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—— Abstract
In recent work, we introduced a framework for proving completeness of test suites at the abstract level
of automata in monoidal closed categories, and provided a generalisation of a classical conformance
testing technique, the W-method. As a continuation of this line of work, we present a generalisation
of this result for proving completeness of test suites for automata whose transition structure is
described by an arbitrary endofunctor satisfying certain conditions.
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1 Learning and testing

Active automata learning [11, 12, 19] is the process of inferring an automaton model by
interacting with a system (the system under learning, SUL). A popular setting for approaching
this problem is Angluin’s minimally adequate teacher (MAT) framework [1], in which the
learner can pose two types of queries to the teacher. One of them is called the equivalence
query, which is used to evaluate whether a learned model — the hypothesis — is correct.

In the case when the SUL is a black-box — a scenario that arises often in practice —, the
equivalence query can only be implemented through testing. In this context, the known
hypothesis is called the specification, the black-box SUL is called the implementation, and
the problem of checking equivalence is called conformance testing [5].

Although testing can never be exhaustive [16], under certain assumptions on the imple-
mentation, it is possible to construct so called complete test suites that guarantee equivalence.

2 The W-method for automata in categories

In order to obtain good implementations of active automata learning algorithms, we need an
efficient way to generate complete test suites from the specification. The W-method [6, 21]
is a classical construction of such a test suite for deterministic finite automata [17]. The
method asks for two sets of words, called a state cover and a characterisation set, satisfying
certain properties. The possible concatenations of the words in these sets form the test suite.

Recently, in joint work with Rot [13], the author provided a categorical framework for
proving completeness of test suites, along with a generalisation of the W-method. We
considered deterministic automata in monoidal closed categories [10], whose transition
structure is given by a map of type Q ® ¥ — @Q, where @ is the state space and X is the
input alphabet.

This framework is adequate for deriving complete test suites for various kinds of automata
including weighted automata [4, 9] and deterministic nominal automata [3], as was done
in [13]. However, it does not apply to automata with more sophisticated transition structures
such as sorted automata [18] or tree automata [7].
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3 Generalisation

Building on [13], we provide a more general framework for proving completeness of test suites
that encompasses the automata classes mentioned above. We work in a monoidal closed
category C with binary coproducts, equipped with an endofunctor F': C — C. We assume
that the forgetful functor Alg(F) — C has a left adjoint, giving rise to a free F-algebra monad
(T, n, ). (Such a functor F has been called an input process [2] and a varietor [20] in the
literature.) Finally, we assume that 7' is a strong monad, and we fix an output object O.

These assumptions are satisfied, for instance, when F' is a strong endofunctor that
preserves filtered colimits. In particular, the latter condition holds of any left-adjoint functor
and of polynomial endofunctors. Thus, the framework applies to all adjoint automata [18]
and to tree automata [7]. To the best of the author’s knowledge, this provides the first
account of complete test suites for tree automata. It is left to future work to investigate
these applications.

In the remainder of this section, we provide some technical details. Let us denote the
tensor product of C by —® —, its tensor unit by I, and its internal hom by [—, —]. We denote
the F-algebra structure of TX by vx: FTX — TX.

We think of TT as the object of inputs for automata, and of [T'I, O] as the object of
behaviours. The object T'I carries a monoid structure (7, m), where ny: I — T1 is the
‘empty’ input, and m: TI ® TT — T is a generalised concatenation operation.

An automaton A is given by an F-algebra (Q,d) together with an input morphism
i: I — @ and an output morphism f: @ — O. Using the freeness of T'I, the morphism 7 can
be extended to a morphism r4: TI — @, called the reachability map of A [2]. The behaviour

of A [10] is then defined as the morphism B4 = TT ™2 Q 1 0. The identity idg extends
to a map 6*: TQ — @ called the run map of A [2]. Finally, we define the observability map
04 of A [2] as the adjunct of the composite Q @ TT — T(Q ® I) =N TQ s, Q Lo,

State covers and characterisation sets are generalised as follows. Call a morphism
c: C — T1 a weak state cover for A if there exists a map dc: FC — C such that r4ocodc =
rqo~ro Fe,and call w: W — T1T a characterisation morphism for A if [w,id] o 0.4 is monic.

Before we state our main theorem, we introduce two operations on morphisms. For
a: A — TI and b: B — TI, let a™ and a - b be defined as [a,7; o Fla] and m o (a ® b),
respectively.

» Theorem. Let S and M be two automata. Suppose c: C — T1 is a weak state cover for
M and w: W — T1 is a characterisation morphism for S such that n; factors through both

+

cand w. Lett =c™ -w. Then Bsot = By ot implies Bs = Bag.

Intuitively, the theorem states that in order to check the equivalence of two automata, it
is sufficient to check that their behaviour agrees for all inputs in the test suite . The test
suite ¢ is represented as a morphism into 77, and is thought of as a set of test inputs. The
statement of the theorem is similar to [13, Theorem 4.9]. A difference is that we do not
explicitly assume minimality of the specification since that is implied by the above definition
of characterisation morphisms, which is stronger than the original one in [13].

4  Future work

Our general theorem is a starting point for the development of complete test suites with
categorical tools. To put our framework to use, it would be beneficial to develop algorithms
for computing state covers and characterisation sets. Another direction for future research is
to generalise more refined test methods based on the W-method (see [8, 14, 15]).
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