Generating Unbiased Models from Temporal Properties

Greg Brunet, Sebastian Uchitel
Department of Computing
Imperial College
180 Queen’s Gate
London, SW7 2RH, UK

[gwb,s.uchitel]@doc.ic.ac.uk

ABSTRACT

Synthesis of event-based behaviour models from declarative
statements on the required behaviour of systems can not
only significantly reduce the effort of model construction but
also provide a bridge between approaches geared towards
requirements analysis and those geared towards reasoning
about system design at the architecture level.

In this paper, we argue that partial behaviour models are
a natural target for synthesis from a set of properties of in-
tended system behaviour. These models are capable of dis-
tinguishing behaviours that are required and proscribed by
properties from behaviours that may or may not be present
in a final implementation. Specifically, we present a method
to automatically construct Modal Transition Systems from
safety properties expressed in Fluent Linear Temporal Logic.
The resulting models characterize all Labelled Transition
System implementations that satisfy the properties and con-
sequently do not introduce implementation bias. The partial
models can be used for validation and further elicitation of
requirements, and iteratively refined into a desired imple-
mentation.

1. INTRODUCTION

Event-based behavioural models such as Labelled Tran-
sition Systems (LTSs) [14] are convenient formalisms for
modelling and reasoning about system behaviour at the ar-
chitectural level. They describe a system as a set of in-
teracting components where each component is modelled as
a state machine, and interactions between components oc-
cur through shared events. These models provide a basis
for a wide range of automated analysis techniques, such as
model-checking and simulation.

One of the serious limitations of behaviour modelling and
analysis is the complexity of building the models in the first
place. Behavioural model construction remains a difficult,
labour-intensive task that requires considerable expertise.
To address this, a wide range of techniques for supporting
(semi-)automated synthesis of behavioural models have been
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investigated (e.g., [18, 29, 26, 13, 21, 17, 28)]).

One approach is to automatically construct behavioural
models from declarative statements, such as goal models
or other properties describing the requirements of a system
(e.g., [18, 26, 21, 13]). Properties prune the space of ac-
ceptable behaviours and can be composed with other prop-
erties, which reduces the space of possible implementations.
This is a desirable alternative to operational (generative) ap-
proaches such as scenario-synthesis [28, 17] that must enu-
merate all possible behaviours.

Synthesis from declarative specifications has a number of
advantages. Firstly, automatic synthesis delivers executable
models early in the requirements process, enabling a wide
range of validation techniques such as animations, simula-
tions, and scenario-based techniques. Secondly, it provides a
bridge between two modelling worlds: one well suited for re-
quirements analysis, such as obstacle [31] and conflict anal-
ysis [30], the another that is well suited for architectural and
high-level design analysis [23].

A current limitation of approaches to synthesis from prop-
erties is that the target model is assumed to be a complete
description of system behaviour up to some level of abstrac-
tion, i.e., the state machine is assumed to completely de-
scribe the system behaviour with respect to a fixed alphabet
of actions. Synthesis of behavioural models (e.g. LTSs) from
properties necessarily involves making assumptions on how
the system is to realize the required properties. As LTSs
do not allow for under-specification within a given alpha-
bet, the complete behaviour of the system with respect to
the alphabet of the required properties must be fixed. This
means that the synthesis procedure will be biased with re-
spect to the choice of implementation. For instance, in [21],
the synthesized model is required to perform all possible ac-
tions as long as they do not violate the given properties.
However, it is more likely that the strategy for implementa-
tion will be to develop a system that does as little as pos-
sible while satisfying all requirements. Synthesizing biased
models precludes incremental elaboration, exploration of the
design space, and embeds assumptions in the synthesis that
are not necessarily valid.

Since property-based descriptions are meant to specify
only part of the intended system behavior, it is more appro-
priate to synthesize state-based models that explicitly model
currently unknown aspects of the behaviour. Such models
can distinguish between positive, negative and unknown be-
haviours. Positive behaviour refers to the behaviour the
system is required to exhibit, negative behaviour refers to
the behaviour the system is required not to exhibit, and



unknown behaviour could become positive or negative, but
the choice has not yet been made. Models that distinguish
between these kinds of behaviour, such as Modal Transition
Systems (MTSs) [19], are referred to as partial behavioural
models, and can help solve the bias problem.

If the semantics of a partial behavioural model is thought
of as the set of implementations it allows, then a natural
interpretation of synthesis is to build a partial behavioural
model that characterizes all possible implementations that
satisfy a given set of properties, thereby enabling the choice
of, or step-wise refinement towards, a desired implementa-
tion. For instance, the semantics of an MTS can be thought
of in terms of the set of LTSs that can be refined from it.
If an MTS that characterizes all possible LTSs that satisfy
given properties is synthesized, the implementation can be
reached through successive refinements of the MTS, possi-
bly assisted by walk-throughs, animations, scenario-based
elicitation, and composition with other operational models,
either synthesized or developed in traditional ways (e.g., pro-
cess calculi, graphical notations).

In this paper, we present a technique for automatically
generating MTS models from safety properties expressed in
Fluent Linear Temporal Logic (FLTL). Linear temporal log-
ics are widely used to describe behaviour requirements [6, 31,
13]. The motivation for choosing FLTL is that it provides a
uniform framework for specifying and model-checking state-
based temporal properties to be satisfied by event-based
transition systems [6]. Our choice of restricting the approach
to safety properties does not limit the applicability of our
technique, for reasons discussed in detail in Section 4. In
addition to the main contribution of this paper, i.e., the syn-
thesis algorithm itself, we define 3-valued FLTL over MTSs,
prove that 3-valued FLTL is preserved by refinement, and
that merging MTSs (a process defined in [27]) corresponds
to logical conjunction of FLTL properties. We illustrate our
results on a case study.

The rest of the paper is organized as follows. After pre-
senting the necessary background in Section 2, we define and
study a 3-valued version of FLTL in Section 3. Section 4
presents the synthesis algorithm and proves that merging is
logical conjunction. In Section 5, we apply results of this
paper, illustrating construction of a partial model and its
elaboration into a desired implementation. We discuss our
work and compare it to related approaches in Section 6, and
give a summary and directions for future work in Section 7.

2. BACKGROUND

In this section, we review the notion of and operations
over transition systems, and fix the notation.

DEFINITION 1. (Labelled Transition System) [14] Assume
States is a universal set of states, and Act is a universal
set of observable action labels. An LTS is a tuple P =
(S,L, A, s0), where S C States is a finite set of states, L C
Act is a set of labels, A C (SxLxS) is a transition relation,
and so € S s the initial state.

Modal transition systems (MTSs) [19], which allow for ex-
plicit modelling of what is not known, extend LTSs with an
additional set of transitions that model the interactions with
the environment that the system cannot be guaranteed to
provide, and equally cannot be guaranteed to prohibit.

DEFINITION 2. (Modal Transition System) An MTS M
is a structure (S, L, A", AP so), where AT C AP (S, L, A", s0)
is an LTS representing required transitions of the system
and (S, L, AP, s0) is an LTS representing possible (but not
necessarily required) transitions.

We refer to transitions in AP \ A" as maybe transitions.
All MTSs start in state 0, unless stated otherwise. Maybe
transitions are denoted with a question mark following the
label, and transitions on sets are short for an individual
transition on every element of the set. We refer to the MTS
(LTS) with a single state and an empty transition relation
as the empty MTS (LTS). See Figure 1 for example MTSs.

Given an MTS M = (S, L, A", AP, sg), M has a required
transition on ¢ (denoted M NG M"Y if M' = (S, L, A", AP,
s0) and (so, £, 50) € A”. Similarly, M has a maybe transition

on £ (denoted M 5 M')if (so,4,50) € AP —A". M —[>p
¢
M’ means (so,?,sy) € A?. We write M /— when there is

no M’ such that M —%, M’. For an MTS M, M, denotes
changing the initial state to n.

We capture the notion of elaboration of a partial descrip-
tion into a more comprehensive one using refinement.

DEFINITION 3. (Refinement) Let pn be the universe of
all MTSs. An MTS N is a refinement of an MTS M, writ-
ten M X N, if Ly = Ly and (M, N) is contained in some
refinement relation R C o X pum for which the following
holds for all £ € Act:

1L (M -5, M)= @N'-N-5%, N A (M',N')€R)
2. (N—5,N') = @AM -M -5, M A (M',N')€R)

Two MTSs are equivalent (=) if they refine each other.

For a refinement relation R from M to N, we write (s,t) €
R to denote (Ms,N¢) € R. For example, A in Figure 1
is refined by B via the relation {(0,0),(1,1)}, since B can
simulate the required behaviour in 4, and A can simulate
the possible behaviour in B.

LTSs that refine an MTS M capture complete descriptions
of the system behaviour and thus are called implementations
of M. In fact, an MTS M can be thought of as a model that
represents the set of LTSs, denoted Z(M), that implement
it.

DEFINITION 4. (Implementation) An LTS L is an imple-
mentation of an MTS M if and only of M < L.

In this paper, we assume that all MTSs (and therefore LTSs)
are infinite-trace:

DEFINITION 5. (Infinite-Trace) An MTS M = (Sa, L,
a, AR, soam) is infinite-trace if for all s € S, there
exists a € Act and s € Sar such that Ms —%, M.

In other words, an MTS M is infinite-trace if every state
has at least one outgoing transition. We call M finite-trace
if it is not infinite-trace. The infinite-trace assumption is
made because we intend to synthesize such models from lin-
ear temporal logic formulae, which are evaluated on infinite
traces. From now on, we write “MTS” (“LTS”) to mean an
infinite-trace MTS (LTS), unless stated otherwise.

To put models of two different systems together, we use
parallel composition.
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Figure 1: Example MTSs.

L ’ 4 1 2 !

— M—pyp M, N—,.N
TD%K%QN MT m Z, '
M||N——=,.M'||N M||N—— ., M'||N'

M-S, M

£ ’ £ ’

M— M ,N —,N
eigga]\] T £A—e M LN eV
M||N——=,, M'||N

MI|IN—5 . M7||N"

M-, M N -5, N

MM ;
MIN 5 M| N

Figure 2: Rules for parallel composition.

DEFINITION 6. (Parallel Composition) [19] Let M and N
be MTSs where M = (Sn, L, Ay, A%, som) and N =
(Sv, Ly, Ay, ALY, son). Then parallel composition (]|)
s a symmetric operator and M||P is the MTS (Sy % Sw,
Ly U Ly, A7, AP, (soum,s0n)), where AT and AP are the
smallest relations that satisfy the rules given in Figure 2.

3. 3-VALUED FLTL

In this section, we first review the 3-valued Kleene logic [15]
and use it to define a 3-valued variant of Fluent Linear Tem-
poral Logic (FLTL) [6]. We then prove that FLTL proper-
ties are preserved in all implementations of a given MTS and
define a model-checking procedure for this logic.

The truth values t (true), £ (false), and L (maybe, un-
known) form the Kleene logic, which we refer to as 3. These
truth values can have two orderings, C (truth), which sat-
isfies f C L C t, and C;,s (information), which satisfies
L Ciy t and L Ty £ (Le., maybe gives the least amount
of information), and both orderings are idempotent. With
respect to the truth ordering, the values t and f behave clas-
sically for A (and), V (or), and — (negation). The following
identities hold for L:

IAat=1 1IAf=f 1lvt=t Lvf=1 -1L=1.

FLTL [6] is a linear-time temporal logic for reasoning
about fluents. A fluent FI is defined by a pair of sets I,
the set of initiating actions, and T'm, the set of terminating
actions:

Fl= (IFI, TF1> where Ip;, Tpy C Act and I N Tr = 0.

A fluent may be initially true or false as indicated by the
Initially gy attribute, where a lack of this attribute indicates
that the fluent is initially false. Every action a € Actinduces
a fluent, namely a = (a, Act\ {a}).

Given the set of fluents ®, an FLTL formula is defined in-
ductively using the standard boolean connectives and tem-
poral operators X (next), U (strong until), F (eventually),
and G (always), as follows:

Fl|~¢|oVY | oAy | Xe | pUyY | Fo | G,

where Fl € ®. For an infinite trace m = ao,a1,az2,... over
Act and some i € N, we write 7" for the suffix of = starting
at a;. Let II be the set of infinite traces over Act.

™ | Fl 2 'R

TEIAY £ (kAT EY)

TE- & (rE¢)

TEXy & 19

TEOVY £ (rEOV(rEY)

TE¢UY £ Fi>0-7m EYAVO<i<i-m ¢

Figure 3: Semantics for the satisfaction operator.

DEFINITION 7. (Value of a Trace) A trace # = ao,a1,.. .
in I1 1s a true trace in M if there exists an infinite sequence
{M;} such that Mo = M and M; -5, Mi., for all i € N.
A trace 7 is a maybe trace in M if © is not a true trace, but
there exists an infinite sequence {M;} such that Mo = M
and M; ﬂp M1 for all i € N. A trace w is a possible
trace in M if w is a maybe or true trace in M. Finally, a
trace m is a false trace in M if it is not a possible trace.

For an MTS M, we denote by TRUETR(M ), MAYBETR (M),
PosTr(M), and FALSETR(M) the set of true, maybe, pos-
sible, and false traces over M, respectively. For example, in
model B in Figure 1, the trace a,b,b, ... is in MAYBETR(B)

(and thus in POsSTR(B)) because B B B1, and the trace

b
b,a,a,...is in FALSETR(B) because By /.
Given a trace w € II, a suffix «* satisfies a fluent FI, de-
noted 7 |= Fl, if and only if one of the following conditions
holds:

o Initially,; AN (Vj EN-0<j<i=a; ¢ Tr)

e jeN-(j<iNajeIf)NVEeN - j<k<i=ap¢
Trr)

In other words, a fluent holds at a time instant if and only if
it holds initially or some initiating action has occurred, and
in both cases, no terminating action has yet occurred. The
interval over which a fluent holds is closed on the left and
open on the right, since actions have an immediate effect on
the value of fluents.

Given a trace m, the satisfaction operator |= is defined as
shown in Figure 3. The semantics for F and G is defined
asTEF)Erl=tUg¢and = Gp = 1 | ~F-p. The
definition in Figure 3 is standard [6] and yields a 2-valued
operator.

The 3-valued semantics of FLTL over an MTS M is given
by the function || - [|* that, for each formula ¢ € FLTL,
returns the value of ¢ in M.

DEFINITION 8. (3-valued Semantics of FLTL) The func-
tion || - || : FLTL — 3 is defined as follows:

ll¢ll™ =t V7 € POSTR(M) -7 = ¢
o™ =f£ L2 (3r € TRUETR(M) -7} ¢) V
(Vr € POSTR(M) - 7 [~ ¢)
(g™ =) A=(llell ™ =£)

As in [6], we consider only fair traces when evaluating an
FLTL formula. When M is an LTS, our 3-valued semantics
reduces to the standard 2-valued semantics of FLTL: ¢ is
true in M (denoted M = ¢) if every trace in TRUETR(M)
satisfies ¢, and false in M (denoted M = ¢) if there is a trace

>

>

gl = L



in TRUETR(M) that refutes ¢. Otherwise, a formula ¢ eval-
uates to maybe in M if and only if no traces in TRUETR(M)
refute ¢ and there is at least one trace in POSTR(M) that
satisfies ¢ and one that refutes ¢. For example, Fa is true
in B (see Figure 1) because every trace in POSTR(B) sat-
isfies Fa, whereas Fc is false in B because every trace in
PoOsTR(B) refutes Fc. Finally, Fb is maybe in B because
TRUETR(B) is empty and a, b, b, ... is in MAYBETR(B) (and
therefore in POSTR(B)) and satisfies Fb, while a,a, ... is in
MAYBETR(B) and refutes Fb.

The information ordering of this 3-valued variant of FLTL
is preserved by refinement.

THEOREM 1. (Preservation of FLTL) If M and N are
MTSs, then M < N = V¢ € FLTL - ||¢[|™ gmf||¢||N.

By Theorem 1 and Definition 4, if a property evaluates to
true in M, it is true in all of its implementations, and if
a property evaluates to false in M, it is false in all of its
implementations. Furthermore, if a property evaluates to
maybe in M, there is at least one implementation in which
it is true, and one implementation in which it is false, which
corresponds to the intuitive notion of a maybe property: it
could be true of false. This semantics of a 3-valued logic is
referred to as thorough [5].

Let M™T be the LTS obtained from M by converting all
maybe transitions to required, and M~ be the LTS obtained
from converting all maybe transitions to false and remov-
ing all transitions that are not part of an infinite trace and
all states that are not reachable from the initial state. In
particular, Mt represents POSTR(M), while M~ represents
TRUETR(M), which is empty if and only if M~ is the empty
LTS. The following result is adapted from [4].

THEOREM 2. (Model-checking) For an MTS M:

Lol =t < M+ 6
M™ = =, if M~ is the empty LTS

2. lp||M =f =
Il M~ ¢V M'T ¢, otherwise

and otherwise, ||¢||™ = L.

Condition 1 states that ¢ is true in M if and only if it is true
in M7, which follows from the fact that M™ satisfies ¢ if
and only if every trace in M (and therefore every trace in
PosTRr(M)) satisfies ¢. In Condition 2, M+ = —=¢ implies
that every trace in POSTR(M) satisfies —¢, and therefore
refutes ¢. In addition, if M~ is not the empty LTS (i.e,.
TRUETR(M) is not empty), then M~ }~ ¢ implies that there
is a trace in TRUETR(M) that refutes ¢. Note that this is
not the same as saying that M~ |= —¢, which implies that
every trace in TRUETR (M) refutes ¢. Putting these together
coincides with the semantics in Definition 8 for ||¢||* = f.
Hence, 3-valued FLTL model-checking reduces to classical
FLTL model-checking, and can be supported by the LTSA
tool [23].

4. SYNTHESIZING ANMTS

In this section, we describe the algorithm for synthesizing
an LTS for a FLTL formula [21], and extend it to synthesize
MTSs. We prove that the synthesized MTS captures all
implementations that satisfy the formula, and show how to
use merge to implement logical conjunction.

We restrict synthesis to safety properties [2], i.e., those
properties that can be falsified by a finite sequence of events.

off

Figure 4: The property LTS for G(X off = LightOn).

Instead of handling liveness properties such as Fa directly,
we assume that if the system is required to do something
eventually, surely there is a bound on the acceptable time in
which this must occur. Thus, it suffices to provide bounded
operators, such as F<,, which means eventually but in less
than ¢ time units *, for capturing requirements using ex-
clusively safety properties. This restriction is standard in
requirements engineering approaches such as [31, 30]. We
do not include new operators for handling bounded liveness
in this presentation as they are simply syntactic sugar and
can be defined in terms of standard linear time temporal
operators. For instance, F<2¢p = ¢ V X¢p V XX 6.

4.1 Synthesizingan LTS

The technique for model-checking an FLTL property ¢
over an LTS L involves constructing a Biichi automaton
B(—¢) that recognizes all infinite traces over the alphabet
that violate ¢ and checking that the synchronous product
of B(—¢) with L is empty [6]. In this paper, we fix the al-
phabet to be the universe of actions, namely Act, so that
synthesis always produces models with the same alphabet,
regardless of whether the actions appear in ¢ (see Section 6
for a discussion regarding different alphabets). The Biichi
automaton B(—¢) is completed by adding a sink state, and,
for every state, adding a transition to the sink state on all
actions that are not enabled in that state. Thus, B(—¢) has
an execution for every infinite trace over the alphabet.

When ¢ is a safety property, there is only one accepting
state in B(—¢), and this accepting state has only self-loop
transitions, because safety properties are violated by a fi-
nite sequence of actions and a violation cannot be remedied.
Thus, B(~¢) can be viewed as a property LTS for ¢, i.e., an
LTS with an error state, where the error state of the lat-
ter corresponds to the accepting state of the former with
self-loops removed. All traces that reach the error state cor-
respond to undesired behaviours, i.e., no infinite trace with
a finite suffix that leads to the error state satisfies ¢. For ex-
ample, consider the property ¢ugn = G(Xoff = LightOn),
where LightOn = (on, off), for a simple light switch. This
property says that if the light can be turned off in the next
state, then it is currently on, intended to express that the
light can’t be turned off if it is already off. The property

n this paper, time is measured as the number of events
that have occurred. This corresponds to the asynchronous
interpretation of FLTL. In a synchronous semantics, time
is given by the number of tick events that have elapsed.
We have adopted the former for simplicity and because the
latter can be encoded using asynchronous semantics [20].



LTS for ¢uign: is shown in Figure 4, where the error state is
denoted by —1. The trace off,off leads to the error state
and no infinite trace starting with off,off satisfies ¢ugne. For
details on constructing a property LTS, see [6].

Once the property LTS has been constructed, all tran-
sitions not corresponding to an infinite trace are removed,
followed by all states that are unreachable from the initial
state (which always includes the error state). The result-
ing system is an LTS that captures all infinite traces on the
system alphabet that satisfy ¢, because the property LTS
contains all infinite traces over the alphabet, and the finite
traces that are removed correspond to all infinite traces in
B(—¢) that refute ¢. We denote by L(¢) the LTS generated
by this procedure (e.g., L(¢ignt) is the LTS in Figure 4 with
state —1 removed). By construction, L(¢) is deterministic
(i.e., no state has more than one outgoing transition on the
same action, called non-determinism) and infinite-trace.

DEFINITION 9. (Satisfiability) An FLTL formula ¢ is sat-
isfiable if and only if there exists an LTS L such that L |= ¢;
otherwise, ¢ is unsatisfiable.

For example, no LTS satisfies a A =a. For an unsatisfiable
property ¢, L(¢) is the empty LTS because all infinite traces
refute ¢, and thus all correspond to finite traces in the prop-
erty LTS, which are removed.

For FLTL properties that are closed under stuttering [1],
constructing an LTS for the conjunction of two properties
can be done by first constructing the LTSs for the individual
properties and composing them in parallel.

THEOREM 3. (Composition, [21]) If ¢1 and ¢2 are safety
FLTL properties that are closed under stuttering:

L(¢1)|L(¢2) = L(p1 A ¢p2).

The LTSA tool [23] has been extended to generate L(¢)
when a desired FLTL property is specified using the keyword
constraint. If this is not a safety property, an error message
is generated. In addition, checking satisfiability of ¢ is done
by checking if L(¢) is the empty LTS, since ¢ is satisfiable
if and only if L(¢) is the empty LTS. If ¢ is unsatisfiable,
a finite trace that leads to deadlock can be generated using
the property LTS, helping to explain the cause.

4.2 Adding Partiality

The limitation of the algorithm in Section 4.1 is that the
definite behaviour in L(¢) may not capture the behaviours
which are truly necessary to satisfy ¢. In other words, L(¢)
rules out many other implementations that satisfy ¢. For
example, recall the light property ¢gn:. The system L(¢pign:)
requires that in the initial state, the light can be switched

off (ie., 0 ﬂT 2). However, this behaviour is not required
in order to satisfy this property: the LTS resulting from
removing this transition also satisfies @uigns.

To address this limitation, we describe a simple procedure
generateMTS(¢) for generating a partial model from a safety
FLTL property ¢. The procedure is as follows:

1. let L = L(¢) (constructed as in Section 4.1);

2. return M (¢), where M(¢) is the MTS obtained from L
by converting all outgoing transitions for each s € St
to maybe transitions, whenever s has more than one
outgoing transition.

on

(a) on (b) ot

Figure 5: (a) The MTS M(¢ugn) ; (b) a possible
implementation Liig: of M (piight)-

Recall that for a satisfiable safety property ¢, L(¢) contains
all infinite traces that satisfy ¢ and no traces that refute ¢.
When a state in L(¢) has more than one outgoing transition,
it indicates that there is more than one way to satisfy ¢ at
that point in the trace. Thus, such transitions are not all
necessary to satisty ¢, but any LTS that satisfies ¢ must con-
tain at least one them. Such choices should be modelled with
maybe behaviour instead of required behaviour, as in step
2. Also, if a state has only one outgoing transition, then be-
cause any implementation must be infinite-trace, this tran-
sition must be present in all implementations, and therefore
should be modelled with required behaviour.

THEOREM 4. (Correctness of generateMTS) If ¢ is a sat-
isfiable safety property, then ||¢||*?) = t.

PROOF. L(¢) contains all traces that satisfy ¢ and no
traces that refute ¢. Therefore, every trace in POSTR(M (¢))
satisfies ¢ and so ||$]|™(®) = t by Definition 8. [

For example, M (¢iign:) is shown in Figure 5(a). The only
required behaviour in this system is from state 2 to state 1
on action on, because state 1 is the only state from which the
pump can be turned off after the first action in the trace,
i.e., where Xoff is true. If Xoff is false, the property is
satisfied trivially. This MTS allows for the possible imple-
mentation Lygy (shown in Figure 5(b)), which prohibits the
light from being turned on if it is already on, and turned off
if it is already off. This implementation is constructed from
M (pugne) via the refinement relation {(0,0),(1,1),(2,0)}.

The MTS M(¢) constructed for ¢ is minimal, i.e., every
other MTS that satisfies ¢ refines it.

THEOREM 5. (Minimality of M(¢)) If ¢ is a satisfiable
safety property, then:

VM € par - Lo = Ly A || =t = M(¢) < M.

Proor. We show how to build a refinement relation R
between M(¢$) and M. Let (M(¢p), M) € R, i.e., assume

that initial states are related. Suppose M(¢) —=,. M(¢)

for some a € Act. Then M(¢) 7bL> for any b # a by step 2 of
generateMTS. Because ||¢||™ = t, every trace in POSTR(M)
satisfies ¢ by Definition 8, and thus every trace must start
with a; otherwise, L(¢) would have more than one outgoing
transition, and hence so would M (¢). Thus, there exists M’
such that M —%, M', so (M(¢)',M') € R. Tt follows that
Condition (1) in Definition 3 holds.

M () contains all traces that satisfy ¢, and therefore
POSTR(M) C PosTR(M (¢)). In addition, for an action a;
in 7, there exists M (¢); and M (¢)i+1 such that M(¢); —>,

M(¢)i+1, and there is no b # a; such that M(); —b)r, be-
cause step 2 of generateMTS would have converted it to a
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Figure 6: (a) M(LightOn) ; (b) M(piight) +oo

M(LightOn).

maybe transition. Thus, the sequence of states in M corre-
sponding to 7 can be identified in R with the sequence of
states in M (¢) corresponding to 7, and therefore Condition
(2) in Definition 3 holds. [

Hence, by Theorems 1 and 5, given a safety property ¢ and
an LTS L (with the same alphabet as M(¢)), L |= ¢ if and
only if L is an implementation of M (¢), i.e., L € Z(M(¢)).
Note that although M(¢) is deterministic, it characterizes
the non-deterministic implementations.

4.3 Logical Conjunction viaMerge

Consider the MTS for ¢ugn: in Figure 5(a). This system
allows event off to occur in the initial state. In other words,
@iight does not imply that the light can only be switched off
if it is already on, as intended. Instead of strengthening
oughe and generating a new MTS, it can be more practi-
cal to compose a different model with M (¢ugne) such that
the composition satisfies the desired requirements, similar
to Theorem 3.

Parallel composition does not suffice because it does not
preserve temporal properties, and in particular FLTL prop-
erties, since the composition may not be a refinement of
either operand. For example, rule MT in Figure 2 states
that if a required transition in M is synchronized with a
maybe transition in N, then M||N has a maybe transition,
and hence does not refine M.

Instead, for MTSs, composition that preserves temporal
properties takes the form of merge [27]. Merging consistent
(finite- or infinite-trace) MTSs M and N (denoted M + N)
is about finding a common refinement, i.e., a model that
refines both systems, where consistency is defined as the ex-
istence of a common refinement. In [27], it is argued that the
merged model should not introduce unnecessary behaviours,
and therefore should be the least common refinement. For-
mally, P is the least common refinement (LCR) of M and
N if P is a common refinement of M and N and for all
common refinements ¢ of M and N, P < . Although
the LCR does not always exist, it does exist for consistent
deterministic MTSs with equal alphabets [3].

In this subsection, we aim to use merge as logical con-
junction for FLTL formulae, i.e., to prove that M (¢1 A ¢2)
= M(¢1) + M(¢2). Just as we remove finite traces from
L(¢) in Section 4.1, we use an augmented merge operator
+oo such that M(¢1) +oo M(¢2) is obtained from M (¢1)
+ M(¢2) by removing transitions not corresponding to an
infinite trace and then all unreachable states. From now on,
when we say merge, we mean the operator +.,. The main
difficultly is that the merge of two consistent infinite-trace
MTSs constructed from properties may be the empty LTS,
for which FLTL formulae are undefined. For example, con-
sider the MTSs for ¢; = G(a Vb) and ¢2 = G(cV d) shown
in Figure 7(a) and (b), respectively. The empty LTS is a
common refinement of M (¢1) and M (¢2) and is not infinite-

b? c?
w @®F o @@
Figure 7: (a) M(G(a Vb)) ; (b) M(G(cVd)).

trace. Fortunately, the cases when 4., produces the empty
LTS correspond to an unsatisfiable property:

THEOREM 6. (Finite-Trace Merge) If M(¢p1) and M (¢p2)
are consistent and M (¢1) +oo M (p2) is the empty LTS, then
¢1 N P2 is unsatisfiable.

In particular, property ¢ above requires that either a or
b always occur, and ¢» requires that either ¢ or d always
occur, and therefore no LTS satisfies ¢1 A ¢o, i.e., p1 A2 is
unsatisfiable. In particular, Theorem 6 provides an effective
procedure for determining the satisfiability of ¢1 A ¢2, and is
an alternative to constructing M (¢1 A¢2) and then checking
if it is the empty LTS.

Theorem 6 also provides the basis for logical conjunction,
because if ¢1 A ¢2 is satisfiable and M (¢$1) and M(¢2) are
consistent, then M (¢1) +oo M (¢2) is infinite-trace. In addi-
tion, recall that M (¢1) and M (¢2) have the same alphabet,
and therefore if M (¢1) and M (¢2) are consistent, their LCR
exists because they are deterministic. Therefore, for a satis-
fiable safety property ¢1 A ¢2, building the MTS for ¢1 A ¢
using generateMTS is equivalent to building the MTSs for
¢1 and ¢» individually and then merging them.

THEOREM 7. (Conjunction) If ¢1 A ¢2 is a satisfiable
FLTL safety property, then M(p1Ap2) = M (¢1)+oo M(d2).

PROOF. [|¢1||*(91792) = ¢ and [|¢o||**(¢17¢2) = t implies
that M(¢1) <X M(¢1 A ¢2) and M(¢2) = M(p1 A ¢2) by
Theorem 5. Therefore M (¢1 A ¢2) is a common refinement
of M(¢1) and M(¢2), and thus M(¢1) +o0 M(p2) X M(p1 A
¢2) by definition of +.

By the previous argument, M (¢1) and M (¢2) are consis-
tent and since ¢1 A ¢ is satisfiable, M (¢1) +oo M(p2) is
infinite-trace by Theorem 6. Thus ||¢1 A ¢ (#1)FTooM($2)
=t by Theorem 1 and the definition of +.,. By Theorem
5 M(pr A2) = M(h1) +oo M(¢2). O

Theorem 7 is the 3-valued counterpart to Theorem 3, and
does not require ¢; and ¢» to be closed under stuttering.

For an example of Theorem 7, recall the light property
@uight- The problem with M (¢pugn:) in Figure 5(a) is that
not every trace begins with on, i.e., not every trace satisfies
the fluent LightOn. The MTS M (LightOn) is shown in Fig-
ure 6(a), and is consistent with M (¢pign:). Therefore, their
merge exists (see Figure 6(b)), and the merged model sat-
isfies both properties and has the desired behaviours with
respect to turning the light off: it cannot be turned off if it
is already off.

The other direction of Theorem 7 does not hold, i.e.,
M(p1) 400 M(¢p2) = M(p1 A ¢2) does not imply that ¢
A ¢2 is satisfiable, since by Theorem 6, if M (¢1) and M (¢p2)
are consistent but their merge is the empty LTS, then ¢1 A
¢2 is unsatisfiable. However, we have the following desirable
result with respect to infinite-trace merges:

THEOREM 8. (Satisfiability for Infinite-Trace Merges) If
MTSs M(¢1) and M(p2) are consistent and M(¢1) +oo
M (¢2) is infinite-trace, then ¢1 A ¢2 is satisfiable.

PROOF. L | ¢ for any L in Z(M(¢1)+eM(¢2)), and
Z(M (1) +00 M(g2)) is clearly non-empty. [
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Figure 8: M(¢:1) for the mine pump system.

Putting Theorems 6, 7, and 8 together, M (¢1) and M (¢p2)
are consistent and M (¢1) 4+ M(¢2) is infinite-trace if and
only if ¢1 A ¢o is satisfiable. In other words, merging in the
realm of infinite-trace MTSs is precisely logical conjunction.

5. CASE STUDY: THE MINE PUMP

In this section, we illustrate our techniques on a pump
controller system in a mine sump [16]. In this system, a
pump controller is used to prevent the water in a mine sump
from passing some threshold, and hence flooding the mine.
To avoid the risk of explosion, the pump may only be ac-
tive when there is no methane gas present in the mine. The
pump controller monitors the water and methane levels by
communicating with two sensors, and controls the pump in
order to guarantee the safety properties of the pump system.

Properties. To ease presentation, we give a simplified ver-
sion of the mine pump system in which there are three water
levels (low, medium, and high), and consider only a subset
of the desired properties of the pump controller.

The properties of the mine pump controller rely on the
following fluents:

HighWater = (highWater, {low Water, med Water})
LowWater = (lowWater,{medWater, highWater})
PumpOn = (switchOn, switchOff)

Methane = (methAppears, methLeaves)

where LowWater is initially true and the rest are initially
false. The following are several well known safety properties
of the mine pump controller:

o1 = G(tick = (HighWater N =~ Methane = PumpOn))
¢2 = G(tick = (LowWater = ~PumpOn))
¢3 = G(tick = (Methane = —=PumpOn))

These properties make use of an explicit tick event, sig-

nalling the successive ticks of a global clock to which each
timed component synchronizes. This corresponds to a stan-
dard approach to modelling discrete-time in event-based for-
malisms [23]. Modelling time is required for systems like
the mine pump, where urgency of certain events, such as
switching the pump off to avoid an explosion, must be cap-
tured. Specifically, property ¢: expresses that if there is
high water and no methane when a tick occurs, the pump
should be on. Property ¢» expresses that if there is low
water when a tick occurs, the pump must be off, and sim-
ilarly, property ¢s requires the pump to be off if there is
methane when a tick occurs. Note that properties ¢1 to ¢3
are simplifications of more realistic requirements that would
make the presentation of this case study too complex. For
instance, a more realistic version of ¢; is one which states
that if the water level is high and there is no methane un-
til the next time unit, then the pump is on before the next
time unit. The formalization of this property in FLTL is
G ((HighWater A —=Methane)Utick = —tick UPumpOn).

Model Generation. To generate an MTS that charac-
terizes the implementations that satisfy ¢1 — ¢3, we let ¢ =
¢1 A ¢2 A ¢3 and call generateMTS(¢) to generate M (o).
This model satisfies ¢, and therefore ¢ is consistent. Due to
the size of M(¢) (12 states, 92 transitions), we limit our dis-
cussion to the model M (¢1) (8 states, 38 transitions) shown
in Figure 8, while noting that the same reasoning applies to
M(¢). In Figure 8, a transition on notHigh is an abbrevia-
tion for a transition on either lowWater and med Water.

M (¢1) predominantly contains maybe behaviours due to
the nature of ¢1. In particular, ¢ states that if there is high
water and no methane when a tick event occurs, the pump
must be on. This does not lead to a required transition on
switchOn when there is high water and no methane, because
other events may happen before the occurrence of tick. For
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Figure 9: A refinement of M(¢) (dotted transitions are example maybe transitions refined to false).

example, after following the transition from state 0 to state
7 on highWater, the water is high and there is no methane,
but the tick event cannot occur until the pump is on (state
7 to state b on switchOn) or there is no longer high water
or methane appears (state 7 to state 0 on notHigh and state
7 to state 4 on methAppears), in which case the pump isn’t
required to be on. In other words, ¢1 does not require imme-
diacy in the sense that switchOn must be the next action to
occur. In addition, ¢; specifies sufficient conditions for the
pump to be on, but leaves open whether the pump should
also be on at low or medium water, which leads to maybe
transitions on switchOn (e.g., from state 0 to state 1). Fi-
nally, properties of the environment (e.g., “methane cannot
appear if it is already present”) are not in the scope of ¢1,
which leads to maybe self-loops (e.g., on methAppears).

Analysis. Having synthesized an unbiased operational mo-
del M(¢) for the pump controller from a set of declarative
system properties, it is possible to use this model to vali-
date the intended system behaviour using techniques that
require executable models, such as animation and simula-
tion. For instance, the SceneBeans animation toolkit [24]
could be used for enabling graphical animations of MTSs,
possibly using a visual convention to distinguish between
maybe and required behaviours. In addition, visualization of
the resulting MTS may provide feedback, particularly in the
case of small models, such as assurance that there has not
been an error while formulating the requirements in tempo-
ral logic. For larger models, visualization of an abstraction
of the MTS (using action hiding and minimization [23]), or
some conversion into a hierarchical representation, such as
Statecharts [8], may be adequate.

In addition, model-checking the synthesized model can
also provide useful feedback concerning the intended system
behaviour. For example, consider the property

01 = G(switchOn = HighWater),

which expresses that there should be high water whenever

the pump is switched on. This property evaluates to maybe
in M(¢1) due to the transition from 0 to 1 on switchOn,
and similarly evaluates to maybe in the full model M (¢).
This indicates that the properties leave open whether the
pump can be turned on at a low or medium water level. A
model-checker can return an explanation why the property
is not true, i.e. a possible trace that refutes ¢4. Under-
standing such traces can then be aided by the animation
and simulation techniques discussed above.

Formula ¢4 is not the only property that is left open by
M(¢). By Theorem 5, we know that M (¢) is the least re-
fined MTS that satisfies ¢, which means that it does not
bias the possible implementations for the pump controller
by, for instance, making arbitrary decisions on whether the
pump should or should not be turned off at medium water.

M () is less refined than models that have been previously
constructed from analogous properties by hand (e.g., [3])
and automatically (e.g., [20]), which indicates that hidden
assumptions were made at modelling or synthesis time in
both approaches. In [20], LTSs are used to model the mine
pump, and thus must pick one of the possible implementa-
tions for the initial set of requirements. The LTS synthe-
sized by that approach is a “greedy” implementation that
attempts to perform as much as possible without violating
any properties. In [3], MTS models are provided for the mine
pump that are intended to satisfy properties analogous to
¢1 — ¢3. However, the resulting model has a number of re-
quired transitions on water level and methane actions. They
are due to the implicit assumption that the pump controller
is required to never constrain the occurrence of actions con-
trolled by the environment, hence providing a required tran-
sition on every state for every water level and methane ac-
tion. While this is a common assumption, we believe that
the ability to introduce it explicitly (or not introduce it at
all) aids the synthesis process.

Below, we discuss how an MTS may be refined iteratively
to narrow down the number of acceptable implementations,
and eventually reaching one LTS. We exemplify this elabora-
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Figure 10: (a) An MTS describing the water level
environment; (b) An MTS describing the methane
environment.

tion by iteratively refining M (¢). To illustrate the fact that
M (¢) is unbiased, as opposed those in [3] and [20], we show
how to refine M(¢) into implementation that makes differ-
ent choices than those made in [20], yet satisfies property ¢.

Elaboration. As can be seen for M(¢1) in Figure 8, the
initial synthesized model can have many maybe transitions
due to the declarative nature of properties. Therefore, in ad-
dition to validating the synthesized MTS, support is needed
for iterative refinement, which removes maybe transitions,
narrowing down the acceptable implementations and leading
eventually to one LTS implementation.

MTS merging provides an elegant and automated way
of refining an existing partial model. Merging guarantees
(by Theorem 1 and the fact that it builds common refine-
ment [27]) that properties of both models being merged are
preserved in all implementations of the resulting MTS. Con-
sequently, if, for instance, by replaying the behaviour of an
MTS to users, a new property becomes apparent, that prop-
erty can be integrated with the existing MTS description of
the system by first synthesizing an MTS for the property
and then merging it with the rest of the system. Additional
information can also come in the form of a hand-crafted
MTS (or LTS) that can then be merged in.

For example, consider the model shown in Figure 9. To
obtain this model through successive refinements of M(¢),
first we synthesize an MTS for the conjunction of the fol-
lowing two properties, merging it with M (¢):

¢s = G(X switchOn = = PumpOn)
ol G (X switchOff = PumpOn) A —~switchOn,

which state that the pump can only be turned on if it is
already off (¢5), and the pump can only be turned off if it is
already on (¢6). These properties exploit FLTL to express
the relation between the occurrence of an event (recall that
the fluent switchOn, which should be interpreted as “the
event switchOn has just occurred”, is defined implicitly as
(switchOn, Act\ {switchOn})). This step does not refine all
maybe transitions on switchOn and switchOff to required
transitions because M (¢s A ¢s) contains self-loops on other
actions in the alphabet, but rather restricts the occurrence
of consecutive switchOn and switchOff events.

Second, we construct two models of the environment by
hand: one that contains assumptions on the water levels
(Figure 10(a)) and one that contains assumptions on the
methane (Figure 10(b)), with the goal to restrict implemen-
tations to those that make the above assumptions on their
environment. We then merge the models in Figure 10 with
M(ps N ¢p6) + M(¢) (the result of our previous step). Al-
though these models do not have the same alphabet, by
results in [3], a unique merge exists and the properties are
preserved by Theorem 1.

The resulting model in Figure 9 is a refinement of M ().
Note that in Figure 9, for illustration purposes, we depict

examples of transitions from M (¢) that were refined to false
using dotted lines. In particular, this refinement requires
that the pump is only switched on if it is already off and
only switched off if it is already on, removing unnecessary
maybe self-loops on switchOn and switchOff (e.g., in state
11 on switchOn). In addition, methane cannot appear if it
has already appeared and cannot leave if it has already left,
removing unnecessary maybe self-loops on methAppears and
methLeaves (e.g., in state 11 on methAppears). Finally, the
water level cannot move from low to high or from high to
low without going through medium, and cannot move from
the current level to the current level (e.g., low to low). This
removes transitions that skip over medium water (e.g., the
maybe transition from state 0 to state 2 on highWater), as
well as maybe self-loops on the water levels (e.g., in state 11
on med Water).

Additionally, scenario-driven approaches can be used as
an alternative way of pruning the possible implementations
described by an MTS. That is, positive and negative exam-
ples of system behaviour provided by a user could be used
to refine maybe transitions to true or false ones. For ex-
ample, refer to the model in Figure 9. Property ¢4, which
expresses that the water is only switched on when there is
high water, evaluates to maybe because of maybe transitions
from 0 to 7 and from 1 to 8 on switchOn. If the behaviours
expressed by this property are provided by scenarios, then
by using the animation and walk-through techniques dis-
cussed above, this transition can be refined to false. Such
refinements make the resulting model inconsistent with that
in [20], since the model in [20] requires that the pump can
be turned on at low and medium water.

An example of how such scenario-driven elaboration could
be done in an interactive and iterative fashion is as follows:
The MTS can be animated by a user starting at the initial
state and choosing which enabled transition to take. Taking
a transition leads to a new current state which puts forward
a new set of enabled transitions for the user to chose from.
Maybe transitions that are fired by the user can be converted
into required transitions, while a simple interface which dis-
tinguishes maybe from required transitions could allow a
user to indicate that certain maybe transitions should not
be available in the current state. Such an indication would
lead to refining the selected maybe transition to false. To
aid the user, a graphical animation of the MTS, depicting
the state of the system, could be displayed while the user
drives the understanding and refinement process.

Summary. In this section, we have shown how our syn-
thesis approach can be used to build an operational model
of the mine pump controller that satisfies all given prop-
erties without biasing the possible implementations of the
controller. In particular, the synthesized model does not
constrain implementations that satisfy the given properties.
We compared the synthesized model M (¢) to existing mod-
els for the mine pump controller [3, 20] and exemplified how
our model does not introduce implementation bias and can
be refined into one of the implementations that satisfies ¢.

6. DISCUSSION AND RELATED WORK

In this section, we discuss our results and decisions we
have made, comparing our approach with related work.

MTSs over Infinite Traces. In Linear Temporal Logic



(LTL) [25] and thus FLTL, formulae are evaluated over in-
finite traces. Consequently, checking satisfaction of an LTL
formula over an operational model that has states with no
outgoing transitions requires a work-around: either finite
traces are extended with (implicit or explicit) self-loops [11],
or LTL semantics is extended to enable explicit reasoning
about such traces [9]. When defining FLTL, we found that
giving it semantics w.r.t. finite traces lacks elegance and
loses the intuitive meaning behind many FLTL formulae.
Instead, we chose to restrict MTSs (and therefore LTSs) to
those that do not have finite traces altogether. This decision
not only produces an elegant formalism but also resolves an
expressiveness issue with MTSs, which we discuss below.

Consider an FLTL formula aVb, and note the implicit par-
tiality: it is not known whether a or b should occur, as long
as one (or both) do. The MTS A in Figure 1 is intended
to capture the implementations that satisfy this formula,
where transitions on a and b are modelled with maybe be-
haviour from the initial state. Unfortunately, there is no
way to specify that a transition on either label can be re-
fined to false in the implementation, as long as at least one
transition becomes true. Specifically, a possible refinement
of A is the empty LTS, i.e., a finite-trace model. Whether
we extend this trace to a self-loop or ignore the finite-trace
behaviour, this model does not preserve a V b. By consid-
ering just infinite-trace MTSs, we restrict the space of al-
lowable refinements, avoiding such “bad” implementations.
The infinite-state requirement ensures that a transition on
either a or b is required in the initial state of any implemen-
tation of A (e.g., model B in Figure 1).

3-valued FLTL and Model Synthesis. In Section 3,
we argued that our 3-valued FLTL has thorough semantics.
In contrast, conventional model-checking approaches imple-
ment compositional semantics — computing the value of the
formula from the values of its subformulas. Compositional
semantics is typically less precise than thorough: the maybe
value returned by the model-checkers may not correspond
to the existence of implementations in which the property
holds and those where it fails. However, for a logic with
just universal quantifiers, such as FLTL, compositional and
thorough semantics coincide [7], enabling Theorem 2.

The relation between MTSs and 3-valued modal p-calculus
logics [3, 12] has been studied, and these logics have been
shown to be a good fit for characterizing the notions of
refinement, observational refinement, merging and consis-
tency. We have chosen a less expressive logic, namely FLTL,
that is preserved by refinement but does not characterize
these notions. Our choice of a linear temporal logic is in
line with other requirements engineering approaches [6, 31,
13]. The motivation for choosing a fluent-based logic is
that it provides a uniform framework for specifying and
model-checking state-based temporal properties in event-
based transition systems [6]. The fluent definitions are there-
fore useful for automatic synthesis of event-based opera-
tional models from state-based declarative properties.

The 3-valued FLTL logic presented in this paper enables
specification and model-checking of both safety and liveness
properties. Therefore, while Section 4 restricts the synthesis
of MTSs to safety properties, implementations obtained via
refinement will preserve all properties (including liveness)
that the synthesized MTS may have.

Alphabet Extension. In this paper, we have so far ignored
the issue of alphabet extension, assuming instead that all
properties are defined over the same alphabet Act. In prac-
tice, fixing Act is not possible, as the process of elaboration
involves discovery of new relevant actions. Hence, elabo-
ration should support augmenting the universe of known
actions with new ones. The results we present in this paper
can be extended to deal with alphabet extensions, relying
mainly on the notion of observational refinement and prop-
erties of merge with respect to observational refinement [27,
3], as we explain below.

The synthesized MTS M(¢) is refined by any LTS that
satisfies ¢ and has the same alphabet as M(¢), by Theo-
rem 5. If L |= ¢ but L has a different alphabet than M (¢),
it is possible to restrict the alphabets of L and M (¢) by re-
placing actions that are not shared by both with silent ac-
tions (i.e., actions that are unobservable by the environment
of the system). In this case, L is an observational refine-
ment of M(¢), with the appropriate alphabet restrictions,
where observational refinement is effectively refinement that
ignores differences in silent transitions.

Merge can also serve as logical conjunction when consid-
ering models with different alphabets: If M (¢1) and M (p2)
are constructed using the alphabets defined by the fluents
contained in ¢1 and ¢z, then, if their LCR exists, merging
becomes the logical conjunction given that the alphabet of
the merged model is appropriately restricted. Thus, our ap-
proach naturally generalizes to implementations with aug-
mented alphabets.

Related Work. A number of approaches to building event-
based models from properties exist [18, 29, 26, 13, 21, 22].
For instance, [18] have developed a technique for automati-
cally translating a goal-oriented requirements model into a
tabular event-based specification in the form of SCR [10].
[29, 26] have developed Statechart [8] synthesis techniques
to support animation and validation of property-based spec-
ifications. In [13], Formal Tropos goal models are translated
into the event-based specification language Promela for ver-
ification using the SPIN tool [11]. All of these approaches,
as well as [21], build one of the many possible event-based
models that satisfy the given properties. An alternative ap-
proach, presented in [22], requires a set of properties to be
so strong as to allow a unique implementation.

Operational models have also been built from scenario
descriptions [28, 17]. These approaches benefit from sim-
ple, intuitive notations that are widely used and well-suited
for developing first approximations of the intended system
behaviour. The operational nature of scenarios and the
describe-by-example philosophy they embody are both an
advantage, in terms of ease of use and adoption, and a disad-
vantage, in terms of having a generative semantics in which
all behaviours must be explicitly described, and in terms of
the number of scenarios that may be required to describe
complex behaviours.

7. SUMMARY AND FUTURE WORK

In this paper, we have presented an automated technique
for constructing partial behavioural models in the form of
MTSs from safety properties expressed in FLTL. The result-
ing models do not introduce implementation bias, leaving
any behaviour neither required nor prohibited by require-
ments as behaviour that may or may not be part of a final



LTS implementation.

These MTS models can be refined

into a desired implementation using a number of elabora-
tion techniques.

In addition to the synthesis, the paper has presented a
3-valued version of FLTL which can be evaluated over par-

tial behaviour models such as MTSs.

A number of results

relating the logic, MTS synthesis, and MTS merge support
compositional model elaboration and consistency checking.
We have illustrated the use of our synthesis approach and
the utility of the formal results using a mine pump example.

Our long-term goal is to provide a sound engineering ap-
proach to the development of software systems via auto-
mated support for constructing and elaborating behavioural
models incrementally from scenario-based and declarative

behaviour specifications, starting with partial behaviour mod-

els and leading to behaviour models that fully describe the

required system behaviour.

We therefore plan to extend

our approach to accomodate scenario descriptions, both to
synthesize partial behaviour models and to support their
refinement.

Key to success of the approach presented in this paper is
to provide adequate support for model elaboration, from the
constructed highly partial model, into a desired implementa-
tion. To this end, we plan to further develop and implement
the methodology for model elaboration which combines vi-
sualization strategies, support for elicitation and application
of domain assumptions and requirements. We also intend to
conduct larger case studies that illustrate our model synthe-
sis and elaboration approach.
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