a modelling language 
for communication-based systems, to model and analyse BDI agents with t he
Spin model checker [22]. Similarly, the work [5,19] use re-writing logics either 
term-based (e.g. Maude [14]) or graph-based (e.g. Bigraphs [27]) to model BDI 
agents. The work [17] even avoids the modelling process by employing the pro-
gram model checker Java PathFinder [20] directly on Java implementations of 
BDI languages e.g. Gwendolen [16]. While useful, the exhaustive state explo-
ration in model checking leaves them vulnerable to state space explosion. To 
address this, recent proof-based approac hes specify BDI agents in proof assistants
(e.g. Isabelle/HOL [28]) using algebraic data types [24,31]  on  two  simple  BDI  
agents (GOAL [21] and SimpleBDI [18]) where the BDI plans only have actions 
(e.g. no sub-goals). In contrast, we use Event-B theories to model BDI syntax 
algebraically without simplification, while retaining Ev ent-B’s state-based style
for future work on modelling the configuration-transition BDI semantics.

In this paper, we present an algebraic modelling approach to encode the 
syntax of a fully fledged BDI programming language, specified i n the Concep-
tual Agent Notation (Can), using Event-B formalism [1]. Can is chosen as it 
includes advanced BDI agent behaviours such as declarative goals, concurrency, 
and failure recovery. The same modelling techniques here would apply to other
BDI languages. We access algebraic modelling through Event-B theories [11]  to  
define inductive data types and polymorphic constructors that faithfully mirror 
the vocabulary of the Can syntax as written. The encoding, as implemented in
Rodin [2], is both total and injective with respect to the original Can syntax. The 
outcome is a suite of self-contained Event-B theories that serv e as a foundation
for specifying concrete BDI agent programs, keeping models reusable.

In Sect. 2, we introduce the preliminaries for the Can language with a r unning
example and Event-B formalism; Sect. 3 presents algebraic modelling of Can 
syntax in Event-B theories; Sect. 4 shows possible reasoning mechanisms for our 
modelling without attaching to any specific BDI semantics; Sect. 5 discusses 
related work and Sect. 6 concludes and outlines future work.
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2 Preliminaries 

2.1 CAN Syntax 

We give an overview of the syntax of the Can language from [29,30]  to  which  
we refer for full details and a running example of Can agents. A Can agent
consists of a belief base, . B, a plan library, . Π, and an action description library, . Λ. 
The syntax of a Can agent is constructed by three main types of p redicate
symbols, namely event predicate symbols, . e, belief predicate symbols, . b,  and  
action predicate symbols, .act. Together with terms, they form the events, beliefs, 
and actions. Standard first-order terms and free/bound variables are u sed. For
example, terms (resp. vector terms) in Can are denoted as . t (resp. . t), and we c an
write .e(t), .b(t),  and .act(t) to denote events, beliefs, and actions, respectively.

Fig. 1. Rover navigation and charging scenario with two w ay points.

The belief base , . B, represents the current beliefs of the agent. If . b is a predicate 
symbol, and .t1, . . . , tn are terms, then .b(t1, . . . , tn) or .b(t) is a belief atom. Such 
an atom is ground if all terms in . t are ground terms, i.e. it contains no v ariables.
The belief base . B is defined as a set of g round belief atoms.

A plan library , . Π, contains the operational procedures and is a finite collection
of plans of the form .e(t) : ϕ(xt,y) ← P (xt,y). Here, .e(t) is the triggering event 
of this plan, .ϕ(xt,y) is the context condition, and .P (xt,y) is the plan-body. 
The triggering event, .e(t), specifies why the plan is triggered, while the context
condition, .ϕ(xt,y), determines when the plan-body . P is applicable. The v ariable
.xt denotes all of the free variables in the terms . t, and variables . y are those free 
variables that do not appear in the triggering event but are introduced in the 
context condition, generally to bind objects that are to be used in the plan-
body, .P (xt,y). The context condition .ϕ(xt,y) is a belief formula, built from 
belief atoms using the standard logical connectives, with syntax . ϕ:: = b(t) | ¬ϕ |
ϕ ∧ ϕ | ϕ ∨ ϕ. Unlike the belief base, which contains only ground belief atoms, 
a context condition may contain free variables. Such variables are i nterpreted
semantically with respect to the current grounded belief base.

Events may arise either from the external environment or from within the 
execution of a plan-body. We write .Ee for the set of external events. Events
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(a) Belief base. 

(b) Plan library. 

(c) Action description library 

Fig. 2. BDI agent design and plan library in the rover scenario

occurring as part of a plan-body (which will be introduced next) are called sub-
events or internal events. For presentation convenience, we ma y omit arguments
of terms when they do not confuse, e.g. . e in place o f .e(t). 

By convention e.g. in [7], the user-defined plan-body, . P , may be referred to 
as the program or agent program and has the following syntax:

. P :: = act | ?ϕ | + b | − b | e | P1;P2 | P1 P2 | goal(ϕs, e, ϕf )

where .act is an action, .?ϕ a  test  f  or . ϕ entailment in the belief base, .+b and . −b
represent belief addition and deletion respectively, and . e is a sub-event (i.e. inter-
nal event). To execute a sub-event, a corresponding plan is selected and the plan-
body is added in place of the e vent. In this way, plans can be nested. Actions,
.act, (from the action description library . Λ) take the form .act = ψ φ+, φ− , 
where . ψ is the pre-condition, and .φ+ and .φ− are the addition and deletion sets of 
belief atoms. There are also composite programs .P1;P2 for sequence and . P1 P2

for interleaved concurrency. Finally, a declarative goal, .goal(ϕs, e, ϕf ), expresses 
that the state, . ϕs, should be achieved through addressing the event, . e, failing i f
.ϕf is true, and re-trying if neither .ϕs nor .ϕf are t rue.

2.2 A Running Example: Rover Navigation and Charging 

Figure 1 presents a rover navigation and charging scenario (adapted from [8,9, 
12]). The rover must reach goal_loc from init_loc by traversing a sequence
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Table 1. Structure of Event-B contexts, mac hines, and theories.

(a) (b) (c) 
Context Machine Theory 
CONTEXT Ctx MACHINE M THEORY T  h  

SETS s SEES Ctx IMPORT T  h1, ... 

CONSTANTS c VARIABLES x TYPE PARAMETERS E, F , ... 

AXIOMS A(s, c) INVARIANTS I(x) DATA TYPES 

THEOREMS Tctx (s, c) EVENTS Type1(E, ...) 

END EVENT evt constructors 

ANY α cstr1(p1: T1, ...) 

WHERE G(x, a) AXIOMATIC DEFINITIONS 

x :| BAP(α, x, x ) TYPES A1, ... 

END OPERATORS 

... AOp2 <nature> (p1: T1, ...): Tr 

END well−definedness WD(p1, ...) 

AXIOMS A1, ... 

END 

of waypoints (WPs), and it must detour to a nearby charging station when the 
power is low. To capture this rover scenario in Can , we instantiate a BDI agent as 
follows. The initial belief base (Fig. 2a) captures the topology using belief pred-
icates at(X), next(X,Y),  and  nearest(X,C). The rover’s power level is mod-
elled using three mutually exclusive belief atoms: power(high) , power(low), 
and power(empty),  initially  set  t  o power(high) on line 2.

The rover’s mission is initiated by the external start(mission) ev ent on 
line 2 of Fig. 2b. This event is addressed by the plan (line 4) through a declarative 
goal to achieve at(goal_loc) via the internal event, navigate(goal_loc).  The  
goal succeeds when the rover reaches the goal location, and fails when its power 
is empty and it is not at the goal location (i.e. power(empty).∧¬at(goal_loc)). 

Navigation proceeds in discrete steps. When the rover is not in the empty-
power state, it advances along the waypoint chain using next(X,Y) (line 7). 
Rather than directly calling a movement action, the plan delegates to an internal 
even t, movement(X,Y), which branches depending on the current power status 
(lines 10–11). The corresponding action description (lines 2–3 of Fig. 2c) updates 
the location to at(Y) and degrades the power from high to l ow or low to e mpty.

When the rover is in the low-power mode, it can also take a charging detour 
(lines 8–9). Using nearest(X,C), the agent relocates to the nearest charging 
station C via charge_locate(X,C), which consumes negligible power, performs 
charge(C) to restore power(high), and then returns to the original wa ypoint X 
via charge_locate(C,X) before resuming navigate(Z). We note that, in low-
power situations, the two navigate(Z) plans (lines 7–8) may both be applicable,
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and one plan is selected non-deterministically by the agent. Once at(goal_loc) 
holds, the termination plan triggers stop(Z) (line 6), i.e. doing nothing.

Throughout this paper, we will use this running example to illustrate how 
the Event-B theories i n the Rodin platform can enco de BDI syntax.

2.3 Event-B 

We briefly recall the relevant Event-B notions we use in this paper [1]. A context 
(Table 1(a)) provides static modelling via carrier sets, . s, constants, . c,  axiom  s,  
.A(s, c ) and theorems, .Tctx(s, c ).  A  machine (Table 1(b)) provides a state-based 
model via variables, . x, invariants , .I(x), and events (with before–after updates). 
Proof obligations are generated by the Rodin Platform to ensure invariant preser-
vation, among other things. To support algebraic modelling b eyond core set the-
ory and first-order logic, we use Event-B theories [3,11]. A theory (Table 1(c)) 
can import others and define polymorphic data types and operators, either by 
constructors or axiomatically. We will provide further details on Event-B theories 
(and, later, machines and events) where required f or encoding BDI agents.

Fig. 3. Event-B theory f or terms 

3 Encoding the Syntax of CAN in Event-B 

In this section, we encode Can syntax in Event-B (theories and contexts in 
Rodin). We treat predicate symbols (belief, event, action) and terms as primitive 
alphabets that are introduced axiomatically, and encode the inductive fragments 
(e.g. plan-bodies) using recursive data-type definitions.
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Fig. 4. Context for terms in r over scenario. 

Fig. 5. Event-B theory for predicate s ymbols. 

3.1 Terms 

We begin with first-order terms including point terms (i.e. non-vector terms) and 
vector terms. Vector terms apply an .n-ary function, . f ,  (.n ≥ 2)  to  point  term  s,  
written a s .f (t1,  .  .  .  ,  tn) (or . t). For Can, it suffices to restrict the arguments 
to point terms, without loss of generality, to illustrate our approach. We note 
that, although first-order logic includes variable terms, we have captured them 
in Event-B via the quantification and set comprehension over the domain of 
ground terms. Hence, we do not introduce variable terms as a separate syntactic 
category; instead, we w ork with the set of ground terms, defined as follows:

. Terms :: = Point-Terms Vector-Terms 
Vector-Terms :: = N-Ary-Function ( Point-Terms 1,  .  .  .  ,  Point-Terms n) 

N-Ary-Function :: = f where f is an n-ary function, n ≥ 2, n ∈ N

The axiomatic definition in Fig. 3 models . Terms with the user-defined t ype, 
.T  erms, as the collection of all grounded terms (line 3). A list of nullary operators
e.g. .P  ointT  erms and .T woAryV ectorT erms in OPERATORS (lines 4–19), is 
introduced with type .P(T  erms) to denote particular subsets o f .T  erms. Here, a 
nullary operator is a constant that encodes an en tity with an explicit t ype.

Meanwhile, axm1 (line 21) specifies that the named subsets form a partition 
of the whole domain of terms. The .T woAryV ectorFunction operator (lines 9– 
12) constructs two-ary vector terms from two point terms. Its w ell-definedness 
ensures that both arguments lie in .P  ointT  erms. Both axm2 and axm3 formally 
describe the well-definedness between .P  ointT  erms and .T woAryV ectorT erms. 
The axm2 specifies that applying .T woAryV ectorFunction to any two point 
terms yields an element of .T woAryV ectorT erms.  And  axm3 goes in the other 
direction: any element in .T woAryV ectorT erms arises from some pair of point 
terms. Similar explanations (omitted) can be given for .N AryV ectorFunction. 

To provide domain-specific terms, we can import this theory and apply it 
to any context within any Rodin project. Recall that, in the Rover navigation 
scenario, the terms include all locations, mission to start mission, and empty 
to high for the battery status. To encode them in Event-B, we can have the
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context shown in Fig. 4. The name of this context is given in the CONTEXT 
clause (line 1). It first declares all constants e.g. init_loc in the CONSTANTS 
clause. Then axm1 (lines 5–7) assigns them as the only elements of .PointTerms. 
This yields a finite, grounded set of point terms for the rover navigation sce-
nario. We will show ho w to construct vector terms from p oint terms using the
.T woAryV ectorFunction operator when encoding the b elief b ase.

3.2 Predicate Symbols 

We have modelled terms, but predicates consist of both predicate symbols and 
terms. We now encode predicate symbols by introducing their ty pes (no oper-
ators or axioms) in a separate axiomatic definition (see Fig. 5), which can be 
imported for domain-specific extensions. For the rover scenario, belief symbols 
include at, next, nearest,  and  power;  event  symbols  have  start, navigate,  and  
movement; a nd action symbols contain move_high, move_low, charge_locate, 
charge,  and  stop. These are categorised in a context (Fig. 6). 

Fig. 6. Context for predicate symbols in ro ver s cenario.

Fig. 7. Theory for initial beliefs base a nd external ev ents.

Fig. 8. Initial belief base and external events for rover scenario.
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3.3 Initial Belief Base and External Events 

Building on the term and predicate symbol theories, we encode the ini-
tial belief base and external events as typ ed constants (nullary operators) in 
an axiomatic theory. Concretely, Fig. 7 declares Initial_belief_base with ty pe 
.P(Belief _predicate_symbols × Terms ) (and similarly for the initial external 
events). The theory only fixes these types; a separate context instan tiates them 
for the rover case study in Fig. 8. For example, next(init_loc, WP1) is encoded 
as .(next T woAryV ectorF unction(init_loc,WP1)) on line 4, and the sole 
external event start(mission) is encoded as .(start mission) on line 15. 

3.4 Agent Programs 

Fig. 9. Grammar for agen t programs. 

We now proceed to encode agent programs using inductive data types. Recall 
that the user-defined plan-body, . P ,  in  a  plan,  e  .: ϕ ← P , is often called an agent 
program. The grammar for agent programs in Can is formally given in Fig. 9 
where the grammar category . UserP denotes plan-body . P . . UserP can be 
the basic building bloc k . BasicP including an internal event e or an action 
act. We have omitted the inclusion of .+b, .−b,  and  .?ϕ as they can be seen 
as special cases of actions. For example .?ϕ can be seen as . act : ϕ , 
whereas .+b as .act : b}, . . UserP can also be a declarative goal 
.goal( BeliefFormula ,  e,  BeliefFormula ). In a declarative goal, . BeliefFormula 
represents the belief formula which is defined over a finite set of belief atoms, .At, 
such that b .∈  A  t using the standard logical connectives (. ¬, . ∧,  and  . ∨). The first 
belief formula represents the success state (i.e. .ϕs) to achieve through addressing 
an internal even t, . e, failing when the second belief formula represen ting a failure 
condition (i.e. .ϕf ) holds, and retrying as long as neither of these two belief for-
mulas is true. Finally, . UserP can  be  composed  in  two  ways:  (  i) . UserP ; UserP 
executing those two . UserP in sequence and (ii) . UserP UserP executing 
those two . UserP concurrently. 

The grammar for . UserP is, by nature, recursive, and also dependent on 
. BeliefFormula (which is again recursively defined). To encod e . UserP ,  we  
first employ the Event-B theory to model a b elief formula with an inductive
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Fig. 10. Event-B theory for belief formula. 

Fig. 11. Event-B theory for agen t programs. 

data type given in Fig. 10.  The  DATATYPE header (line 3 ) makes explicit that
.BeliefFormula is parameterised by a set of propositional atoms. The six polymor-
phic constructors (lines 4–14) show the recursive nature of the b elief formulas.
.Belief _atom (line 5) forms an atomic formula. The constructors on lines 6–12 
then encode logical conjunction, disjunction, and negation over sub-form ulas. As 
a result, formulas are built from formulas inductively. Finally, . T ruthF or mula
and .F alseF ormula (lines 13–14) represent truth and f alsehood. 

With the defined data type of .Belief F ormu la, we can encode the agent pro-
grams in Fig. 11,  name  ly  .AgentP rogramsT heor y where the data type .U  serP is 
defined inductively. Here .U  serP builds on the earlier .Belief F ormulaT heory, 
.T ermsT heor y,  and  .P redicateSymbolsT heory by importing them ( line 2). 
.U  serP includes a list of constructors covering all cases from . UserP. in Fig. 9. 
For example, the constructor of .BasicP _event_user and . BasicP _action_ user
correspond t o . BasicP i.e. event and action. For example, to encode the 
action charge(WP1) to charge at the WP1,  we  can have . BasicP _action 
_user(charge WP1) where .charge ∈ Action_predicate_symbols and 
.W  P  1 ∈ Terms. 

Similarly, compositional constructors including . Sequence_program_user 
and .Concurrency_program_user (lines 8–13) corresponds to . UserP ; . UserP 
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Fig. 12. Event-B theory for plan/action description library 

Fig. 13. Context of plan/action description library in ro ver s cenario

and . UserP . . UserP to construct sequential and interleaved agent programs 
over any legitimate agent program. Declarative goals are encoded via the con-
structor of .Declarative_goal_user: a user-specified declarative goal is defined 
in terms of a success c ondition and a failure condition, b oth expressed using the
.Belief F ormula data type, along with the procedural program of an event in 
the middle with the type .Event_predicate_symbols × T  erms. 

3.5 Plan Library and Action Description Library 

We now encode the plan library , . Π, and the action description library , . Λ. Recall 
that . Π contains a set of plans, .e : ϕ ← P ,  whe  re  . e is the triggering event, . ϕ the 
belief formula, and .P is an agent program. The action library , . Λ,  is  the  s  et  o  f
actions, .act = ψ φ+ ,  φ  − ,  whe  re  . ψ is the pre-condition (i.e. a belief formula), 
and .φ+ and .φ− are the addition and deletion sets of belief atoms.

Figure 12 axiomatically encodes the plan library and action description 
library using nullary operators. For example, the nullary operator . plan_library 
has typ e:
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Fig. 14. Belief entail op erator. 

P((Event_predicate_symbols × T  erms) × 
(Belief F ormula(Belief_predicate_symbols × T  erms) × U serP )) . 

This means that .plan_library is a set of pairs, . (e, t), (ϕ, P ) ,  whe  re  .(e, t ) is 
a event predicate symbol with its term, and .(ϕ, P ) is a belief formula together 
with a plan body. The .action_description_library has a similar structure. 

We highlight that this axiomatic definition gives the schema for a potentially 
infinite set of concrete plan and action instances, especially when some com-
ponents in a plan and an action, such as terms, are left free. To reason about 
any concrete instances, we can instantiate this schema using set comprehension, 
which enumerates all of the grounded plans that satisfy the constraints, such as
a typing condition. For example, consider a BDI plan:

. e(t)  :  ϕ(xt, y) ← P ( xt,y).

This plan defines many concrete plans, depending on the v alues of the v ari-
ables .t, xt , and . y. To model concrete instances, we apply the constraints to this 
general plan rule u sing set comprehension in Event-B s hown as follows:

. {t, xt, y · C(t, xt, y) | e(t)  :  ϕ(xt, y ) ← P (xt,y)}.

This set comprehension expression captures the set of all values of . e(t)  :  
ϕ(xt, y) ← P (xt,y) for all variables of .t, xt,y where the predicate . C(t, xt, y )
acts as a constraint or typing condition on the variables. This representation 
allows us to use a type schema to effectively declare the plan schema and define
its instances.

We now show how to encode the plan library and action description library 
in Fig. 1 for the running example in the rover navigation scenario. Figure 13 gives 
the context for the encoded plan library and action description library. It extends 
the base contexts of terms and predicate symbols in Fig. 4 and Fig. 6 (line 2). 
The constants (line 3) encompass all 6 plans and 5 actions. As a result, the plan 
library is constructed by unifying all possible plans, in this case, from plan1 to 
plan6,  given  by  axm1 (line 6). Each plan (with free variables) represents a set of 
all possible instantiated plans and is encoded through set comprehension. Here, 
we only describe the plan (lines 4–5) that is shown in Fig. 2b as f ollows:
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start(mission): at(X) <-goal(at(goal_loc), navigate(goal_loc), 
power(low) ∧  ¬  at(goal_loc)) 

We specify this in axm3 (lines 8–22). Essentially, it encodes a set of plans 
with three components, namely .triggering_event, .context,  and .plan_body (line 
8) in Fig. 13. To specify what each of these components is, a list of con-
straints in the form of logical c onjunction is specified (lines 10–20). For e xam-
ple, the constraint .triggering_event = start mission (line 11) defines 
what the triggering event actually is. The context is given using t he con-
structor, .Conjunctive_f  ormu  la, to encode two negated formula (lines 14– 
16). To specify the .plan_body, we provide three e xtra parameters, n amely
.success_condition, .f  ailure_condition,  and  .procedural_program (lines 8–9). 
Using these, we compose the .plan_body as a declarative goal on lines 19–20. 
The set comprehension result (line 21) returns the corresp onding plan mapping
.triggering_event (context plan_body) for any values satisfying the con-
straints, yielding the set representation of .plan1. Due to space limits, we omit 
the encoding f or the remaining plans and actions.

3.6 Faithful Encoding 

Our encoding of the Can syntax into Event-B is faithful in the following sense: 
(i) coverage—every well-formed Can object in the syntactic categories that we 
model (terms, predicate symbols, belief formulas, agent programs, libraries) has 
a corresponding Event-B represen tation; and (ii) uniqueness—the encoding is 
injective, i.e. distinct Can objects do not collapse to the same Event-B object.

Coverage follows because the encoding mirrors the Can grammar: base 
alphabets (terms and predicate symbols) are introduced axiomatically, and the 
inductive fragments (e.g. belief formulas and agent programs) are defined using 
Event-B inductive data types by recursively translating base alphabets and then 
rebuilding the same syntactic representation in Event-B.

Uniqueness holds because (1) different Can syntax elements are represented 
using distinct constructors, and (2) data type constructors in Event-B are injec-
tive in their arguments. The equality of encoded objects in Event-B implies the 
equality of the corresponding sub-components in Can. For collections (e.g. belief 
bases), injectivity lifts elementwise. As a result, the encoding is a lossless s yn-
tactic encoding of Can into Event-B.

4 Belief-Action Reasoning for CAN in Event-B 

Our focus in this paper is the faithful encoding of Can syntax into Event-B 
theories and contexts. Full reasoning about BDI behaviour typically requires an 
operational semantics (e.g. plan selection and event handling), which is our next 
step. Still, even without that semantics, we can already support useful agent rea-
soning via two standalone components: the belief base and the action description 
library. Concretely, we can (i) evaluate action applicability against the current 
belief base, and (ii) execute actions to check belief-based safety invariants.
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Fig. 15. Generic action machine f or . , Λ . 

4.1 Belief Entailment 

BDI languages assume a belief entailment mechanism, i.e. whether a belief for-
mu la . ϕ follows from a belief base, . B. Here, . B is a set of grounded belief atoms, 
and belief formulas are given by the inductive data type in Fig. 10.  We  encode  
belief entailment via a predicate operator .belief_entail (Fig. 14), defined by 
recursion over . ϕ: under a closed-world assumption, an atom holds iff it is in . B; 
conjunction/disjunction follow recursively; negation is logical negation; and . /⊥ 
are tautology/contradiction. This suffices for evaluating action pre-conditions 
against the current belief b ase without a full B DI deliberation cycle.

Fig. 16. Explicit action execution machine for . , Λ 



224 M. Xu et al.

4.2 A Belief-Based State Machine 

We now present an Event-B machine that connects the encoded Can syntax 
to a generic belief-based t ransition machine. This machine maintains an agent
configuration . , Λ : the belief base . B, and a set of actions . Λ. The following 
Event-B machine in Fig. 15 captures this belief-based transition system through 
executing actions. INITIALISATION event initialises the belief base (lines 8– 
11). ExecuteAction event (lines 12–29) non-deterministically selects an action,
. a, from the action description library where . belief_entail(belief_base, pre )
ensures that the action is applicable only when its pre-condition holds (which also 
eliminates all actions with free variables) in the current belief base. The effects 
of an action apply standard add/delete effects, yielding a transition system over 
belief states, and is sufficient to support invariant-based reasoning about safety 
properties that are expressible purely in terms of beliefs.

Fig. 17. Plan-driven action execution machine for . , Λ .. 

Figure 15 defines a generic belief-based belief transition system: each step 
executes an enabled action from the action description library, and updates the 
belief base according to the effects of actions. While this machine is convenient, 
ExecuteAction is not explicit in regard to which concrete action instance was 
executed in a given step, which can make the subsequent proving difficult. To 
expose the concrete action being taken, we refine Fig. 15 to Fig. 16 by refining 
ExecuteAction by action-specific events (e.g. Charge), each corresponding to 
one action in the action description library. Technically, each concrete action-
specific event refines ExecuteAction by (i) fixing the chosen action symbol 
and its parameters (via witnesses), and (ii) k eeping the same belief update. As 
a result, we can reason about each individual action explicitly in Event-B.

Finally, to capture the user-intent principles [25] imposed by a plan library. 
Following the standard Event-B methodology [4], we refine Fig. 16 to Fig. 17 
by adding a small set of control tokens that restricts which action may exe-
cute next. For brevity, we show only one representative refined event in Fig. 17. 
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The Charge_plan event refines the Charge event by additionally requiring 
the corresponding control flag (needToCharge=TRUE) and by using the plan-
selected parameter (GoToCharge) as the charging location. The belief update 
remains identical to the underlying action semantics, while the control layer 
records progress by switc hing needToCharge off and enabling needToGoback
FromCharge.

We now illustrate how the invariant-based safety reasoning can be performed 
in our framework. For example, The safety invariant inv2 . power empty /∈ 
belief_base in Fig. 17 does not hold for the current plan library, and the counter-
example can be traced to the plan navigate(Z): at(X) .∧ next(X,Y) .∧ . ¬ 
power(empty) .← movement(X,Y); navigate(Z). The guard . ¬power(empty) 
is too weak: it still permits movement(X,Y) when the b attery is low, r esulting
in .power empty. If the guard were strengthened to .¬power(low) (i.e. move-
ment is allowed only when power is high), then re-encoding the intent of this 
revised plan library yields a model in which inv2 holds, with the proof success-
fully disc harged. This final refined Rodin development, together with its p roofs,
is publicly available online1 . We close this section by noting that inv2 does not 
distinguish the rover location and therefore excludes even states in which the 
rover reaches the goal with an empty battery, more refined safety invariants, for 
example, involving both battery level and lo cation, can likewise be formulated 
and proved in the same framework as the future work but out of the scope.

5 Related Work 

Formal verification of BDI is well-summarised in [26]. We focus on the modelling 
artefact produced by related approaches, and contrast i t with ours. The w ork
in [6] translates a restricted finite-state fragment of AgentSpeak into Promela for 
analysis in Spin model checker. Agent syntax (e.g. predicate/action symbols) is 
encoded as integers, while core agent structures such as the belief base and events 
are r epresented using bounded Promela data structures. The resulting model is 
essentially an interpreter-level Promela program simulating the AgentSpeak.

Related rewriting-based approaches include [19], which translate BDI agent 
programs into a Maude rewrite theory where a single algebraic term encodes 
the whole agent configuration via nested subterms (e.g. beliefs and events), a nd 
reasoning-cycle steps are rewrite rules over this term. Meanwhile, the work in [5] 
encodes a propositional fragment of Can as a bigraphical reactive system, where 
the agent configuration is a bigraph (place graph for structure, link g raph for 
relations) and the operational semantics is giv en by bigraph reaction rules.

Recent proof-based approaches mechanise BDI agents in higher-order logic 
using general-purpose proof assistants (notably Isabelle/HOL). The work in [24] 
provides a deep embedding of a propositional fragment of GOAL: the syntax of 
formulas and agent constructs are represented as algebraic data types in HOL, 
and the op erational semantics is defined in HOL as transition relations and trace-
based satisfaction. The work in [31] models SimpleBDI using Z-Mac hines that are
1 https://github.com/Mengwei-Xu/ABZ2026-Rodin-Artefact. 

https://github.com/Mengwei-Xu/ABZ2026-Rodin-Artefact
https://github.com/Mengwei-Xu/ABZ2026-Rodin-Artefact
https://github.com/Mengwei-Xu/ABZ2026-Rodin-Artefact
https://github.com/Mengwei-Xu/ABZ2026-Rodin-Artefact
https://github.com/Mengwei-Xu/ABZ2026-Rodin-Artefact
https://github.com/Mengwei-Xu/ABZ2026-Rodin-Artefact
https://github.com/Mengwei-Xu/ABZ2026-Rodin-Artefact
https://github.com/Mengwei-Xu/ABZ2026-Rodin-Artefact
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embedded in Isabelle/HOL, yielding a typed state record (beliefs/goals/plans) 
with pre/post style state-transforming operations for reasoning-cycle steps.

In contrast to the above approaches, our Event-B encoding ensures that 
the artefacts of the BDI syntax are reusable and modular as a supporting the-
ory. This approach avoids interpreter-style encodings (Promela/Maude/Bigraph) 
and prover-internal semantics (HOL embeddings), while preserving state-based 
modelling and tool-supported proof/refinement. Additionally, it e nables the sup-
port of more expressive plans, including sub-events and concurrency, extending 
beyond the simplified BDI agents typically used in proof-assistant encodings.

6 Conclusion and Future Work 

This paper presented a faithful and reusable encoding of Can syntax in Event-B 
by exploiting algebraic modelling in Event-B theories. The key benefit is prac-
tical: it replaces the ad-hoc, one-off syntactic encodings that typically underpin 
BDI verification with a typed and modular theory suite that can be reused 
across developments and extended systematically, w ithout reducing BDI agents
to restricted language fragments.

Importantly, our encoding of Can syntax already supports proof-based anal-
ysis in Rodin without committing to the full Can semantics: theory-level oper-
ators enable reasoning over the truth of beliefs (e.g. entailment), and actions 
can be linked to an Event-B transition model to support invariant checking 
over action executions. The next step is to encode the operational semantics of 
Can e.g. over sequencing and concurrent agent programs, and declarative goals, 
enabling f ull semantic reasoning and proof-based analysis of Can within Rodin.
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