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1. Introduction

Automata minimization has a long and well-studied history. For deterministic finite (string)
automata (dfa) efficient algorithms exist. The renowned algorithm by HOPCROFT [1] runs in time
O(m log n) where m and n are, respectively, the number of transitions and states of the input
automaton. The situation is worse for general finite-state automata (fsa), which include non-
deterministic finite automata (nfa). The minimization problem for nfa is PSPACE-complete [2]
and cannot even be efficiently approximated within the factor o(n) unless P = PSPACE [3-5].
The problem must thus be restricted to allow algorithms of practical value, and one possibility
is to settle for a partial minimization. This was done in [6] for finite-state tree automata (fta),
which are a generalization of fsa that recognize tree languages and are used in applications such
as model checking [7] and natural language processing [8].

The minimization algorithm in [6] was inspired by a partitioning algorithm due to PAIGE and
TARJAN [9], and relies heavily on bisimulation; a concept introduced by MILNER as a formal
tool for investigating transition systems. Intuitively, two states are bisimilar if they can simulate
each other, or equivalently, the observable behavior of the two states coincides. Depending on the
capacity of the observer, we obtain different types of bisimulation. In all cases we assume that
the observer has the capacity to inspect the final reaction to a given input (i.e., the acceptance or
rejection of a given tree). The presence of bisimilar states in an automaton indicates redundancy.
Thus, identifying bisimilar states allows us to reduce the size of the input automaton, but we are
not guaranteed to obtain the smallest possible automaton. In this work we extend the approach
of [6] in two ways: (i) we relax the constraints for state equivalence, and (ii) we introduce a new
bisimulation relation that can be applied to deterministic (bottom-up) tree automata (dta) [10]
with practical effects. As [6], the only previous known minimization algorithm for tree automata,
is ineffective on dta and no more effective on fta than the extensions presented in this work, we
are able to obtain smaller automata than previously possible.

The two extensions correspond, respectively, to two types of bisimulation: backward and for-
ward bisimulation [11]. In a forward bisimulation on an automaton M, bisimilar states are re-
stricted to have identical futures (i.e., the observer can inspect what will happen next). The
future of a state ¢ is the set of contexts (i.e., trees in which there is a unique leaf labeled by
the special symbol O) that would be recognized by M, if the (bottom-up) computation starts
with the state ¢ at the unique O-labeled node in the context. By contrast, backward bisimulation
uses a local condition on the transitions to enforce that the past of any two bisimilar states is
equal (i.e. the observer can inspect what has already happened). The past of a state ¢ is the
language that would be recognized by the automaton if ¢ were its only final state (cf., left and
right congruence [12] for string languages).

Both types of bisimulation yield efficient minimization procedures, which can be applied to
arbitrary fta. Further, forward bisimulation minimization is useful on dta. It computes the unique
minimal dta recognizing the same language as the input dta (see Theorem 4.7). More importantly,
it is shown in Theorem 4.12 that the asymptotic time complexity of our minimization algorithm
is O(rmlogn), where r is the maximal rank of the symbols in the input alphabet and m and n are
respectively the number of transitions and states of the input automaton. Thus, our algorithm
supersedes the currently best minimization algorithm [10] for dta, whose complexity is O(rmn),
and coincides with the HOPCROFT-algorithm on dfa (r = 1 for dfa). Backward bisimulation,
though slightly harder to compute, has great practical value as well. Our backward bisimulation is
weaker than the bisimulation of [6]. Consequently, the fta obtained by our backward bisimulation
minimization algorithm will have at most as many states as the fta obtained by the minimization
algorithm of [6]. In addition, the asymptotic time-complexity of our algorithm (see Theorem 3.22),
which is O(r2 mlog n), is the same as the one for the minimization algorithm of [6]. Note that
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in [6] the run time O(rm’logn) is reported with m’ = rm.

Finally, there are advantages that support having two types of bisimulation. First, forward
and backward bisimulation minimization only yield fta that are minimal with respect to the
respective type of bisimulation. Thus applying forward and backward bisimulation minimization
in an alternating fashion commonly yields even smaller fta (see Sect. 5). Recently, [13] considered
our backward bisimulation minimization followed by one variant of forward bisimulation min-
imization, which is called “composed bisimulation”. Second, in certain domains only one type
of bisimulation minimization is effective. For example, backward bisimulation minimization is
ineffective on dta because no two different states of a dta have the same past.

Including this introduction, the paper has 6 sections. In Sect. 2, we define basic notions and
notations. We then proceed with backward bisimulation and the minimization algorithm based on
it. In Sect. 4, we consider forward bisimulation. Finally, in Sect. 5 we demonstrate our algorithms
on a typical task in natural language processing and conclude in Sect. 6.

2. Preliminaries

We write N to denote the set of natural numbers including zero. The set {i | k < i < n} is
abbreviated to [k, n], the cardinality of a set S is denoted by |S|, and the subtraction of elements
of set B from set S is denoted by S\ B. We abbreviate Q x Q to Q? and write q; - - - g1, € Dy -+ - Dy,
instead of (q1,...,qx) € D1 X -+ X Dy.

Let R and P be equivalence relations on S. We say that R is coarser than P (or equivalently:
P is a refinement of R), if P C R. The equivalence class (or block) of s € S with respect to R
is [s]lr = {s' | (s,s') € R}. Whenever R is obvious from the context, we simply write [s] instead
of [s]g. It should be clear that [s] and [s'] are equal if (s,s’) € R and disjoint otherwise, so R
induces a partition (S/R) = {[s] | s € S} of S.

A ranked alphabet is a finite set of symbols ¥ = |J,cy X(x) that is partitioned into pairwise
disjoint subsets ¥ (). The set Tx of trees over ¥ is the smallest language over ¥ such that
fti--tp € Ty for every f € Xy and all t1,...,t; € Tx. To improve readability we write
flt1, ..., tx] instead of f#;-- -, unless k = 0. Any subset of Ty, is called a tree language.

By ¥(Q) we denote the set {f(q1,...,qx) | f € Ew),q1,...,qx € Q} for every ranked al-
phabet ¥ and set Q. A finite-state tree automaton (for short: fta) is a tuple M = (Q, %, 4, F)
where () is a finite set of states, ¥ is a ranked alphabet, and ¢ is a finite set of transitions
of the form w — ¢ for some w € 3(Q) and ¢ € Q. We call an fta deterministic and (com-
plete) if for every w € 3(Q) there exists exactly one ¢ € @ such that w — ¢ € . Fi-
nally, FF C @ is a set of accepting states. To indicate that a transition w — ¢ is in §, we
write wi»q. In the obvious way, ¢ extends to trees yielding a mapping §: T — B(Q); i.e.,
o(t) = {q | f(ql,...,qk)iuj and ¢; € 6(t;) for all ¢ € [1,k]} for t = f[t1,...,tx] in Tx. For
every ¢ € (Q we denote {t € Tx, | ¢ € 6(¢)} by L(M),. The tree language recognized by M is
LM) = Uyep £(M)q. Two fta My and M are equivalent if L(My) = L(M>). Finally, we say
that a state ¢ in Q is useless if L(M), = 0. For every fta M we can construct an equivalent fta
without useless states in time O(m) where m = |4| is the number of transitions of M.

Let R be an equivalence relation on Q. The aggregated fta (with respect to M and R ), denoted
by (M/R), is the fta ((Q/R),%,d', F’) given by F' = {[q] | ¢ € F'} and

o = {f(la)- (o) = [al | Flar, - a) > a} -
Note that, in general, ¢ £(M)p € L((M/R))q for every q € Q.
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a b
Fig. 1. Example tree automaton N of Example 3.2.

3. Backward Bisimulation
3.1. Foundation

We first introduce the notion of backward bisimulation for a fta M. This type of bisimulation
requires bisimilar states to recognize the same tree language, but it is irrelevant whether the
states are final states or not. Clearly, the presence of two backward bisimilar states indicates a
redundancy. For the rest of this section, let M = (Q, X, 4, F) be a fta.

Definition 3.1 (cf. [11, Definition 4.1]) An equivalence relation R on Q is a backward bi-
simulation on M if f(p1,...,pk) ip implies that for every i € [1,k] there exists q; € [p;] such
that f(qi,...,qr) = q for every (p,q) € R, symbol f of ¥y, and sequence p1,...,pr € Q.

Note that in the special case of a nullary symbol f € ¥y, we obtain that f() ip implies

70 KN q for every (p,q) € R. Let us illustrate backward bisimulation on an example.
Example 3.2 Let ¥ = X5y U X(g) be the ranked alphabet with X5y = {f} and Xy = {a, b}.
We want to recognize the tree language L = {f[a,b], f[a, a]}. To this end, we first construct fta
N; and Nj that recognize { f[a,b]} and {f[a,a]}, respectively. Then we construct N by disjoint
union of N7 and N,. We obtain the fta N = ([1,6],%,4,{3,6}), which is illustrated in Fig. 1,
with
s 5 5 5 5 s
a() > 1 b() — 2 f(1,2) =3 a() — 4 a() =5 f4,5) =6 .

Let P be the equivalence induced by the partition {{1,4,5},{2},{3},{6}}. In fact, P is a back-
ward bisimulation on N. In order to justify this claim, we only need to check the transitions
leading to 1, 4, or 5. Trivially, the condition of Definition 3.1 is met for such transitions because
a() — ¢ isin 6 and b() — ¢ is not in § for every state ¢ € {1,4,5}.
The aggregated fta (N/P) is (Q',%,d, F') where Q' = {[1],[2], [3], [6]}, F' = {[3], [6]}, and
a) > [1] b0 = [2] £, [2) = B3] £, 1)) > 16]
We display (N/P) in Fig. 2. o
Next, we show that, for every backward bisimulation R on M, the fta M and (M/R) are
equivalent. We prepare this statement with a key lemma, which states that the state ¢ of M and
the state [¢] of (M/R) recognize the same tree language. For the rest of this section, let R be a
backward bisimulation on M.
Lemma 3.3 (cf. [11, Theorem 4.2] and [14, Lemma 8]) For every state ¢ of M we have
LIM/R)) g = L(M),.

PROOF. Let (M/R) = (Q',%,d', F'). We already remarked that £L(M), € L((M/R))(q holds
in general. We prove the remaining direction for every ¢ € Ty by induction. Suppose that

t € L((M/R))q witht = f[t1,...,tx] for some f € ¥y and 1, ...,t, € Tx. Then [¢] € §'(t) and
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ob
Fig. 2. Aggregated tree automaton (N/P) of Example 3.2.

thus there exist Dy, ..., Dy € Q' such that f(D,..., Dg) LI [q] and D; € ¢'(t;) for every i € [1,k].
By definition of (M/R), there exist p,p1,...,pr € Q such that f(pi,...,pk) Sp,pe [q], and
p; € D; for every i € [1,k]. With the help of Definition 3.1, we conclude that there also exist
q1s---,qr € @ such that f(ql,...,qk)iq and ¢; € D; for every i € [1,k] because (p,q) € R.
Finally, by the induction hypothesis, we have ¢; € L(M),, and consequently ¢; € (¢;) for every
i € [1,k] because t; € L((M/R))q,]- This yields ¢ € 6(t) and t € L(M), as desired. O

Clearly, the previous lemma shows that backward bisimilar states in M recognize the same
tree language. Moreover, we can now show that (M/R) recognizes exactly L£(M).
Corollary 3.4 (cf. [11, Theorem 4.2] and [14, Theorem 2]) L((M/R)) = L(M).

PROOF. A tree t is in L((M/R)) if and only if there exists a state ¢ of M such that ¢ € F
and t € L((M/R))|q- By Lemma 3.3, the latter holds precisely when ¢ € L(M),. Consequently,
te L((M/R))if and only if t € L(M). O

Clearly, among all backward bisimulations on M, the coarsest one yields the smallest aggre-
gated fta. Next we show that this smallest aggregated fta admits only the trivial (i.e., iden-
tity) backward bisimulation, and thus, cannot be further minimized with the help of backward
bisimulations. An fta that admits only the identity as backward bisimulation is called backward
bisimulation minimal. We now prove that the coarsest backward bisimulation P on M yields a
backward bisimulation minimal fta (M/P) that is equivalent to M.

Theorem 3.5 For every fta M there exists a coarsest backward bisimulation P on M, and
(M/P) is an equivalent backward bisimulation minimal fta. o

PROOF. Suppose that a coarsest backward bisimulation P on M exists. Then any two states
that are bisimilar in (M/P), are already bisimilar in M, which together with Theorem 3.4 proves
the second part of the statement.

Let R and P be backward bisimulations on M. Then there exists a backward bisimulation R’
on M such that R UP C R’. From this statement, the existence of the coarsest backward
bisimulation easily follows. Let R’ be the smallest equivalence containing R U P. We now show
that R’ is a backward bisimulation. Let (p,q) € R’. Thus there exist n € N and

(plap2)a (p27p3)7 ) (pn—Qapn—l)a (pn—lapn) eERUP

such that p; = p and p,, = ¢q. Clearly, every block D € (Q/R’) is a union of blocks of (Q/R) as well
as a union of blocks of (Q/P). Let f € ¥ and qi1,...,qr € Q be such that f(q1,...,q) S pr.
We prove by induction that for every m € [1,n] and for every i € [1, k] there exists ¢} € [¢]r
such that f(qi,...,qfc)ipm. For m = 1, this is trivial. Now let 1 < m < n. By induction
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hypothesis, for every i € [1,k] there exists ¢} € [¢;]r’ such that f(qiw..,q;c)ipm,l. Since
(Pm—-1,Pm) € RUP, we have (ppm—1,pm) € R or (Pm—1,Pm) € P. Suppose the former; the
reasoning is analogous in the latter case. Since R is a backward bisimulation we have that for
every 1 € [1, k] there exists ¢/ € [¢}]r such that f(q7,...,q}) 2, pm. Clearly, q! € [¢}]r for every
i € [1, k] because R C R'. Finally, [¢/]r- = [¢:]r- and hence ¢} € [¢;]r/ for every i € [1, k]. This
completes the induction, which proves the auxiliary statement. O

Let us conclude this section with a comparison of our notion of backward bisimulation to the
notion of bisimulation in [6]. For the reader’s convenience, we repeat the main definition of [6].
Definition 3.6 (cf. [6, Sect. 5]) Let P be an equivalence relation on Q. We say that P is an
AKH-bisimulation on M, if for every (p,q) € P we have

(i) ifpe F, then q € F; and

(ii) for every symbol f € ¥y, index j € [1,k + 1], and sequence p1,...,ppy1 € Q such that
flp1,--,pr) i’pk-&-l with p; = p we have that for every i € [1,k + 1] there exists ¢; € [p;]
such that f(q1,...,q%) = qr41 and ¢; = q.

We immediately observe that this notion of bisimulation is closely related to our notion of
backward bisimulation. The next lemma expresses this formally.

Lemma 3.7 Every AKH-bisimulation on M is a backward bisimulation on M.

PROOF. Clearly, the condition of Definition 3.1 is met by setting j to k+1 in Definition 3.6. O

It follows that the coarsest backward bisimulation R on M must be coarser than the coarsest
AKH-bisimulation P on M. Hence (M /R) has at most as many states as (M/P).

3.2. Minimization algorithm

At this point we know that there exists a coarsest backward bisimulation R on every fta M
(Corollary 3.5), and that (M/R) is an equivalent fta of size less or equal to that of M. These
results now allow us to define a minimization algorithm for fta that proceeds as follows. The
algorithm, which we henceforth refer to as Alg. 3, searches for the coarsest backward bisimula-
tion R on M by producing increasingly refined equivalence relations Rg, R1,Ra, ... on the state
space of M. The first of these is the coarsest possible candidate solution. The relation R;41 is
derived from R; by removing pairs of states that prevent R; from being a backward bisimulation.
The algorithm also produces an auxiliary sequence of relations Py, Py, Po, ... that are used to
determine these offending pairs in a time-efficient way. When P; eventually coincides with R;,
the relation R; is the coarsest backward bisimulation on M. What then remains is to compute
the aggregated fta (M/R;). Before we discuss these steps in closer detail, it is necessary to extend
our notation. From here on, we use m and n to denote the number of transitions and states of M
(in other words, m = |d| and n = |@|). The maximal rank of any symbol in the input signature ¥
of M is r = max{k | X # 0}.

To obtain a time-efficient algorithm, we apply a counting argument by PAIGE and TARJAN.
The argument goes as follows: If we already know that there are n f-transitions that lead from el-
ements of the word D, - - - Dy to the state ¢, and we count that there are m f-transitions that lead
from elements of the word C - - - Cj; to ¢, where C; C D; for every i € [1, k], then it is immediate
that there are n —m f-transitions that lead from elements of (D1 x - -+ x Dy)\ (C1 X -+ - x C},) to
the state ¢. When we, in Alg. 3, need to test the implication of Definition 3.1, we can thus reduce
the number of transitions that must be inspected explicitly, provided that we keep a record of
the number of transitions that we counted in previous iterations. For this purpose, we introduce
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the observation mapping obs,, which, given a left-hand side f(Ds,...,Dy) € Z(P(Q)), tells us
the number of f-transitions that lead from elements of Dy --- Dy to the state q.
Definition 3.8 For every q € Q, the mapping obs, : X(B(Q)) — N is given by

obsy(f(D1,...,Dx)) = [{a1 -+ ax € Dy -+ Dy | flar, .-, @) > q}
for every f(D1,...,Dr) € 2(B(Q)).

As we will shortly see, we discard (g, ¢’) from our maintained set of bisimilar states should
obsg(w) and obsy (w) disagree in the sense that one counter is positive whereas the other is zero
for some w € L(P(Q)).

To prove correctness we also need a vocabulary that lets us express how the rules of an
aggregated fta (M/R) relate to the rules of M. Intuitively, L; is the set of left-hand sides that
are possible in an fta with state space (Q/P;) and input alphabet X. In each iteration of Alg. 3,
a pivot block B is selected. Since we often address those entries in a set of left-hand sides L in
which B occur, we abbreviate this subset by L(B).

Definition 3.9 Let B and D be subsets of Q, i € N be an index, and L C Z(P(Q)) be a
language. We use

— L; to abbreviate the set X((Q/P;)),

— L(B) to abbreviate the set

{f(D1,...,Dy) € L| D; = B for some i € [1,k]} ,
- L(B,—D) to abbreviate the set
{f(D1,...,Dy) € L(B) | D; # D for every i € [1,k]} ,

- LY for some w = f(D1,...,Dy) € Z(P(Q)) to abbreviate the set of elements in L of the form

f(C1,...,Ck) where C; C D; for every i € [1,k].

Let us now give an informal description of the mappings cut, split and splitn that appear
in Alg. 3, before we state their definitions. The first of these, cut, takes as argument a block
B C @ and returns a subset of @ x Q. Subtracting cut(B) from an equivalence relation R on
Q ensures that B is a separate block in (Q/(R \ cut(B))) provided, of course, that B> C R.
The mapping split takes as argument a language L of left-hand sides and returns those pairs of
states that can be proven not to be bisimilar by inspecting only transitions with left-hand sides in
L. The mapping splitn implements the previously discussed counting argument by PAIGE and
TARJAN; it takes left-hand-side languages L and L’ and returns all those pairs of destintation
states where one state may be reached from some left-hand-sides in L \ L’ and the other may
not.

Definition 3.10 Let B be a subset of Q and L, L' C X(PB(Q)) be languages. We write

— cut(B) for the subset (Q*\ B*)\ (Q\ B)? of Q x Q;

- split(L) for the set of all (q,q") in Q X Q for which there exists w € L such that exactly one
of obsg(w) and obsy (w) is zero; and

- splitn(L, L) for the set of all (q,q') in Q x Q such that there exists w € L such that

obs,(w) = Z obs, (w')

w/e(L/)w

holds for either p = q or p = ¢’ but not both.

Let us briefly discuss how the sets Lg, L1, Lo, ... that are generated by Alg. 3 relate to each
other. The set Lg is equal to X({Q}). Every f(Ds,...,Dg) in the set L;y; is in either already
in L; or w= f(D4,...,Dy) is in L; where D, = 5, if D; € {B;, S; \ B;} and D} = D; otherwise
for every j € [1, k]. Note that in the latter case f(D1,...,Dy) € (L;)™.

Example 3.11 The execution of Alg. 3 is traced on the fta N of Example 3.2. In the initializa-
tion, State 2 can be separated from the block [1, 6] since only obsa(b()) is non-zero (and b() € Ly).
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[input: a fta M =(Q,%,8,F);

[initially:
Po = QxQ;
Ro = Py \ split(Ly);
i = 0;

[while R; # P;:
choose S; € (Q/P;) and B; € (Q/R;) such that
’Pi+1 = P; \ cut (BZ),
Ri+1 = (Rz \ split (Lz+1(Bz))) \ splitn(Li(Si), Li—l—l(Bi));

Lt = 14+ 1;
[return: the fta (M/R;);

Alg. 3. A minimization algorithm for finite-state tree automata

Similarly, states 3 and 6 differ from 1, 4, and 5, as obsz(f(Q,Q)) and obsg(f(Q,Q)) are both
non-zero. When the initialization is complete, we thus have

Po=Q x Qand Ry = {1,4,5}* U {2}* U {3,6}* .

In the first iteration, we let Sp = @ and By = {2}. The algorithm can now use the left-hand
sidew = f({1,3,4,5,6},{2}) in L1 (By) to distinguish between state 3 and state 6, as obsz(w) > 0
whereas obsg(w) = 0. The next pair of equivalence relations is then:

P ={2}2U{1,3,4,5,6}* and Ry = {1,4,5}* U {2}? U {3}* U {6}* .

As the states in {1,4,5} do not appear at the left-hand side of any transition, this block will

not be further divided. However, another two iterations are needed before P; equals R; and the

algorithm terminates. o
Our next task is to verify that Alg. 3 computes the coarsest backward bisimulation on M as

claimed. For this, we use the notations introduced in the outline above.

Lemma 3.12 The relation R; is a refinement of P; for all i € {0,1,2,...}.

PROOF. The proof is by induction on i. The base case is satisfied by the initialization of
Po to @ x Q. For the induction step, we proceed as follows. By definition, R;41 C R; and
Pir1 = P; \ cut(B;). Since B; € (Q/R;), we also have the equality R; Ncut(B;) = 0, and by the
induction hypothesis, the inclusion R; C P;. It follows that

Ri+1 C R, = Ri\cut(Bi) - ’Pl'\Cut(Bi) = i1 - O

Lemma 3.12 thus assures that R; is a proper refinement of P;, for all i € {0,...,t—1} where ¢
is the value of ¢ at termination. This means that up to the termination point ¢ we can always
find blocks B; € (Q/R;) and S; € (Q/P;) such that B; is contained in S;, and the size of B; is at
most half the size of S;. The check of the termination criterion can hence be combined with the
choice of S; and B;, as we can only fail to choose these blocks if R; and P; are equal. Termination
in less than |Q)| iterations is guaranteed by Lemma 3.13.

Lemma 3.13 There exists a t < |Q| such that Ry = Py.

PROOF. Clearly, the algorithm only terminates if R; and P, coincide for some ¢ in N. Up until
termination, i.e. for all ¢ less than ¢, we have that
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[(Q/Ri) > (Q/Py)]  and  [(Q/Pit1)| > [(Q/Py)]

hold by Lemma 3.12. The size of both (Q/R;) and (Q/P;) is bounded from above by |Q].
Should the algorithm reach iteration |@| — 1 before terminating, we have by necessity that both
|(Q/Pg|-1)| and [(Q/R|qg|-1)| are equal to |Q|, so R|g|—1 and Pjg|_; coincide. Consequently,
there exists an integer ¢ less than |@Q| such that R; and P; are equal. O

As mentioned earlier, Alg. 3 constructs in parallel two sequences of equivalence relations
(R:)ien and (P;)ien. The former represents the current hypothesis, and the latter has an aux-
iliary function in that it directs our search. We say that the relation R; is stable with respect
to P; if, for every pair (¢,q') € R;, the observations made about ¢ agree with those about ¢/,
provided that we restrict our view to the context of P;.

Definition 3.14 Let R and P be two equivalence relations on QQ such that P is coarser than R.
We say that R is stable with respect to P if, for every (¢,q¢’) in R and w € Z((Q/P)),

obsg(w) = 0 if and only if obsy (w) =0 .

We say that R is stable if it is stable with respect to itself.

Note that every stable equivalence relation R is a backward bisimulation on M. Let us now
make two remarks concerning Definition 3.9 that will help us understand the relationship between
a left-hand side in L; and those left-hand sides in L;; that are descendant from w.

Remark 3.15 For every i € [0,t — 1] and w € L;(S;), it holds that

obs,(w) = Z obs,(w') + Z obs,(w') .

’LU’GL;U+1(B,;) w,GL;U+1(S7;\B7;,—\Bi)

Moreover, there is a unique w' € L 1 (S; \ B;, ~B;).
We are now equipped to state and prove Lemma 3.16.
Lemma 3.16 The relation R; is stable with respect to P;, for all i € [0,¢].

PROOF. By Lemma 3.12, the relation P; is coarser than R;. The remaining proof is by induc-
tion on i. The base case follows from the definitions of Ry and Py. Now, let (¢,¢') € Rir1. We
show that obsg (w) = 0 if obsy(w) = 0 for every w € L;11. Depending on w, there are three
cases, and we examine each case.

First, let w € L;. Since (¢q,¢') € Ri+1 we have (¢,¢") € R; because R; is coarser than R;y;.
Supporting ourselves on the induction hypothesis, we have that obsy (w) = 0 if obsy(w) = 0.
Second, let w € L;41(B;), and here the desired equality follows from the fact that (g, ¢’) is not
in split(Li;1(B;)). Third, let w € Liy1(Si \ Bi, ~B;). Let w = f(Dy, ..., Dy) for some f € X,
and D1, ..., Dy € (Q/Pit1). Moreover, let w’ = f(D1,..., D)) where D} = S, if D; = S;\ B; and
D! = D, otherwise for every i € [1,k]. Note that w is the unique element of Lﬂl (Si \ B;,—B;)
and according to Remark 3.15

obsg(w') = Z obsg(w") + obs,(w) = Z obsg(w”) .

wl/eL;Ail(Bi) w//EL?il(Bi)
Since (q,q") € Ri+1 we have (q,q') ¢ splitn(L;(S;), Li11(B;)). Consequently,

obsy (w') = Z obsy (w')

w’ €L (B;)
and by Remark 3.15 this yields obsy (w) =0. O
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The next lemma serves to simplify the proof of Lemma 3.18, which states that if a backward
bisimulation R is a refinement of the initial hypothesis Ry, then R is also a refinement of every
hypothesis R;, i € [0,¢], that follows.

Lemma 3.17 Let R be a backward bisimulation, and let w € £(P) where

P={{JBISC@m)} .

BeS
Then obsy (w) = 0 if obsy(w) = 0 for every (q,¢') € R.

PROOF. Suppose that obs,(w) = 0 with w = f(D1, ..., Dy). Consequently, there do not exist
g1+ qx € D1--- Dy such that f(q1,...,qx) N g. Since each D; is a union of blocks of (Q/R), we
obtain that obsg(w’) = 0 for every w’ = f(C4,...,Cy) with C; € (D;/R) for every i € [1,k]. Due
to the facts that R is a backward bisimulation and (¢, ¢") € R we can conclude that obsy (w’) = 0
for every such w’. This clearly yields obsy (w) =0. O

Lemma 3.18 Every backward bisimulation R on M is a refinement of R; for every i € [0, ¢].

PROOF. The proof is by induction on i, and the base case is easily checked. To cover the
induction step, we show that if (¢,¢’) € R, then (¢,q') € R;41. This is done by examining
how the minimization algorithm obtains R;y; from R,. By the induction hypothesis we have
(¢,qd") € R;. To have (¢,q¢') € Riy1, it must hold that (¢,q") ¢ split(L;+1(B;)) and hence
obs,(w) = 0 if and only if obsy (w) = 0 for every left-hand side w = f(D1,..., D) in Li11(B;).
Since D; is the union of blocks in (Q/R;) and hence a union of blocks in (Q/R), for all i € [1, k],
this condition is satisfied by Lemma 3.17.

Finally, we have to prove that (q,q") ¢ splitn(L;(S;),Lit1(B;)). Let w € L;(S;) and w” be
the unique element of L}, ;(S; \ B;, ~B;). For every p € {¢,¢'} we have

obs,(w) = Z obs,(w’) if and only if Z obs,(w') =0

w' €LY, | (B;) w'€L¥, | (Si\Bi,~B;)

by Remark 3.15. The latter holds precisely when obs,(w”) = 0 because w” is the only element
of L, 1(S; \ Bs, ~B;). It remains to show that obs,(w”) = 0 if and only if obs, (w") = 0. This
holds by Lemma 3.17 because (i) S; \ B; is a union of blocks of R; and thus a union of blocks
of R and (ii) all other blocks D € (Q/P;+1) \ {Bi:,S: \ Bi} are blocks of (Q/P;) and thus a union
of blocks of R; and a union of blocks of R. O

Now we collect the separate results in a final correctness theorem. In conjunction with Theo-
rem 3.5 it shows that Alg. 3 really computes a backward bisimulation minimal fta (M/R:).
Theorem 3.19 R; is the coarsest backward bisimulation on M.

PROOF. Lemma 3.13 guarantees that Alg. 3 terminates and Lemma 3.16 shows that R; is
stable with respect to P;. Since R; = P, the equivalence relation R; is stable and hence a back-
ward bisimulation on M (see Definition 3.1). Now let P be an arbitrary backward bisimulation
on M. Obviously, P is a refinement of R; by Lemma 3.18, which proves that R; is the coarsest
backward bisimulation on M. O

Let us now analyze the running time of Alg. 3 on M. In the complexity calculations, we write
01, where L C X(B(Q)), for the subset of § that contains entries of the form f(¢1,...,qx) — ¢,
where ¢1 -+ -qx € By --- By, for some f(Bi,...,B;) € L and ¢ € Q. Our computation model is
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the random access machine [15], which supports indirect addressing, and thus allows the use of
pointers. This means that we can represent each block in a partition (Q/R) as a record of two-
way pointers to its elements, and that we can link each state to its occurrences in the transition
table. Given a state ¢ and a block B, we can then determine [¢]z in constant time, and d;,, where
L CX(P(Q)), in time proportional to the number of entries.

To avoid pairwise comparison between states, we hash each state ¢ in () using obs, as key,
and then inspect which states are mapped to the same positions in the hash table. Since a
random access machine has unlimited memory, we can always implement a collision-free hash,
for instance, by interpreting the binary representation of obs, as a memory address. The time
required to hash a state ¢ is consequently proportional to the size of the representation of obs,.

The overall time complexity of the algorithm is

t—1

0 (INIT + Z (SELECT; + CUT; + SPLIT; + SPLITN;) + AGGREGATE) ,

i=0
where
— INIT is the complexity of the initialization phase;
— SELECT; is the complexity of the choice of S; and B;;
— CuTy is the complexity of the computation of P; \ cut(B;);
— SPLIT; is the complexity of the computation of R; \ split(L;11(B;));
— SPLITN; is the complexity of the subtraction of splitn(L;(S;), Li+1(B;)); and
— AGGREGATE is the complexity of the construction of the aggregated automaton (M /R;).

The next lemma shows the complexities of the mentioned parts of Alg. 3.

Lemma 3.20 INIT and AGGREGATE are in O(rm + n), whereas, for every i in [0,t — 1],

- SELECT; is in O(1),

- Cur; is in O(|B;]), and

- SPLIT; and SPLITN; are in O(r |0y, (Bl )-

The next lemma is based on an observation by HOPCROFT [1].

Lemma 3.21 For each q € Q we have |{B; | i € [0,t — 1] and q € B;}| < log,n.

PROOF. Let B; and Bj, where i < j, be two blocks that both include the state ¢. Since R; is
a refinement of R;, we have that B; is a subset of B;. We know then that |B,| is less or equal to
|B;| /2, or else B; would violate the selection criteria for the B-blocks. If we order the B-blocks
in which ¢ occurs in descending order (with respect to their cardinality), we have that each block
in the list is at most half the size of its predecessor. The first block in which ¢ occurs cannot be
larger than n, and the last block cannot be smaller than a singleton. Hence, the ¢ is included in
at most log, n distinct B-blocks. O

We are now ready to compute the overall complexity of Alg. 3.
Theorem 3.22 The backward minimization algorithm is in 0(7‘2 mlog n)

PROOF. By Lemma 3.20 the time complexity of the algorithm can be written as

t—1

O((rm+n)+ 3 (1+1Bil + 71815,

i=0

7100, (pol) + (rm 1))

Omitting the smaller terms and simplifying, we obtain

t—1
0 (TZ |§L7‘+1(Bi)|> :
=0
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According to Lemma 3.21, no state occurs in more than log, n distinct B-blocks, so no transition
in ¢ will contribute by more than rlog, n to the total sum. As there are m transitions, the overall
time complexity of the algorithm is O(r?mlogn). O

Recall from Lemma 3.7 that every bisimulation in the sense of [6] is also a backward bisim-
ulation (but the opposite is not true). Since Alg. 3 for minimization via backward bisimulation
is computationally as efficient as the algorithm of [6] (see Theorem 3.22 and [6, Sect. 3]), Alg. 3
supersedes the algorithm of [6].

4. Forward Bisimulation
4.1. Foundation

In this section, we consider a computationally simpler notion of bisimulation. Minimization
via forward bisimulation will generalize classical minimization of deterministic tree automata
and actually coincide with it on deterministic tree automata (see Theorem 4.7). In addition,
the two minimization procedures greatly increase their potential when they are used together
in an alternating fashion (for practical experiments, see Sect. 5). Recently, [13] considered our
backward bisimulation minimization followed by a slight variant of forward bisimulation mini-
mization, which they called “composed bisimulation”. We note that the fta obtained by their
composed bisimulation minimization might be slightly different (better or worse) from the one
obtained by executing our two minimization procedures in the mentioned order. However, in
their evaluation [13] no essential difference presented itself. Moreover, their obtained fta also
have the disadvantageous properties that our obtained fta have (e.g., the resulting fta might
not be backward bisimulation minimal). On deterministic tree automata, composed bisimulation
minimization will coincide with our forward bisimulation minimization.

As before, let M = (Q, %, 4, F) be a fta for the rest of this section.

Definition 4.1 We say that an equivalence relation R on @Q is a forward bisimulation on M if
for every (p,q) in R we have

(i) ifpe F, then q € F; and

(ii) for every f € Xy, i € [Lk], and p',q1,...,qx € Q with f(ql(g e s Qim1y Dy Qit s - - - 5 k) Sy

there exists ¢ € [p'] such that f(q1,...,Gi-1,9,Git1,---+qk) = ¢ .

Note that Condition (ii) in Definition 4.1 is automatically fulfilled for all nullary symbols. Let
us continue Example 3.2.

Example 4.2 Recall the aggregated fta from Example 3.2. An isomorphic fta N is given by
([1,4],%,6,{3,4}) with

a() > 1 b() > 2 F(1,2) %53 F(1,1) 54 .
We have seen in Example 3.11 that N is backward bisimulation minimal. Let us consider the
equivalence relation P induced by the partition {{1},{2},{3,4}}. We claim that P is a forward
bisimulation on N. Condition (i) of Definition 4.1 is met, and since (1,2) ¢ P and the states
3 and 4 only appear on the right hand side of rules, also Condition (ii) holds.

The aggregated fta (N/P), displayed in Fig. 4,1s (Q', X, d', F') with Q" = {[1], [2], [3]}, F' = {[3]},
and

s’ s 5’ s
a() = [1] b() = [2] f(]12)) = BB S0, 1) = B3] - o

For the rest of this section, let R be a forward bisimulation on M. In the forward case, a
collapsed state of (M/R) functions like the combination of its constituents in M (cf. Sect. 3). In
particular, bisimilar states need not recognize the same tree language.

12



Fig. 4. Aggregated tree automaton (N/P) of Example 4.2.

Lemma 4.3 (cf. [11, Theorem 3.1]) L((M/R))g = U,y £(M), for every q € Q.

PROOF. We have already seen that (J,¢(, £(M), € L((M/R))(q holds for every equivalence
relation R. For the remaining direction, let (M/R) = (Q', %, ', F'). We prove the statement by
induction for every t € Tx. Suppose that t = f[t1,...,t;] for some f € ¥y and 4, ..., 1 € Tx.
By t € L((M/R))[q we have [q] € ¢'(t). The latter implies that there exist Dy,..., Dy € Q'
such that f(Ds,..., Dy) > [q] and D; € 6/ (t;) for every i € [1,k]. With the help of the induction
hypothesis, we obtain that there exist ¢1,...,q; € Q such that ¢; € D; and ¢; € 6(t;) for every
i € [1,k]. By construction of (M/R), there also exist p,pi,...,pr € Q with p € [q] such that
f(p1,---,pr) S pandp; € [¢:] for every i € [1, k]. It follows that f(q1,p2,...,Dk) 2 p, and conse-
quently, f(q1,---,qx) ip by Definition 4.1. This yields that p € 6(t) and ¢ € Upe[q] L(M), O

With the above lemma, it is now easy to prove that (M /R) and M are equivalent provided that
R is a forward bisimulation on M. At this point, we will also use Condition (i) of Definition 4.1.
Theorem 4.4 (cf. [11, Corollary 3.4]) L((M/R)) = L(M).

PROOF. Let t € Ty,. We have t € L((M/R)) if and only if there exists a state ¢ of M such
that ¢ € F' and t € L((M/R))|q- By Definition 4.1 and Lemma 4.3, the latter holds if and only
if there exists a state p of M such that p € F and t € L(M),. Clearly, this is exactly the case
when t € L(M). O

As before, the coarsest of all forward bisimulations on M naturally yields the smallest ag-
gregated fta. Any fta that admits only the identity as forward bisimulation is called forward
bisimulation minimal. Such an fta cannot be reduced further with the help of some forward
bisimulation.

Theorem 4.5 For every fta M there exists a coarsest forward bisimulation P on M, and (M /P)
is an equivalent forward bisimulation minimal fta.

PROOF. The latter statement is again clear (using Theorem 4.4). For the former statement, let
R and P be forward bisimulations on M. We prove that there exists a forward bisimulation R’
on M such that RUP C R'. Let R’ be the smallest equivalence containing R UP. We now show
that R’ is a forward bisimulation. Let (p,q) € R’. Thus there exist an integer n € N and

(plaPQ)a (pz,ps), sy (pn727pn71)» (pnflapn) eERU P

such that p; = p and p, = ¢. It is immediately clear that ¢ € F whenever p € F. Now
to Condition (ii) of Definition 4.1. Let f € Y, ¢ € [1,k], and p',q1,...,qx € Q be such
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that f(q1,.--qi—1,D qit1,- - .,qk)ip’. We will prove that there exists ¢’ € [p']gs such that
Flq1, o @it Py Qi 1s - - - 5 k) iq’ for every m € [1,n]. This is trivial for m = 1. Now let m > 1
and suppose that there exists ¢ € [p'|grs such that f(q1,...,¢i—1,Pm—1:%i+1,-- -+ k) KN q'. More-
over, suppose that (pm—1, pm) € R; the case that (p,,—1,pm) € P is handled analogously. By Def-
inition 4.1, there exists ¢” € [¢'|r such that f(q1,...,¢G—1,DPm;Qit1,---qx) 2, ¢". Since R C R/,

it follows that ¢” € [p'|r/. This completes the induction and proves the auxiliary statement. O

Finally, we relate forward bisimulation with classical minimization of deterministic tree au-
tomata. Let us first recall the required notions.

Definition 4.6 The fta M is a dta (deterministic and complete), if for every w € X(Q) there
ezists exactly one q € QQ such that w LN q.

It is an easy exercise to verify that the fta (M/R) is deterministic whenever M is so. Moreover,
there exists a unique (up to isomorphism) minimal (with respect to the number of states) dta N
that is equivalent to M [16,17]. The next theorem shows that N is isomorphic to (M/R) where
R is the coarsest forward bisimulation on M.

Theorem 4.7 Let M be a dta without useless states, and let R be the coarsest forward bisimu-
lation on M. Then (M/R) is an equivalent minimal dta.

PROOF. Let M’ = (Q',X,4’, F') be the unique (up to isomorphism) equivalent minimal dta.
We prove that there exists a forward bisimulation R on M such that (M/R) and M’ are iso-
morphic. By minimality of M’ such a bisimulation must be the coarsest forward bisimulation
on M.

We define the relation 1 = {(¢,¢') € @ x Q' | L(M)y N L(M")y # 0}. Since M has no useless
states we have that £L(M), # 0 for every q € Q. Moreover, for every ¢ € @ there exists ¢’ € Q'
such that £(M), C L(M'),. Hence for every ¢ € @ there exists ¢’ € Q' such that (¢,¢') € .
Moreover, since M’ is a dta, for every tree ¢ € Ty, there exists exactly one ¢’ € Q' such that
t € L(M')y, and thus, for every g € @ there exists at most one ¢ € Q' such that (g, ¢’) € ¢. Thus
1: Q@ — Q. Now suppose that there exists ¢’ € Q' so that there exists no ¢ € Q with (¢q) = ¢'.
Clearly, £L(M'), = 0 which contradicts to the minimality of M’. Thus ¢ is surjective.

Let R = ker(z), which, by definition, is an equivalence relation. We first prove Condition (i) of
Definition 4.1. Let (p, ¢) € R. We have to prove that ¢ € F if p € F. Since M has no useless states,
there exist trees ¢t and u in T, such that ¢t € L(M), and u € L(M),. Suppose that p € F. Then
t € L(M), and consequently, t € L(M’). Since L(M), C L(M'),,y and L(M ), € L(M'),(g), we
obtain that +(p) = «(¢) € F’. Thus, also u € L(M') and w € L(M). This finally yields g € F.

Now to Condition (ii). Let f € ¥ be a symbol, i € [1, k] be an index, and p’, q1,...,q. € Q be
states such that f(q1,...,¢i—1,D,¢i-1,---,qx) — p’. By determinism, there exists a unique state
q € Q such that f(q1,...,4i—1,4, Git1s---,qK) S, ¢'. Thus it remains to show that ,q) € R.
We observe that «(p) = +(¢’) if and only if there exists a state r € Q' such that L(M), NL(M'),
and L(M)y N L(M'), are nonempty. By assumption, (p,q) € R and thus there exists a state
" € Q" and trees s and s’ of Ty, such that s € L(M), N L(M'),» and s € L(M), N L(M'),.
Further, since M has no useless states, for every j € [1, k] there exists a tree s; € Tx, such that
55 € L(M)g,. Since M’ is deterministic, we obtain that there exists a state r € Q' such that

{f[81>~-'78i717875i+1a'"7Sk]7f[817’"731;7178/’8754»17-“7819]} g £<M/)T .

Clearly, f[s1,...,8i-1,8,Si+1,...,8k] € L(M)y and fls1,...,8i-1,5,Sit1,...,5) € L(M)y.
This proves that the intersections £(M), N L(M'), and L(M)y N L(M'), are nonempty, and
thus (p/,¢’) € R. Hence Condition (ii) of Definition 4.1 is fulfilled and R is a forward bisimulation
on M.
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[input: a fta M =(Q,%,0,F);

[(initially:
Po = QxQ;
Ro = ((Q\F)?UF?)\ splitf(Q);
1 = 0;

(while R; # P;:
choose S; € (Q/P;) and B; € (Q/R;) such that
B, C S; and |BZ| < |Sz|/2,
P¢+1 = PZ \ Cut(Bi);
Riy1 = (R;\splitf(B;)) \ splitfn(S;, B;);

L1 = i+ 1;
[return: the fta (M/R;);

Alg. 5. A minimization algorithm based on forward bisimulation

It remains to prove that the aggregated fta (M/R) is isomorphic to M’. Clearly, (M/R) is
a dta, has |Q’| states, and is equivalent to M by Theorem 4.4. Thus (M/R) is a minimal dta
recognizing £(M) and by the uniqueness of such a dta isomorphic to M’. O

4.2. Minimization algorithm

We now consider an algorithm that minimizes with respect to forward bisimulation. As in
Sect. 3 this requires us to extend our notation. We denote by ¥q(Q) the of set of contexts of
Y(QU{O}): the subset of elements of X(QU{O}) that contain the special symbol O ¢ Q exactly
once. We denote by c[g], where ¢ € £a(Q) and ¢ € @, the element of ¥(Q) that is obtained by
substituting ¢ for the unique occurrence of O in c.

Definition 4.8 For each state q in @, the map obs?: ¥g(Q) x PB(Q) — N is defined by

obs?(¢, D) =|{q' € D | c[q] RN q'}

for every context ¢ € ¥n(Q) and set D C @ of states.

The mapping obs? is similar to the mapping obs, of Sect. 3.2 in that it is a local observation
of the properties of ¢. The difference between them is that obs?(c, D) is now the number of
transitions from c[¢] to a state of D. In contrast, obs, looked from the other side of the rule.
Definition 4.9 Let D and D’ be subsets of Q.

— We write splitf (D) for the set of all pairs (p,q) in Q x @, for which there exists ¢ € ¥n(Q)
such that exactly one of obs? (¢, D) and obs?(c, D) is zero.

— Similarly, we write splitfn(D,D’) for the set of all pairs (q,q") in Q X Q, for which there
exists ¢ € Xn(Q) such that obs?(c, D) = obs?(¢, D") holds for either p = q or p = ¢’ but not
both.

The second minimization algorithm is Alg. 5. This algorithm can be obtained from Alg. 3 by
altering the way the family of relations (R;);>o is computed. The next example underlines the
difference between the two algorithms.

Example 4.10 Let us trace the execution of Alg. 5 on the fta N from Example 4.2. In the

initialization of Ry, states 3 and 4 are separated out because they are both accepting. State 1

can also be distinguished as only obs! (f(0,2), Q) is non-zero. This yields the equivalence relations

Po=Q xQand Ry = {1} U{2}?U{3,4}* .
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As neither state 3 nor state 4 appear on a left-hand side of any transition, they will not be
separated. The algorithm thus terminates and outputs (M /Ry) after a second iteration, during
which Py was refined to coincide with Rg. a)

Partial correctness and termination after ¢ < |@| iterations of Alg. 5 are proved analogously
to the case of backward bisimulation. For this reason we omit the explicit proofs (which can be
found in [18]) and proceed immediately to the main result of this section.

Theorem 4.11 R; is the coarsest forward bisimulation on M.

The time complexity of the forward bisimulation algorithm is computed using the same assump-
tions and notations as in Sect. 3. Although the computations are quite similar, they differ in that
when the backward algorithm would examine every transition in § of the form f(¢1,...,qx) — ¢,
where ¢; € B; for some j € [1, k], the forward algorithm considers only those transitions that are
of the form f(qi,...,qx) — g, where ¢ € B;. Since the latter set is on average a factor r smaller,
we are able to obtain a proportional speed-up of the algorithm.

Theorem 4.12 Algorithm 5 runs in time O(rmlogn).

5. Implementation

In this section, we present experimental results obtained by applying prototype implemen-
tations of Algorithms 3 and 5 to the problem of language modeling in the natural language
processing domain [19]. A language model is a formalism for determining whether a given sen-
tence is in a particular language. Language models are particularly useful in many applications
of natural language and speech processing such as translation, transliteration, speech recogni-
tion, character recognition, etc., where transformation system output must be verified to be an
appropriate sentence in the domain language. Recent research in natural language processing
has focused on using tree-based models to capture syntactic dependencies in applications such
as machine translation [20,21]. Thus, the problem is elevated to determining whether a given
syntactic tree is in a language. Language models are naturally representable as finite-state au-
tomata. For efficiency and data sparsity reasons, whole sentences are not typically stored, but
rather a sliding window of partial sentences is verified. In the string domain this is known as
n-gram language modeling. We instead model n-subtrees, fixed-size pieces of a syntactic tree.

We prepared a data set by collecting 3-subtrees (i.e., all subtrees of height 3) from sentences
taken from the PENN TREEBANK corpus of syntactically bracketed English news text [22]. An
initial fta was constructed by representing each 3-subtree in a single path. We then wrote an
implementation of the forward and backward minimization algorithms in PERL and applied them
to data sets of various sizes of 3-subtrees. To illustrate that the two algorithms perform different
minimizations, we then ran the forward algorithm on the result from the backward algorithm,
and vice-versa. As Tables 1 and 2 show, the combination of both algorithms reduces the automata
nicely, to less than half the size (in the sum of rules and states) of the original.

Tables 1 and 2 also include the state and rule count of the same automata after minimization
with respect to AKH-bisimulation [6]. As these figures testify, the conditions placed on an AKH-
bisimulation are much more restrictive than those met by a backward bisimulation. In fact,
Definition 3.6 is obtained from Definition 3.1 if the two-way implication in Definition 3.1 is
required to hold for every position in a transition rule (i.e. not just the last), while insisting that
the sets of accepting and rejecting states are respected.

Example 5.1 Consider the nfa My in Fig. 7 that recognizes the language L = {a,b,c,d,e}>.
The nfa Mj is backward bisimulation minimal, but an application of Alg. 5 yields the nfa M;
with the state set

a1 g2} {as}s - {ao}s {pods {pa}} -
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TREES ORIGINAL |BACKWARD | FORWARD AKH FWD, BWD | BWD, FWD
58 353 252 286 353 185 180
161 953 576 749 953 378 356
231 1373 781 1075 1373 494 468
287 1726 947 1358 1726 595 563

Table 1
State set reduction after minimization.

TREES ORIGINAL BACKWARD | FORWARD AKH FWD, BWD | BWD, FWD
58 353 252 341 353 240 235
161 953 576 905 953 534 512
231 1373 781 1299 1373 718 691
287 1726 947 1637 1726 874 842

Table 2
Rule set reduction after minimization.
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Fig. 6. The compression rate obtained by applying various kinds of bisimulation minimization. As AKH bisimu-
lation did not affect the size of the input automaton, the corresponding test series is not reported in the figure.

Now, Alg. 3 discovers that states {q1,¢2} and {gs} are bisimilar, letting us form the even smaller
automaton M. This turn-wise application of backward and forward bisimulation minimization
can be continued until an automaton Mg with three states is obtained. As this is the minimal
number of states needed to recognize L, convergence is surely reached. o
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Fig. 7. The fta that is subject for minimization in Example 5.1.

6. Conclusion

We have introduced a general algorithm for bisimulation minimization of tree automata and
discussed its operation under forward and backward bisimulation. The algorithm has attractive
runtime properties and is useful for applications that desire a compact representation of large
finite-state tree automata. We plan to include a refined implementation of this algorithm in a
future version of the tree automata toolkit TIBURON, which is described in [23].
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