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Introduction. We recapitulate inference from membership and equivalence que-
ries, positive and negative samples. Regular languages cannot be learned from
one of those information sources only [IJ2J3]. Combinations of two sources al-
lowing regular (polynomial) inference are MQs and EQs [4], MQs and positive
data [5l6], positive and negative data [TI8]. We sketch a meta-algorithm fully
presented in [9] that generalizes over as many combinations of those sources as
possible. This includes a survey of pairings for which there are no well-studied
algorithms.

Definition 1. T = (S, E, 0bs) (S, E C X*) is an observation table if S is prefiz-
closed and obs(s,e) = 1 if se € L, 0 if se ¢ L, % if unknown. Let row(s) :=
{(e,0bs(s,e))le € E}. S is partitioned into RED and BLUE. We call r,s € S
obviously different (OD; r <> s) iff de € E with obs(r,e) # obs(s,e) and
obs(r,e),0bs(s,e) € {0,1}. T is closed iff -3s € BLUE : Vr € RED : 1 <> s.

Let r=p siff re € L < se € L for all v, s,e € X*. Let I, := |[{[so]r|s0o € X*}|.
Due to the Myhill-Nerode theorem there is a unique total state-minimal DFA
Ay with Iy, states and each state recognizing a different equivalence class.
From a closed and consistent (see [4]) table T = (S, E, obs) with ¢ € E we
derive a DFA Ay = (¥, Qr,qr, Fr,dr) with Qr = row(RED), ¢r = row(e),
Fr = {row(s)|s € RED, obs(s,e) = 1}, and o7 = {(row(s),a) — q|-(q¢ <>
row(sa)), s € RED, a € X, sa € S}. Ar has at most Iy, states (see [4], Th. 1).

Definition 2. A finite X C L is representative for L with min. DFA A = (¥, Q,
q0, F,0) iff V(q1,a) — g €d:a€ X =Jwe X :Ju,v e X*:w=uavA (q,u)
—q €0ANMge F:Twe X : (q,w) — q €. A finite X C X*\ L is separative
WY #g e @ :Fwe X : Fu,ve X*: w=uA[d(qr,u) =q V(qr,u) = 2] A
Hq1,v) = qa, (2,0) = @y €6 : [(qa € FAGy € (Q\F)) V(s € F'AGa € (Q\F))].

All learning algorithms we consider can be seen to start out with a provisional
set of classes and converge to the partition by =y by splitting or merging them
according to obtained information. In a table S contains strings whose rows are
candidates for states in the minimal DFA, and F experiments (‘contexts’) proving
that two strings belong to distinct classes and represent different states.

Algorithm GENMODEL. The input is a tuple IP = (EQ, MQ, X1, X_) with
Boolean values stating if EQs or MQs can be asked, a positive, and a negative
finite sample of L. After initializing T" we enter a loop checking if T is closed and,
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if it is, if we can still find states that should be split up, until there is no more
information to process. The algorithm is composed of the following procedures:

INIT initializes the oracle (MQORACLE returns a blackbox for L if MQ =1
and otherwise the prefix automaton for X, as an imperfect oracle improved
during the process) and T'. The set RED contains candidates that were fixed to
represent a state in the output, and is initialized by e (start state), and BLUE
contains candidates representing states to which there is a transition from one
of the states in RED. WHITE is the set of remaining candidates from which BLUE
is filled up. The set of (initial) candidates is given by POOL: If X, # () POOL
returns Pref (X, ), otherwise all strings up to length 2. If X_ # QA MQ =1
POOL builds X from X_: Let n_ := |Suff (X_)|. In a worst case, every suffix
in a separative X_ distinguishes a different of the (IZ — I,)/2 pairs of states.
From n_ < (I? — I,)/2 we compute an upper bound for I, and take all strings
up to that length as X as the longest shortest representative of a state in Ap
is at most of length Ij,. Note that | X | can be exponential with respect to |X_|.
We also have UPDATE which clears the elements that were moved to BLUE out
of WHITE and fills in the cells of T" if we have a perfect membership oracle which
for M@Q) = 1 is true at any time and for M@ = 0 when we have processed all
available information, provided that it was sufficient. For the cases with empty
samples but M@ = 1 we fill up WHITE with all one-symbol extensions of BLUE.

CLOSURE is straightforward, it successively finds all elements preventing the
closedness of T', moves them to RED, and calls UPDATE to fill up the table.

NEXTDIST calls FINDNEXT to look for a candidate to be fixed as another
state of the output. Then T is modified by MAKEOD such that CLOSURE will
move this string to RED. If no such candidate is found FINDNEXT returns (¢, )
(this can be seen as a test for the termination criterion). In that case WHITE is
emptied if we use queries only, for all other cases the remaining candidates are
moved to BLUE in order not to lose the information contained in the pool.

If MQ = 1 FINDNEXT exploits a counterexample. EQ = 1: ¢ is given
by the oracle. Else if X # (0 the learner tries to build ¢ from To = (S U
WHITE, E U Suff (X4 ), 0bs). This succeeds if X is representative (see [9]). At
least one prefix of ¢ must be a distinct state of the output, but as it may not
be in BLUE MINIMIZE is called to replace the BLUE prefix of ¢ until it finds
s'e’ with s’ € BLUE and €’ distinguishes s’ from all RED elements: FINDNEXT
returns (s’e’). If MQ = 0 we continue merging states unless there is information
preventing it. After the call of MERGENEXT either all BLUE strings correspond
to states resulting from a merge or there is s which is a non-mergeable state.
FINDNEXT returns (s, e) as s should be a distinct state of the solution. In cases
not covered by these distinctions we cannot reliably find another candidate to
move and return (e, ).

MAKEOD is called if FINDNEXT returns (s,e) with s # ¢, i.e., s is to be
moved to RED by CLOSURE. If M@ = 1 there is a single » € RED not OD from
s (RED elements are pairwise OD, and rows of S are complete), and e separates
s from r, so add e to E. If MQ = 0 row(s) consists of ‘*’s — we have to make s
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OD from all r € RED “by hand”: Find ¢ € X_ preventing the merge of ¢, and g;
via PREVENTMERGE and a suffix e, of ¢ leading from ¢, or ¢, to a final state
(X_ # 0 as FINDNEXT returns {(g,¢) for MQ = 0 otherwise). As ¢ should not
be accepted e, separates s from r. Add e, to F and fill the two cells of T with
differing values — note that they do not have to be correct as they are used only
once by CLOSURE, and T will be updated completely just before termination.

GENMODEL is intended as a generalization of algorithms for settings where
polynomial one-shot inference is possible, which also implies that it is determinis-
tic and does not guess/backtrack. However, note that it behaves in an “intuitively
appropriate” way when (polynomial) inference is not possible as well.

We call an information source non-void for queries if MQ = 1/EQ = 1, for a
positive sample if it is representative, and for a negative sample if it is separative.

Theorem 1. a. Let L be the reqular target language. GENMODEL terminates
for any input after at most 21, — 1 main loop executions and returns a DFA.

b. For any input including at least two non-void information sources except for
(1,0, X4+, X_) with X4 or X_ wvoid the output is a minimal DFA for L.

See [9] for the proof. Note that Theorem [Ib can also be seen from the proofs of
the algorithms in [4l68]. We comment on the following three cases because to
our knowledge there are no such well-studied algorithms for these settings.
(0,1,0,X_): As (0,1, X4, 0). We build a positive sample from X_ (see above)
which however may be exponential in size with respect to |X_| so that the
number of MQs is not polynomial with respect to the size of the given data.
(1,0, X4, 0): Suppose we wanted to handle this case analogously: We would
have to test state mergeability in O via EQs. For X, representative a positive
counterexample reveals the existence of states that should be merged, a negative
one of states that should not have been. When we query the result of a merge
(even without repairing non-determinism by further merges) and get a positive
counterexample we could either repeat the EQ and wait for a negative one but the
number of positive ones may be infinite. Or we could query the next merge but
when (if) we eventually get a negative one we do not know which of the previous
merges was illegitimate. So this strategy is no less complex than ignoring all
counterexamples and asking an EQ for the result of every possible set of merges,
of which there are exponentially many. Therefore, since we cannot proceed as in
the cases where inference is possible with a polynomial number of steps or queries
this case is eclipsed from GENMODEL by the corresponding case distinctions.
(1,0,0, X_): If X_ is separative negative counterexamples do not carry new
information, and the number of negative counterexamples may be infinite. The
set of positive counterexamples so far may not be representative so that we
cannot reliably detect an illegitimate merge as there may be final states that
are not even represented in the current O such that a compatibility check is too
weak. If we make the merge we might have to undo it because of another positive
counterexample, a situation we want to avoid. Hence we eclipse this case as well.

Note: For input with more than two non-empty sources the algorithm chooses
one of the two-source options with priority MQs&EQs > MQ&X 1 > X &X_.
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Conclusion. We have aimed to design GENMODEL as modular as possible as
an inventory of the essential procedures in existing and conceivable polynomial
one-shot regular inference algorithms of the considered kind. This may help to
give clearer explanations for the interchangeability of information sources. Prac-
tically, an extended GENMODEL (see below) could be used as a template from
which individual algorithms for hitherto unstudied scenarios can be instantiated.
We have chosen observation tables as an abstract and flexible means to perform
and document the process, from which various descriptions can be derived.
GENMODEL offers itself to be extended in several directions. We could try
to generalize over the type of objects, such as trees (see [TOJ6ITTIT2]), graphs,
matrices, or infinite strings. Then there are other kinds of information sources
which might be integratable, such as correction queries [I3], active exploration
[14], or distinguishing functions [I5]. The third direction concerns an extension
of the learned language class beyond regularity (for example by using strategies
as in [I6] for even linear languages, or [I7] for languages recognized by DFA
with infinite transition graphs) and even beyond context-freeness [T6JI8]. The
development of GENMODEL may be of use in the concretization of an even
more general model of learning in the sense of polynomial one-shot inference as
considered here — also see the very interesting current work of Clark [19].
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