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I. INTRODUCTION

The grammatical inference problem has been
studied by a number of individuals [1,3,5,6,7,11,13,
14,15,16,18,19] as a model for theory formation or
inductive behavior. Briefly stated, the problem is
to find the grammar for a formal language L from
observations of a finite number of strings in L and
perhaps a finite number of strings not in L. A
number of decidability results, definitions of
learnability, and grammatical complexity measures
have developed from this work, and a summary of some
of these results appears in the survey paper by
Biermann and Feldman [3]. However, because of the
difficulty of the problem very few practical methods
for actually doing grammatical inference have been
forthcoming even for the simplest classes of grammars.
Enumerative methods have been tried but the amount of
computation involved is astronomical. This paper gives
two practical solutions to the inference problem for
finite-state languages, one straightforward method
which follows directly from well known finite-state
machine theory and one far more efficient technique
which has been devised specifically for this
application.

For convenience, we will be inferring finite-
state acceptors in this paper rather than finite-
state grammars. The theoretical difference between
the two is for our purposes negligible. The model
considered is for an interactive learning situation
where the inference system has the ability to
question its enviromment concerning the memberships
of certain strings in the unknown language. Thus the
problem in designing such a system involves finding a
good question generating mechanism as well as a good
synthesis or induction method, and a major measure of
efficiency will be the number of questions asked be-
fore a correct answer is found. A system can be de-
vised which simgly asks all questions of length 2n-2
or less, 2%‘ i questions, and then uses a standard
i=0
finite-state machine synthesis technique [8,15] to
produce the answer. We are assuming that the unknown
language has a minimal acceptor with n states which
are k-distinguishable (as defined below) and that the
alphabet has m symbols. Such a system can be
improved to the point where it asks far fewer quest-

ions, specifically ; ol + nmk+1 questions, as

i=0
shown below, but even this proves to be many more

m

questions than necessary. We will argue that a
correct inference should require only about

log, (n™™20) questions and will present an algorithm
which attempts to approach this bound.

The algorithms given here have the properties that
they can efficiently discover the acceptor for any
finite-state language and we can compute approximately
the number of questions which will be asked in the
process. Other algorithms have been given by Feldman,
et.al. [7], Miller [14], Pao [16], and others but none
can make these two claims. The first two references
used heuristic techniques which are not known to be
capable of learning all finite-state languages, and
none of the papers gave general estimates of how many
questions will be asked. There are a number of papers
on interactive sequential machine synthesis [9,12,17]
but the model differs from the one discussed here in
that sequences of input-output pairs are given. 1In
their model, much information is available about the
states passed through during the computation whereas
in the acceptor synthesis problem, no such information
is known.

Finally, we will discuss the finite-state language
learning capabilities of human beings and compare
their performance with that of the algorithms pre-
sented here.

II. COVER-TREES

A finite-state acceptor A is a five-tuple [Q, Z,
f, q , F] where Q is a finite nonempty set of states,
£ i8 a finite nonempty set of input symbols, £ is
the transition function which maps a subset of Q x Z
—»Q, q €Q is the initial state, and F c Q is the
set of°final states.

The function f is extended to map a subset of
Q x ¥ 5 Q by the recursive definition £(q,A) = q
where A is the string of length zero and q € Q,
and f(q,wa) = f[f(q,w),a] where w € Z* and a € Z.
We will consider in this paper only acceptors with
the property that for each qie Q there exists a
w € ¥ such that £(q ,w) = 4.

The language L(A) of the finite state acceptor A
is

L(A) = {w € ¥ l f(w,qo) € F}.

We will be interested in constructing finite trees
with labeled nodes and directed branches. Each node
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will be given the name of a state beginning with the
root node labeled q . A directed branch from a node
labeled q, to a node labeled q. will be constructed
and labeled a if f(qi,a) 2 q.% To expand a node
labeled q, will be to construct, for each input symbol
a such thit f(qi,a) is defined, a node labeled q.
(where f(qi,a) = qj) and a branch to the new node

labeled a.

A cover-tree for a finite-state acceptor is
constructed with qo as its initial node as follows:

Algorithm 1. Cover-tree constructor.

Construct the initial node and expand it.
Consider each node created in step i-1
and expand it unless another node with
the same label has already been expanded
either in the current step or a previous
step. Ifany nodes were expanded in this
step, go to step itl.

Step O.
Step 1i.

It is clear that the algorithm for cover-tree
construction terminates in a finite amount of time
since for each state q, there is at most one expanded
node. In fact, for each state there is exactly one
expanded node. This can be seen by assuming the
contrary that there is a state q, which corresponds to
none of the nodes expanded in the cover tree. Assume
that of the states that are not expanded in the cover
tree, q; is the one with the shortest possible w € &
such that f(qo,w) =q,. Let w=ua, a € Z., Then
f(qo,u) = qy is expanded in the cover tree. But this
implies that q, was expanded in some step i show-
ing that q, was expanded in step i+l. This contra-

diction completes the proof.

Since every state of A appears in a cover tree
(for A) expanded with all of its successors, it
follows that the state set Q, the initial state q,
the alphabet Z, and the function f for A can
all be constructed from its cover-tree. An example
of an acceptor and its cover-tree appear in Figure 1.

initial state

Figure 1. An acceptor and its cover tree.

The states of acceptor A will be said to be
k-distinguishable if for each pair of distinct states
4; and 93 in Q there exists a w € Zx with length
(w) < k such that exactly one of £(q;,w) and f(qj,w) is
in F. (We will consider minimal finite-state acceptors
only here (8).)

The k-tail of z € Z¥ with respect to set of strings
S from Z* is defined to be g(z,S,k) = {we Z* | zw € S,
length (w) < kJ.

Consider some particular cover tree for acceptor
A. Let T, be the set of strings (of length zero or

more) representing paths on the tree which begin at the
root node. A characteristic set CA for A 1is defined

as
c, = U x'g(x,L(A),k)

X€TA

where k 1is the smallest integer such that the states
of A are k-distinguishable.

Referring to the cover-tree of Figure 1, we find
Ty = {A,A,B,AA,AB,ABA,ABB} and its associated char-

acteristic set is {AB,ABA,ABAA,BB}. The reader may
also construct a second cover-tree for the example

problem and its corresponding characteristic set
{AB,BB,BBA,BBAA} .

If we are given a characteristic set for an
acceptor A with k-distinguishable states, we can
easlly construct the corresponding cover-tree using
the approach of Algorithm 1. The only problem in
constructing the cover-tree is in naming and expanding

the nodes when CA is given rather than A. 1In the

current situation, we will name the states of the
machine and their corresponding nodes with the function
g(w,CA,k) where, for each node, w 1is the string repre-

senting the path from the root node to itself. Since
g(w,CA,k) completely characterizes the state q=f(q°,w)

out to its distinguishability length k, it is a reason-
able name for that state. Thus, to expand the node
g(w,CA,k), we construct for each ac€X a new node

g(wa,CA,k) and a branch to it labeled a.

If the same node label is created more than once
by some step i in the algorithm, we must be sure to
expand the right node when processing step i+l. The
right node is the node which was expanded when the
characteristic set was created and it is easily
recognized because it will be the only node j among
the several identical nodes g(w,C ,k), g(w,,C,,k),
...,g(we,CA,k) with the property that w,zebA or

some z, length (z) > k. If none of the identical nodes
have this property, any one can be chosen as the right
node.

We can thus find the cover-tree for A with k-
distinguishable states from its characteristic set
CA by making the mentioned modifications in Algorithm

1. The nodes are labeled with the new state names
g(w,CApk) and the concept of node expansion is
appropriately modified. Furthermore, only right nodes
as defined above are expanded when two or more nodes in
the same step have identical labels.

As an example, the cover-tree of Figure 1 can be
constructed from its corresponding characteristic set
{AB,ABA,ABAA,BB] as shown in Figure 2.
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Step O.
Construct the initial node and expand it.
Initial node = g(A,CA,l) = ¢ (the empty set)
First successor = g(A,CA,l) = {B}
Second successor = g(B,CA,l) = {B}

{8} {8}

Step 1.

Here we have two nodes from the previous level
with identical labels. Choose the right node,
g(A,CA,l), and expand.

g(AA,CA,l) =0 2

g(4B,C,,1) = {N,A}

{n,4}

Step 2.

We do not expand the node ? from the previous
step because a node with the same label was expanded
in step 0. Expanding the node {A,A}:

g(ABA,C,,1) = {A,A] 4

g(aBB,C,,1) = @

{n A}

Figure 2. Synthesizing a cover-tree from its
characteristic set.

In order to construct an acceptor from its
characteristic set, we first construct the correspond-
ing cover-tree and then synthesize the components
Q,%,f,9 , and F.

Q= {g(w,CA,k)|w begins at the root node and ends
on another node of the cover-tree.}

Z is the observed alphabet in CA

f(g(w,CA,k),a)=g(wa,CA,k) where g(w,CA,k) is an
expanded node on the cover-tree.

q,= &8(A,C,, k)

F={q e Q | A€ q}
Figure 3 shows the result of this procedure for the
cover-tree of Figure 2.

Therefore an acceptor can be constructed if its
characteristic set is known. We can thus design an
interactive finite~state language learner if we can
design a question asking routine which can construct

Figure 3. The synthesized acceptor.

the characteristic set. This approach yields Algorithm
2 given below which builds a characteristic set as it
proceeds by interrogating its environment. The
algorithm assumes that the input alphabet and the
distinguishability length k are known initially. We
will consider ways of removing these requirements in
the following section.

Before giving Algorithm 2, it is helpful to de-
fine a question asking function U(x,L,i) where
x € £¥ L is the tnknown finite-state language, and
i is a nonnegative integer. If the algorithm is to
interrogate the enviromment to determine which strings
Xy € Z*¥ with length (y) = i are in L, it employs the
function U(x,L,i).

U(x,L,i) = {xy € L | length (y) = i}

Note that if Z contains m symbols, invoking U(x,L,i)
implies the asking of exactly ml questions.

Algorithm 2, Finite-State Language Learner,

Construct a set variable S which initially
equals the empty set.

Step 0. S ~ U U(A,L,i). Construct the initial

i=0,l,2...,
node g(A,S,k) = S.
Compute S « S U U(A,L,k+1) and expand the initial
node g(A,S,k) using the set S,

Step i. Consider each node g(w,S,k) created in
step i-1 which has the property that no other node
with the same label has been previously expanded
in the current step or a previous step. Compute
S« 5SU U(w,L,k+l) and then expand g(w,S,k).

If any nodes were expanded in this step, go to
step i+l.

Final step., Construct the acceptor from the
synthesized cover-tree.

This algorithm can be illustrated using the
example discussed above. Initially it is known that
L = {A,B} and k=l.
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Step Nodes Expanded, Nodes Created
Questions/Answers
0
A,A,B/no,no,no o
0 (A,8,k)=0
AA,AB,BA,BB/no,yes,no,yes {B},{B}
1 g(A,S,k)={B}
AAA,AAB,ABA,ABB/no,no,yes, @,{A,A}
no
2 g(AB,S,k)={A,A}
ABAA,ABAB,ABBA ,ABBB/
yes, no,no,no {n,A},0

Figure 4. Algorithm 2 applied to the example.
Clearly the cover-tree is identical to that in Figure
2 and so the acceptor of Figure 3 results.

One interesting point should be made abouﬁ
Algorithm 2; it always asks exactly N(n,m,k)=Z m1+nmk+1

questions where n 1is the number of i=o
states, m 1is the size of the input alphabet, and k
is the smallest integer such that the states are k-
distinguishable. The algorithm must construct the
initial node/ k and expand exactly one
Z m~ questions

o K+l
node for each of the n states (m questions per
expansion). Unfortunately, this is far too many
questions considering the complexity of the problem
being solved. There are less than nm02n different
n-state acceptors and we can get approximately
one bit of information from each question asked.
Therefore, we should not expect an efficient algorithm
to ask too many more than 1°g2(nmn2n) questions. The
sample figures given in Figure 5 show that Algorithm
2 ig far from being an optimum performer if n is
very large.

Approximate number of

Number of questions questions asked by an

Number of asked by Algorithm 2 efficient learner.
states n N(n,m,k) 10g2(nm“2n)

2 5 6

3 15 13

b 39 20

5 9% 29

6 225 37

Figure 5.
Number of questions asked assuming k=n-2 and m=2,

III. A FINITE-STATE LANGUAGE LEARNER

In the previous section, a state q was character-
ized by the set g(w,L,k) where f(q ,w) = q. This
requires that all k of strlngs wx (length (x)

S o

i=0
< k) be classified concerning their memberships in L
before q can be characterized. But it is important
to remember that the only fundamental question which

needs to be answered in Algorithm 2 is whether the
states f(qo,wl) and f(qo,wg) are identical or
different. This can often be determined after asking
far fewer than k

Z m~ questions.

i=0

As an illustration, suppose the strings wlAB,
wlBB,weBB are known to be in language L, and it is
desired to know whether the states f£(q ,w,) and
o’"'1

Algorithm 2 above would have
asked the questions (assuming k = 2) WaWy A,w B,

wlAA,wlﬁA, 5 Wk, W, B,v, AA,w AB, and w, BA, and would

have consequently completely resolved the problem.
(Construct g(wl,L 2) and g(w,,L,2) and compare them.)
The approach of this section will be to ask all of the
questions in the set v, ‘[g(w,,L,2) g(w2 L,2)] and all
the questiong in the set Wyt g(w2,L 2) g(wl,L 2)].

If the two states appear to be the same after these
questions, they are assumed to be the same for the
time being, and if they are proven to be different,
the problem is resolved and the questioning is term-
inated. In this example, w, -[g(wl,L,2)-g(w2,L,2)] =
o ({aB,BB}- {BB}) = {wpAR} and the other set yields
no questions at all. So we ask only the question w,AB
and classify f(qo,wl) and f(qo,we) as identical or
different depending on whether w,AB is in or not in
L. Whereas Algorithm 2 asked eleven questions,
our current approach is to ask only onre.

f(qo,we) are identical.

W,

This method has the pitfall that it will sometimes
classify states as being identical when they are not.
It, however, never classifies states different when
they are, in fact, the same. The consequence is
that constructed machines during the learning process
never have more states than the final solution machine.
After a machine is constructed using this imprecise
state classification scheme, it is tested to check
whether it accepts all of the strings known to be in
L and none of the strings known to be not in L. If
it passes both tests, it is assumed to be correct, and
if it fails, more questions are asked to fill in gaps
in information.

Algorithm 3 will begin assuming that a scattering
of strings from L are available. If none are, a few
random questions can be asked until such a collection
is obtained.

Algorithm 3 will, therefore, function as follows:
Set k = 0 and do a construction much like Algorithm 2
but with minimum question asking as illustrated above.
1f the resulting machine is compatible (A is compat=-
ible with the set of known strings if it accepts all
strings known to be in L and none of the strings known
to be not in L.) with all known strings in and not in
L, stop. Otherwise, ask more questions to try to dis-
cover wrangly identified states, and. when an addition-
al string in L is found, enter Algorithm 2 again with
minimum question asking. Repeat this loop until
either a solution is found or until a complete char-
acteristic set is constructed for the current value of
k. If the resulting machine is still not correct,
check whether any transitions to empty states have
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been omitted. (A peculiarity of the above construct-
ion is that under certainr conditions it omits such
transitions.) If repair of all such omissions still
does not produce a compatible acceptor, increment k
and begin again.

Because of the increased complexity of this
method, additional notation must be introduced. The
inputs to Algorithm 3 will be a scattering of strings
(at least one) from the unknown language and perhaps
some samples of strings not in the language. These
two sets, the first of which is nonempty, will be
denoted S and B, respectively. The cover-tree
which is constructed will be stored as a set R of
pairs (x,1) where x € IZ* and 1 is an integer, the
name assigned to the state f(qo,x). Thus the cover
tree of Figure 1 would be stored as {(A,1), (A,2),
(AA,1), (AB,3), (ABA,3), (ABB,1), (B,2)}. If a nodeis
labeled i and another node labeled ,i has been
previously expanded, the string x associated with
this node is stored in T. Thus T 1is the set of
strings x whose associated nodes are not to be
expanded. Again referring to Figure 1, the strings
AA, ABA, ABB, and B would be included in T by the
time the algorithm terminated. V will denote a set
of strings from which the questions to be asked will
be taken.

Consider all the prefixes x of strings in S.
(x is a prefix of z if there is a y € I* such
that xy = z.) Order them according to length, short-
est to longest, and then alphabetize the strings of
equal length with respect to each other. (Example:
A,A,B,AA,AB,BA,BB,-=-) p(i,8) will be defined to be
the ith string in such an ordering of prefixes of S.

The dot operation <+ denotes concatenation so
that x*Y = {xy|y € Y} where x € % and Y is a
set of strings y € ¥ . Also =% = {x € £¥ length
(x) < i}

If a new string x in L is found during the
interrogation process, the cover-tree constructed up
to the current point is invalid, and the algorithm
must backtrack to the point where x would affect the
computation. This backtracking is implemented by the
function reset which is defined using an ALGOL-like
format.

procedure reset;

begin

t - max {1|p(i,8) = p(i,5u{x})};

t « max Ei,OI length(p(i,5))<length(p(t,s))-k}

T T - {p(1,8)|i >t};

R «R - {(y,1) € R|p(j,S) =y implies j > t};
S - S u {x};

end;

The function question (V) chooses by some criterion a
string from the set V and calls it the string x. The
environment is interrogated concerning whether x € L
or x ¢ L, and question returns the value true or false,
respectively. If x ¢ L, then B~ B U {x}.

1f f£(q_,x) is being identified as a new state,
it is given a new name, and if it is being assumed to
be identical to some other node f(qo,y), it is given

the same name. These two actions are performed by the

functions newname and samename as defined here.

procedure newname (x);
begin

R « R U {x,nextname};
nextname . nextname + 1;
end;

procedure samename (x,y);

begin

T -TU {x};

R~ R U {(x,])} where (y,j) € R;
end;

The function compatible will check whether the
acceptor A(R,S) constructed from the cover-tree
represented by R accepts all of the strings in §
and none of the strings in B. If so, compatible (A(R,
S),S,B) returns value true; otherwise, it returns
false. We will assume that R is an ordered set so
that we can speak of its i th element R,. The i th
element is a pair (x,j) whose first and second elements
will be referred to as car(R.) and cadr(R.), respective-
ly. The function number(S) gives the numbér of
elements in the set S.

These definitions make it possible to specify
Algorithm 3 very precisely using the ALGOL-like form.
The inputs are the initial sets S and B, and the
output after sufficient environment interrogation is
an acceptor A which is compatible with the irnitial
S and B and all answers to subsequent questions.

Algorithm 3%,
»

Apply Algorithm 2 with minimum question asking.

Improved Finite-State Language Learner

Comment :

(k « 0}

beginning T ~ @;

R - {(A,1)};

Ve293;

nextname « 2;

r « number {yly = p(i,S),i=integer};

t 23
go to start;
backtrack:
start:
for i « t step 1 until r do

begin

if p(i,S) = yz such that y€T then go to

incrementi;

reset;

for j « 1 step 1 until i-1 do

begin

Vep(3,8)-lelp(i,8),8,k)-g((],8),
3 >

if V= ¢ then go to continue;

Ve~V - B;

if V = ¢ then go to incrementj;

yes « question (V);

if yes then go to backtrack;

go to incrementj;

continue:

V- P(i’s)'[g(P(J’S) »S ak)_g(p(ias))
s,k)1s

if V=0 then go to equal;

V ~ V=-B;

if v=0 then go to incrementj;
yes « question (V);
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if yes then go to backtrack;
incrementj: end;

newname (p(i,S));
go to incrementi;
equal: samename (p(i,S),p(j,S));
incrementi: end;

Comment: Check compatibility.

|

If compatible (A(R,S),S,B) then halt (yielding
result A(R,S));

Comment: Generate additional questions.

III

(¢ ~ number (R);

V «~ 0
for i « 1 step 1 until ¢ do
begin
x ~ car (R );
if x=yz such that y€T then go to proceed;
Ve VU xe(Ztlog(x,5,k+1));
proceed: end;

VeV - B;

nextquestion: 1f V=0 then go to finalcheck;
yes ~ question (V);

if yes then go to backtrack;

VeV -{x};

go to nextquestion;

Comment: Add omitted transitions into empty states.

v

language Lo

P

finalcheck:
for i « 1 step 1 until c do
begin
x ~ car (R,)
if x=yz such that yeT then go to nextl;
if g(x,S,k)=% then
begin
j ~cadr (R,)
go to emptyState;
end;
nextl; end;

k ~ k+1;
go to beginning;
emptystate:
for 1 « 1 step 1 until ¢ do

begin

x ~ car (R,)

if x=yz su%h that y€T then go to next2;

for each a€Z do

if (xa,h) ¢ R for all h then
R =R U {(xa,i)};

next2: end;
if compatible (A(R,S),S,B) then halt (yielding
result A(R,S));

k -k +1
go to beginning;

Let A be the minimal acceptor for the unknown

with S and B. If k is too small, the algorithm

will either yield a wrong answer (which is not A but

is compatible with S and B) or it will increment®k.
If k equals the smallest integer k_such that the

states of A are ko-distinguishablg, the algorithm will

halt in a finite time with either the right answer
Ao or a wrong answer, and it will not increment k.

This algorithm keeps building cover-trees
until it finds one which yields an acceptor compatible

the case where the algorithm halts with a wrong
answer A,, one or more additional samples from L (ox

its comp

ement) which were wrongly classified by A

can be added to S (or B), and the algorithm can be
restarted with the assurance that the next acceptor
produced will not err on the newly presented strings.
In practice, this process always converges relatively
quickly to the correct answer Ab'

Program
Segment

1I
II1

II
II1

II
III
v

II
III
v

II
III
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(S

R,
Questions,Answers
begin
(n,1)

(n,1),(A,1)

A(R,S) not compatible
A?  yes

reset

(ns1)

(n,1),(A,2) A? No
(As1),(A,2),(AA,2) AA? No
A(R,S) not compatible

B? No AB? yes

reset

(/\’1) )(A:Q) ,(AA:E)
(n,1),(A,2),(4A,2),(AB,1)
A(R,S) not compatible

No questions
(A,1)...,(4B,1),(B,2)
A(R,S) compatible, halt

Add string BBB to set S.
begin

(n,1)

(As1),(A,2)
(A,1),(4,2),(B,2)
(ns1),(A,2),(B,2),(AA,2)
(A’l))"',(AAlg)’(AB’l)
A(R,S) not compatible
No questions

(B,3) BB? No
(A’l)’ (B’B)’(A‘A)3)
AAB? No

(As1),...,(44,3),(AB,1)
(A,1),...(AB,1),(BB,2)
A(R,S) not compatible
BA? Yes

reset

AAA? Yes

reset
(As1),(A,2),(B,3),(AA,3)
(/\)1):"')<AA’3)’<AB’1)
(Aal) ,...,(AB,I),(BA,].)
(As1),...,(BA,1),(BB,2)
A(R,S) compatible halt

Figure 6
Example computation by Algorithm 3. Initial S={AAABBB}
and the string BBB is added when the first
hypothesized inference is incorrect.




Human Per formance

Computer Performance

Problem Per Cent Average* Average number* Per Cent CPU time Number of Total No. Was solution
Solved time(secs.) of questions Solved (sec.) questions of strings exact?
asked asked available
1. B+AA*BB+A 100 ko2 15.3 100 4 10 15 no
2. AA(BBA¥)* 78 504 15.6 100 i 8 13 yes
3. AA+AHA*AB 87 342 12.3 100 I 11 25 yes
L. A*(A+BA)A 87 523 21.8 100 i 20 25 yes
5. BB*A(AA+ABA) 87 580 18.1 100 b 11 16 yes
6. AFA(A+B*)BA¥ 50 907 2y .7 100 Y 1 19 yes
7. B*B(ABBA+A)* 57 825 ok Lk 100 L 11 26 no
8. AA®(ABAB)*A¥ 37 346 12.3 100 i 15 20 no

*Averages do not include subjects who failed to obtain a perfect test score.

Figure 7.
Finite-State Language Learning Performance

In order to demonstrate the operation of Algorithm
%, consider the finite-state language L on the alpha-
bet {A,B} which has the property that welL if and only
if the number of A's minus the number of B's in w is
divisible by three. If the algorithm is given the
sample initial string AAABBB, it asks five questions
and halts with the wrong answer as shown about half
way down Figure 6. So we give the algcrithm one more
string, BBB, and restart it. This time it asks four
questions and halts with the correct answer. Thus the
total number of strings available to the system was
eleven at the time that it produced its correct solut-
ion whereas Algorithm 2 would have required fifteen.
The difference between the performance of the two
methods, of course, becomes much more dramatic in
larger problems.

IV. SOME EXPERIMENTAL RESULTS

The algorithm described in the previous section
is significantly better than Algorithm 2 in terms of
numbers of questions asked because of its efficient
use of the string information. A version of this
algorithm was programmed, tested extensively, and
found to be an efficient language learner. We will
examine here a series of tests in which the algorithm
was asked to learn finite-state languages in competit-
ion with human beings.

Eight regular expressions were generated using a
random method, four of length nine and four of
length twelve. The subject, man or machine, was given
five strings from the regular set, one chosen from
each of the lowest five lengths in the set. He was
then free to ask as many questions as desired concern-
ing the membership of other strings in the unknown
language. When he was satisfied that he knew the
language, he was given a set of ten strings to classi-
fy. If he failed to classify all strings correctly,
he was allowed to ask more questions and later take
one or even two more ten-question tests. The subject
was assumed to have learned the language when he could
obtain a perfect score on such a test. Twelve subjects
and the computer participated in the experiment al-
though not all subjects had time to complete all
problems. The psychological test was computer admin-
istered in a carefully controlled enviromment with all

possible precautions taken to obtain accurate measure-
ments. Subjects were rewarded with a ringing bell,
twenty~five cents, and congratulations from the
experimenter for each language learned. See Figure

T for a summary of results.

The human subjects were not able to solve all of
the problems that they were given and they seemed to
find more difficulty with the longer regular express-
ions. The computer tended to ask fewer questions than
the humans and usually (five times) obtained a perfect
score on the first test. Only about one third of
human successes came on the first test.

The criterion of success was a perfect score of
ten on a test. 1In contrast to the case with human
beings, it was possible to check whether the machine
really had the right answer when it obtained its
perfect score. In five of the eight problems, it did
produce a solution which was exactly correct.

Correctly classified strings are available during
the learning process from the initial set of strings,
the questions asked, and the tests taken. If we note
the figures for number of strings required by the
computer to learn the language and remember that all
of these languages have minimal acceptors of about
four to six states, we see that the performance of
this program is about the best that can be hoped for.
Needless to say, it soundly outper forms Algorithm 2
as shown in Figure 5. The average CPU time required
for the solution of each problem was less than four
seconds using the Stanford Artificial Intelligence
Language SAIL on a PDP-10 computer.

The program discussed in this section differed
from Algorithm 3 in that it increased k after check-
ing less stringent criteria then does Algorithm 3.
This version seemed to ask fewer questions but it is
not known whether it will always halt after asking a
finite number of questions as will Algorithm 3.

V. SUMMARY

A finite-state language learner designed along
the straightforward lines of Algorithm 2 will ask on
the
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order of k A ) questions in the process of

Z m +nm

i=1
learning a language. Such a method can be improved
greatly as exemplified by Algorithm 3, perhaps to the
point of learning after only log2(nm“2“) questions.

Some experimental evidence that this goal can be
approached is presented.

A comparisod is made of the finite-state lang-
uage learning abilities of humans and a computer pro-
gram with the conclusion that the program was slightly
better on the set of problems used.
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