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Abstract

Logical properties of iterations of relational structures
are studied and these decidability results are applied to the
model checking of a powerful extension of pushdown sys-
tems. It is shown that the monadic chain theory of the iter-
ation of a structure A (in the sense of Shelah and Stupp) is
decidable in case the first-order theory of the structure A is
decidable. This result fails if Muchnik’s clone-predicate is
added. A model of pushdown automata, where the stack al-
phabet is given by an arbitrary (possibly infinite) relational
structure, is introduced. If the stack structure has a decid-
able first-order theory with regular reachability predicates,
then the same holds for the configuration graph of this push-
down automaton. This result follows from our decidability
result for the monadic chain theory of the iteration.

1. Introduction

In this paper, we study iterations of relational structures,
their logical properties, and apply our results to the model
checking of a powerful extension of pushdown systems.

The local full iteration A} of a relational base structure
A with universe A consists of the set A* of finite words
over A. One of its relations is the immediate successor
relation son. The sons of a word w carry the relations of
the base structure A. Furthermore, Muchnik’s unary clone
predicate collects all words whose final two letters are iden-
tical. Semenov [20] sketched a proof of what is now known
as Muchnik’s preservation theorem: The monadic second
order (MSO for short) theory of the local full iteration A}
can be reduced to the MSO-theory of the base structure A,
and, if two base structures have the same MSO-theory, then
the same holds for their iterations. Hence, if the MSO-
theory of a structure A is decidable, then also the MSO-
theory of the local full iteration A7, . is decidable. A full
proof of this result was given by Walukiewicz in [25]. A
first-order variant of Muchnik’s theorem for first-order logic
follows from [14]. For modulo counting extensions of MSO
and for guarded second order logic, a preservation theorem
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was shown by Blumensath and Kreutzer [3].

The full iteration Af, differs from the local full iteration
only in as far as it contains the prefix relation on A* instead
of the immediate successor relation son. Since this prefix
relation is the transitive closure of son, there is an MSO-
interpretation of the full iteration in the local full iteration.
As an immediate consequence from [25, 3], one obtains a
preservation theorem for MSO and its modulo counting ex-
tensions for this full iteration in place of the local full it-
eration. Since one can express in first-order logic that an
element of the full iteration (i.e., a word over the base struc-
ture) represents a path in the base structure, both parts of the
preservation theorem fail for the full iteration and first-order
logic (Propositions 3.4 and 3.5).

To overcome this problem, Section 4 is devoted to the
study of the basic iteration A;, where one omits Much-
nik’s clone predicate but keeps the prefix order. For basic
iterations, the preservation theorem for MSO was proved
by Stupp [22] (cf. [21]). Rabin’s seminal result on the de-
cidability of the MSO-theory of the complete infinite bi-
nary tree [18] is an immediate corollary of this preserva-
tion theorem. For this basic iteration we are able to prove
the preservation theorem for first-order logic. In fact, we
can show even more: If a structure has a decidable first-
order theory, then its basic iteration has a decidable MSO<-
theory (Thm. 4.10). MSO" is the fragment of MSO where
second-order quantification is restricted to chains (i.e., or-
dered subsets) with respect to the tree structure of the iter-
ation. MSO®" on trees was investigated in [23]. To reduce
the MSO*"-theory of the basic iteration to the first-order
theory of the base structure, we proceed as follows: First,
we show that quantification over chains can be restricted
to ultimately periodic chains of bounded offset and period
length (Thm. 4.7). Truth of MSO®"-formulas with bounded
guantification can be determined in a bounded prefix of the
basic iteration. Finally, this bounded prefix can be inter-
preted in the base structure. Since all these bounds can be
computed effectively, our preservation theorem follows.

Roughly speaking, the results from Section 3 and Sec-
tion 4 show that, in order to have a first-order preservation
theorem for the iteration, we are not allowed to copy an in-



finite amount of information between the levels of the tree
structure — this is in some sense the essence of the clone-
predicate. Thus, the clone-predicate has an immense effect
on the expressive power of the basic iteration although it
looks quite innocent at first glance. It should be also noted
that the clone-predicate allows to define the unravelling of
a graph G within the full iteration of G (cf. [6]).

In Section 5 we present an application of our decid-
ability result for MSO® over basic iterations to pushdown
systems. Pushdown systems were used to model the state
space of sequential programs with nested procedure calls,
see e.g. [9]. Model-checking problems for pushdown sys-
tems were studied for various temporal logics (LTL, CTL,
modal p-calculus) [1, 9, 13, 24]. When modeling recur-
sive sequential programs via pushdown systems, it is neces-
sary to abstract local variables (which have to be stored on
the stack) with an infinite range (like for instance integers)
to some finite range, in order to obtain a finite pushdown
alphabet. This abstraction may lead to so called spurious
counterexamples [8]. Here, we introduce pushdown sys-
tems where the stack alphabet is the (possibly infinite) uni-
verse of an arbitrary stack structure A. With any change
of the control state, our pushdown model associates one of
three basic operations: (i) replacing the topmost symbol of
the stack by another one according to some binary predi-
cate of the stack structure, (ii) pushing or (iii) popping a
symbol from some unary predicate of the stack structure.
Such a pushdown system can model programs with nested
procedure calls, where procedures use variables with an in-
finite domain. The configuration graph of such a pushdown
system is defined as for finite stack alphabets. We study
the logic FOREG for these configuration graphs. FOREG
is the extension of first-order logic which allows to define
new binary predicates by regular expressions over the bi-
nary predicates of the base structure .A. Variants of FOREG
were studied in [15, 19, 26]. FOREG is a suitable lan-
guage for the specification of reachability properties of re-
active systems; its expressive power is between first-order
logic and MSO. Based on our decidability result Thm. 4.10
we show that if FOREG is decidable for the base struc-
ture A of a pushdown system, then FOREG remains de-
cidable for the configuration graph of the pushdown system
(Thm. 5.1). For this result, it is important that in our push-
down model procedure calls and returns cannot transfer an
infinite amount of information to another call level. This re-
flects our undecidability result Proposition 3.4 for the clone
predicate.

2. Preliminaries

Let 3 be a (not necessarily finite) alphabet. With ¥+ we
denote the set of all finite non-empty words over ¥. Then
¥* = X1 U {e} with ¢ the empty word. With < we denote

the prefix relation on finite words and < is its non-reflexive
part. For a subalphabet ' C ¥ and a word u € ¥* we de-
note with |u|r the number of occurrences of symbols from
Tin u. In case X is finite, REG(X) denotes the set of all
regular languages over the alphabet 3.

2.1. Iterations

Let A = (A, (R*)reo) be arelational structure over the
finite relational signature o. The basic iteration A}, of A is
the structure

~

Apa = (A%, =, (R) geo, ) where

R= {(uay, ... ,ua,) |ue A", (a1,...,a,) € RA}.
Example 2.1 Suppose the structure 4 has two elements «
and b and two unary relations Ry = {a} and Ry = {b}.
Then Ry = {a,b}*a and Ry = {a, b}*b. Hence the basic
iteration .4y, can be visualized as a complete binary tree
with unary predicates telling whether the current node is
the first or the second son of its father. In addition, the root
¢ is a constant of the structure A}, .

In the full iteration A} of A, we have the additional
unary clone predicate cl = {uaa | u € A*,a € A}, i.e.,

~

A}ku = (A*7 =,cl, (R)R6075) .

We will also consider a relaxation of the full iteration
where the prefix relation is replaced by the direct successor
relation son = {(u,ua) | a € A*,a € A}, i.e,

~

Al*oc = (A*a so1, Cl’ (R)R€U7 E) .

We refer to this iteration as local iteration. Note that A7, is
MSO-definable (but not first-order definable) in A .

2.2. Logics

Let o be some signature.  Atomic formulas are
R(x1,...,2pn), 21 = zo,and 21 € X Where x4, ..., xz, are
individual variables, R € o is an n-are relational symbol,
and X is a set variable. Monadic second-order formulas are
obtained from atomic formulas by conjunction, negation,
and quantification 3z and 3X for z an individual and X a
set variable. The satisfaction relation (A, @, C) & ¢(z, X)
is defined as usual with the understanding that set variables
range over subsets of A. A first-order formula is a monadic
second-order formula without set variables.

Now let < be a designated binary relation symbol in o.
A monadic second-order chain formula or MSO"-formula
is just a monadic second-order formula. For these MSO®"-
formulas, we define a new satisfaction relation |=": it is de-
fined as = with the only difference that set variables range



over chains (i.e., sets whose elements are mutually compa-
rable) in (A, <). Note that if ¢ is a first-order formula, then
A = pifand only if A =" .

Let A and B be two o-structures. Then we write
A =MSO Bif, for any MSO-formula ¢ of quantifier depth
at most m, we have A = ¢ <= B = . This relation
is an equivalence relation. If we only consider first-order
formulas (MSO®-formulas, resp.) ¢ of quantifier depth at
most m, then we write A =FC B (A = B, resp.).

-m -m

3. Thetheory of thefull iteration

We first deal with MSO-theories. Muchnik’s theorem
sharpens an earlier result of Stupp. Its full proof can be
found in [25] (cf. also [2]).*

Theorem 3.1 Let o be some finite relational signa-
ture. There exists a computable function red

MSO(o,cl,son) — MSO(o) such that, for any o-
structure A, we have A |= red(y) if and only if A} = .

One infers immediately:

Corollary 3.2 If the MSO-theory of a structure A is de-
cidable, then the MSO-theory of its local iteration A;._ is
decidable as well.

To derive another corollary, let m € N be arbitrary.
Then, there is a finite set & of MSO-formulas such that any
MSO-sentence of quantifier depth at most m is logically
equivalent to some sentence from ®. Let n be an upper
bound for the quantifier depth of red(y) for ¢ € ®. This
observation yields:

Corollary 3.3 For any m € N, there exists n € N such
that, for any two o-structures .4 and B with A =MSO B, we
have A . =MSO B;

-_m loc*

Note that the MSO-theories of the local and the full it-
eration can be reduced onto each other. Hence Muchnik’s
Thm. 3.1 and Corollaries 3.2 and 3.3 hold for the full iter-
ation A, in place of the local iteration A; . equally well.
Surprisingly, this is not the case for first-order logic as we
show next.

Proposition 3.4 There exists a structure A with a decid-
able first-order theory such that the full iteration A%, has
an undecidable first-order theory.

1Thm. 3.1 and its two corollaries aso hold for counting extensions of
MSO and for guarded second-order logic [3].

Proof. Let M be a Turing machine that accepts a non-
recursive set L (we assume that M accepts with empty
tape). Let X be the set of tape symbols and states
of M. Then consider the following structure A =
(A, E, (E.)qcx) Where A is the set of configurations of M
and, for any configurations ¢y, co and any a € X2, we have

e (c1,c9) € E ifand only if ¢, can be obtained from ¢;
by one step of the Turing machine.

e (c1,c2) € E, ifand only if ca = ca.

The first-order theory of A is decidable since A is auto-
matic [12]. There is a formula o with one free variable
x such that (A,c) = « if and only if ¢ is a configura-
tion with empty tape. Furthermore, from a state ¢ and
an input word w, we can write a first-order formula g,
with one free variable z such that, for any configuration ¢,
(A, ¢) = ¢quw ifand only if ¢ = quw.

Now consider the full iteration of A. The formulas & and
4w are obtained by restricting the quantification to siblings
of the free variable . Furthermore, let w be some input
word and let ¢y be the initial state of M. Then w is ac-
cepted if and only if there exists a sequence of configura-
tions u = cpey ... ¢, € A* such that the following hold in
the full iteration of A: (i) the minimal nonempty prefix cg
of u satisfies 3,0, (i) u satisfies @, and (iii) for all proper
and non-empty prefixes v of u, we have

0" <’ LuAv <o’ Ad@”) AEW" ),

where 2 < y is shorthand for z < y AVz(z 2 2z <y —
x = z). Since the language of the Turing machine M is
non-recursive, this proves that the first-order theory of the
full iteration of A is undecidable. O

Hence, Corollary 3.2 and therefore Thm. 3.1 with the full
iteration taking the place of the local iteration and first-order
logic replacing MSO do not hold. A similar problem arises
with respect to Corollary 3.3.

Proposition 3.5 For every n € N there exist structures A,
and B, such that A,, =FO B, but (A,);, Z5© (Bu)f,-

Proof. For n € N, let A, denote the structure A, =
(Z,succ, 0,271 that consists of a copy of the integers
with successor relation and two constants a and b. Note
that in 4,, there is a path of length 2”*! from a to b. We
will also consider the structure B,, = (Z, succ, 2"+1,0) that
differs from 4,, only in the values of the constants (that are
exchanged). Then the structures A,, and 5,, cannot be dis-
tinguished by any first-order sentence of quantifier rank at
most n, i.e., A, =F° B,,.

1 =n



Now consider the following sentence ¢ in the language
of the full iteration of A,, and B,,:

eraﬂzegzsz/\

vy.x_<y<z_>3y/3y//{ y<y 2zAy<y’A }

cd(y") AE®y"y')

To show that A, satisfies ¢, take x+ = 0 and z =
012...27+1  Since the last letters of these words are a
and b, resp., they belong to @ and b, resp. Any word y with
x =<y < zhastheform01 ...5 forsome 0 < i < 27*1,
Theny’ =y (i+1) and ¢y’ = y ¢ ensure that ¢ indeed holds.

On the other hand, B} does not satisfy ¢: Suppose it
would, i.e., there are x = z'a and z = zajas...ab
satisfying the second line of the formula ¢. Then
aajas ... axbisapathin B from a to b - but such a path
does not exist. Since ¢ has quantifier rank 6, we obtain
(An)}ku g‘O (Bn)%ku o

In Proposition 3.4 and 3.5, the interplay between the
prefix relation and the clone-predicate is crucial. If just
one of these two relations is present, a first-order version
of Muchnik’s theorem and its corollaries holds. For the
clone-predicate, this follows from a more general result on
so called factorized unfoldings from our earlier paper [14]
(see Theorem 3.6 below). For the prefix relation, we prove
the result in this paper (Theorem 4.10 and Corollary 4.11).

Theorem 3.6 ([14]) Let o be a finite relational signature.

e Let o be some finite relational signature. There exists
a computable function red : FO(o, cl,son) — FO(o)
such that, for any o-structure A, we have A = red(y)
if and only if A} . = .

o If the first-order theory of a structure A is decidable,
then the first-order theory of its local iteration A;; _ is
decidable as well.

e For any m € N, there exists n € N such that, for any
two o-structures A and B with A =E© B, we have
Af‘oc :FO B*

-_m loc®

4. The MSO®-theory of the basiciteration

In this section, we will show that statements analogous
to Muchnik’s Thm. 3.1 and Corollaries 3.2 and 3.3 hold for
basic iterations and first-order logic. In doing so, it turns out
that we can even consider the MSO®"-theory of the basic
iteration. Let us fix a base structure A = (A, (R) greo) OVer
a signature o. In the rest of Section 4, we write

t= A 1)

4.1. Preliminaries

Fori,f € N, let 7; o be the extension of the signature
(0, =) by i individual and ¢ chain constants. We write 7;
for ; 0. From ¢ and m, one can effectively compute a fi-
nite upper bound N; (¢, m) for the number of equivalence
classes of =" on the class of all T; ¢-Structures, see [10].

Foru € A*, lett, be the structure (uA*,C, (R) reo, )
over the signature 7, where (i) the relation C is the re-
striction of < to uA* and (ii) R is the restriction of R to
uA™ (the restriction to uA* could contain tuples of the
form (u,u,...,u) which are excluded from R). For any
u,v € A*, the mapping f : t, — t, with f(uz) = vxisan
isomorphism - this is the reason to consider R and not the
restriction of R to wA*. Similarly, the 7»-structure ¢, , =

(uA*\vAT, C, (R)reo, u, v) is defined for u,v € A* with
u < v. Here, again, R is the restriction of Rto uA™ \ vA™T.

Example 2.1 (continued). In the case of Example 2.1, t,,
is just the subtree rooted at the node w. On the other hand,
t,, is obtained from ¢, by deleting all descendents of v
and marking the node v as a constant. Thus, we can think
of ¢, ,, as a tree with a marked leaf. These special trees are
fundamental in the work of Gurevich and Shelah [11] and in
Thomas’ study of the monadic second-order chain theory of
the complete binary tree [23]. The following constructions
generalize those from [11, 23] to the more general context
of basic iterations as considered here.

In the following, fix some ¢ € N. We then define the op-
erations of product and infinite product of 7; ¢,-structures: If
A is ay g-structure with second individual constant v and B
a disjoint ; ,-structure with first individual constant «, then
their product A - B is a ; ¢-structure. It is obtained from the
union of A and B by identifying v and « and erasing it from
the list of constants. In other words, the individual constants
in A - B are the first constant from .4 and all but the first
constant from B. Furthermore, the chains from A and B are
united. Now let A,, be disjoint r ¢-structures with individ-
ual constants u,, and v,, for n. € N. Then the infinite product
HneN A, is a 7 g-structure. It is obtained from the union
of the structures .4,, by identifying v,, and u,,, for any
n € N. The only individual constant of this infinite product
is ug. If A, = A, forall n € N, then we write simply
Ay for the infinite product of the structures .A,,. Standard
applications of Ehrenfeucht-Fraissé-games (cf. [7]) yield:

Proposition 4.1 Let m,¢ € N, A,, Al be 75 4-structures
for n € N and let B, B’ be some 7; ,-structures such that
A, = Al forn € Nand B =" B, Then

Ag-B= Ap-B and [ A.=0 [ AL

neN neN



4.2. Ultimately periodic chains and their combina-
torics

Foraword u € A>* = A* U A%, let Ju C A* denote
the set of finite prefixes of u, and Ju = |u\ {u}. Similarly,
10 =U{lu|ueC}forC C A*. Finally, u=1C = {v €
A*|uv € C} foru e A*and C C A*.

Achain C C A* is ultimately periodic if it can be written
as U wo*F with B, F C A* finite and u,v € A*. If
E C Juand F C |, itis ultimately |v|-periodic with offset
|u|. Since v = ¢ is possible, finite chains are ultimately
0-periodic. Furthermore, if C is ultimately p-periodic with
offset ¢, then it is also ultimately zp-periodic with offset ¢+
y forany z,y € Nwithz > 1.

In the following, we will consider the structure ¢ from
(1) together with ¢ + 1 chains C4,...,Cy, C. To make
the presentation more concise, write C' for the ¢-tuple
(C1,...,C¢). We will also meet structures ¢,, and ¢,, ,, to-
gether with the restriction of C', C' to their domain. Again
for simplicity, we write, e.g., (¢, C) for (¢,,C NuA*).

4.3. Shortening ultimately periodic chains

Suppose we are in the realm of Example 2.1 and let C; C
A* be regular and let u; € A*. Then, as a corollary from
Rabin’s tree theorem, for any C' C A*, there exists a regular
set D C A* that satisfies the same MSO-formulas of quan-
tifier depth m in the structure (¢, C1, ..., Co,ug, ..., uy,) @S
C does. In this section, we want to prove a similar result for
basic iterations. For this, “regular set” is replaced by “ulti-
mately periodic chain”. In addition, we want to bound the
offset and the period of the chain D.

We start showing that some ultimately periodic chain D
exists that can take the role of C' (Proposition 4.2). Propo-
sition 4.6 will allow to bound the period of D (thereby pos-
sibly enlarging the offset). Finally, Lemma 4.3 bounds the
size of the offset (without changing the period). Finally,
Thm. 4.7 shows that we succeeded in our attempt to find an
equivalent ultimately periodic chain D of small period and
offset.

4.3.1. Existence of ultimately periodic chains

Proposition 4.2 Let m € N, Cq,...,Cy C A* be ul-
timately periodic chains and let C C A* be any chain.
Then there exists an ultimately periodic chain D such that
(t,C,C) = (t,C, D).

Proof. Assume C not to be ultimately periodic (and there-
fore infinite) and let & € A with C' C |«. By Ramsey’s
theorem (see [16] for this application), there is a strictly in-
creasing sequence u; < ug < ug - - - 0f non-empty prefixes
of o such that,

(@) |u1| exceeds the offset of all the chains Cy, Cs, ..., Cy,

(b) forany 1 <4 < ¢and for any n > 1, the period length
of C; divides |up41| — |unl, and

(¢) forany 1 < i < j, we have (ty,.u,,C,C) =5
(N eNe))

This implies
(£,C,C) = (te,» €, C) - [ tuniunsr €. C)
n>0
Egll (tfﬂh ’ 67 C) : (tul,uz ) 67 C)w

Now let v € AT with uv = uy and consider E = C'N |u;,
F=u7'(CnNluy) =u'CN v, and D = E Uuv*F.
Because of (a) and (b) we can continue as follows:

= (tE,ulaévE) . (tu1,uzvéaF)w
(t€,u1 ) C? D) ! H (tulvn,ulv"‘H ) éa D)

n>0

1%

= (t,C, D).

Since £ C |uyv¥ and F' C |v¥, the set D is linearly or-
dered and therefore ultimately periodic. a

4.3.2. Ultimately periodic chains with small offset

Lemmad4.3 Let m > 0, C; C A* be an ultimately p;-
periodic chain with offset ¢; for 1 < ¢ < ¢ and let
C C A* be an ultimately p-periodic chain with offset ¢ >
max(qi,...,q¢) + lem(py,...,pe) - (N1(£ + 1,m) + 2).
Then there exists an ultimately p-periodic chain D with off-
set ¢ — lem(py, ..., pe) suchthat (t,C,C) = (t,C, D).

Proof. Let C = EFUw*F with B C Ju, F C |,
|lu|] = ¢q and |v] = p. Then we can write v = u'zyz
such that |v/| = max(q1,...,q¢), |z|,|y] > 0 are mul-
tiples of lem(py,...,pe), 2 # ¢, and (ty,,C,C) =L
(tuzy, C,C). B

When deleting in the structure (¢,C,C) all nodes
from W'z AT \ v'zyA*, we end up with (t; ., C,C) -
(turzy,C,C). Since u' is long enough and the lengths of =
and y are multiples of lem(py, . . ., p¢), the structures (¢, C)
and (teua, C) - (turzy, C) are isomorphic. Hence there is a
chain D C A* such that

t,C,C) = (tewrs,C,C) - (tus, C,C)
= (tewra, C, C) - (turay, C, C)

>~ (t,C, D).

This chain has the same period as C, but the offset is re-
duced by |y| > lem(py, ..., pe). |

A similar proof yields the following lemma.



Lemmad4 Let m > 0, C; C A* be an ultimately p;-
periodic chain with offset ¢; for 1 < < k and let u; € A*
be words with |u;| = ¢; for k < ¢ < £ and let u € A*
with |u| > max(q1,...,q) + lem(py,...,pr) - (N1 (€ +
1,m) 4 2). Then there exists a word v € A* with |v| <
|u| —lem(p1,...,px) and (t,C,a,u) =P (¢,C,u,v).

—m

4.3.3. Ultimately periodic chains with small period

Lemmad45 Let m € N, C; C A* be an ultimately p;-
periodic chain with offset ¢; for 1 < i < ¢andletC C A*
be an ultimately p-periodic chain with offset ¢q. Suppose
furthermore p > 2lem(py, ..., pe)(N2(£ +1,m) +2) isa
multiple of lem(p1, . .., p¢). Then there exists an ultimately
p’-periodic chain D C A* such that p’ < p is a multiple of

lem(py,...,pe) and (¢, C, ) E‘;f; (t, C, D).
Proof. It is sufficient to consider an infinite chain C. In

this case, one first shows the existence of u,w € A*, v €
wtand F, Fy, ..., F, C A* such that the following hold:

o |w| =lem(py,...,pe)and p = |v|

e ) AFClvandv*F =u~'C =:C'
e )£ F, Clwandw*F; =u'C; = Clfor1 <i</¢
The word v can be factorized as xqxox3 such that 1, zo €

w't,z3 € w*, and

(tll,U(L’l b C’/) O/) =¢ch (tzlzg,vwl ) C’/) O/)

=m
For n > 0, we have v"z; = x1(xox3x1)™. One can show
that
(tey,we1,C',C") = (tyng, w1z, C',C") and
(tzlz%vxl ) C/a Cl) = (tv"xla:g,v"+17;1 ; 0/7 C/)

Hence we have

(t,C",C") = (tes,, €', C") - [ [ (toray om0y, €' C)
n>0
%" (t57v$1 ) é/? Cl) . (t$1,UiE1 b CY/, C/)w

=¢cu (tE,UfL‘] bl C"/’ Cl) : (twlwg,vwl b) C”? C/)W

—m
= (ta,van ) é/a Cl) . H (tv'"atlatQ,v"Jrlrl 5 C/a C/)
n>0
>~ (¢,C",D")
for some |z |-periodic chain D’.

Then p’ := |x324| is a multiple of lem(py, . . .
thermore

,pe). Fur-

(t,C,C) = (ten,C,C) - (ty,,C,C)

> (t.,C,C) - (t,C",C")
=M (t..,,C,C)-(t,C', D)

m

~ (1,C, D)

with D = (C' N Ju) UuD’. Since the period length of D’
equals p’, the chain D is ultimately p’-periodic. O

Proposition 4.6 Letm € N, C; C A* be an ultimately p;-
periodic chain with offset ¢; for 1 < i < ZandletC C A*
be an ultimately p-periodic chain. Then there exists an
ultimately p’-periodic chain D such that (¢,C,C) =%
(t,C,D)andp’ < 2lem(pi,...,pe) - (No(€+1,m) +2).

Proof. Setpy = p-2lem(py,...,pe) - (N2(€ +1,m) +
2). This allows to apply Lemma 4.5 iteratively. The re-
sult is a sequence of ultimately p}-periodic chains with
py > p) > ---p,. This process terminates once p), <
2lem(py, ..., pe) - (N2(€ +1,m) + 2). O

Now we can finally prove that any chain C can be re-
placed by an ultimately periodic chain D of small period
and offset without changing the MSO®"-properties:

Theorem 4.7 Let m € N, C; C A* be ultimately p;-
periodic chains with offset ¢; for 1 <i < fandletC C A*
be a chain. Then there exists an ultimately p’-periodic chain
D with offset ¢/ < max(q1,...,q¢) + lem(p1,...,pe) -
(N1(¢ 4+ 1,m) + 2) and p’ < 2lem(py,...,pe) - (Na(€ +
1,m) + 2) such that (¢, C,C) = (¢,C, D).

Proof. By Prop. 4.2, we can assume C to be ulti-
mately periodic.  Prop. 4.6 allows to bound its pe-
riod by 2lem(py,...,pe) - (N2 + 1,m) + 2). Al-
though this increases the offset, an iterative application of
Lemma 4.3 shortens the offset again to a value of at most
max(qi,...,q¢) + lem(p1,...,pe) - (N1(¢ + 1,m) + 2)
without increasing the period. a

4.4. Bounded MSO"-theory

For an MSO®"-formula ) and ¢, p € N let 3C < (¢, p) :
1 stand for “there exists an ultimately p’-periodic chain C'
with offset at most ¢ and p’ < p such that + holds”. Simi-
larly, 3z < ¢ : v means “there exists a word z of length at
most ¢ such that ) holds”. The formulas VC' < (g,p) : ¢
and Va < ¢ : ¢ should be understood similarly. A bounded
MSO*"-sentence is an expression of the form

Q1C1 < (q1,p1) - QeCr < (qe, pe)
Qlzy <ri---Qup <1

where 1) is a Boolean combination of atomic formulas and
Qi,Q; € {3,V}. Standard techniques allow to shift set
quantifiers to the front in a prenex normalform formula (at
the expense of additional quantifiers). Hence Thm. 4.7 and
Lemma 4.4 imply:



Proposition 4.8 From an MSO"-sentence ¢, one can ef-
fectively compute a bounded MSO®"-sentence v such that,
for any structure 4, we have A;, =" ¢ if and only if
Apa E .

Remark 4.9 If we restrict set quantification in MSO"-
sentences further to ultimately periodic chains, we obtain
a new satisfaction relation [=P¢ri°d (that only makes sense
for iterations). The above proposition implies in particu-
lar that this seemingly new satisfaction relation equals =<".
This consequence parallels Rabin’s result [17] where he re-
stricts set quantifications to run over regular sets.

4.5. Reduction of the MSO-theory to the first-
order theory

Theorem 4.10 From an MSO®"-sentence ¢, one can effec-
tively compute a first-order sentence ¢’ such that, for any
structure A, we have A, =" ¢ if and only if A |= ¢’

Proof. Let A be some structure. Forn € N let ASn =
(A=, <, (R)Rreo,eq) Where (i) AS™ is the set of words
in A* of length at most n and (ii) (u,v) € eq if and only
if there exist « € A and v/,v" € A* with v = v/a and
v = v'a. Now let ¢ be a bounded MSO®"-sentence with
first-order kernel ) and let n € N be the maximal number
appearing in the bounds in . Note that ¢) does not relate
the chains C; directly, but only indirectly via the individual
variables z;. This allows to write a first-order formula « in
the language of .A=" such that A;, =" ¢ if and only if
AS" = a. Here, the predicate eq is necessary in order to
express the periodicity of a chain.

Note that the first-order theory of A=" can be reduced
to that of .A. There is even such a reduction that works
uniformly in n» and .A. Hence the proof is complete. O

Since Thm. 4.10 parallels Muchnik’s Theorem 3.1, we
can derive similar corollaries:

Corollary 4.11 Let o be some finite relational signature.

o If the first-order theory of a o-structure A is decidable,
then the MSO*-theory of its basic iteration A5, is
decidable as well.

e For any m € N, there exists n € N such that, for any
two o-structures A and B with A =F© B, we have
Aba =50 Bia

5. FOREG over pushdown systems

In this section we apply our decidability result for
MSO®" over basic iterations to pushdown systems. We in-
troduce pushdown systems where the stack alphabet is the

(possibly infinite) universe of an arbitrary base structure G.
Push- and pop operations are triggered via the relations of
the base structure G and a finite set of control states, but are
independent from the topmost stack symbol. The configu-
ration graph of such a pushdown system is defined as for
finite stack alphabets. We study the logic FOREG for these
configuration graphs. FOREG is the extension of first-order
logic which allows to define new binary predicates by regu-
lar expressions over the binary predicates of the base struc-
ture A. Based on our decidability result Corollary 4.11 we
show that if FOREG is decidable for the base structure G of
a pushdown system, then FOREG remains decidable for the
configuration graph of the pushdown system (Thm. 5.1).

5.1. The logic FOREG

Let X be a finite alphabet of labels and let G =
(A, (Es)sex, R, ..., Ry) be arelational structure, where
E, C A x Aisa binary relation and R4, ..., R, are ad-
ditional non-binary relations. For a word w = o1---0,
with o; € % we define the binary relation %¢ = E,, o
-0 B, . Wehave 55 =ids and g = E, foro € .
For a regular language L C X* we define reach;, =
Uwer —c- An FOREG-formula over the structure G
is simply a first-order formula over the extended structure

(A, (reachr)LerEc(D)s R1s - - Bin)-
5.2. Pushdown systems over infinite stack alphabets

A pushdown system S = (Q, G, T) over a stack structure
G is given by the following data:

e G is a relational structure of the form

G = (A’ (eqa)oz6217 (puSh,B)56227 (popfy)’YEEm J—)!
where ¥;, X5, X3 are finite and mutually disjoint
alphabets (let ¥ = ¥; U X5 U X3 in the following),
eq, € A x A, pushg,pop, C A,and L € A.

e (Qis afinite set of states such that Q N A = 0.
e T:X—-QXxQ

With S we associate the configuration graph C(S) =
(AJer (EJ)JQZ,), where:

e B, = {(wap,wbq) | w € A* (a,b) € eq,,T(a) =
(p,q)} fora e ¥4

e B3 = {(wp,waq) | w € At,a € pushﬂ,T(ﬁ) =
(p,q)} for g € 3o

o B, = {(wap,wq) | w € A*,a € pop,,7(7) =
(p,q)} fory € X3

The following theorem is the main result of this section:



Theorem 5.1 Let G be a stack structure with decidable
FOREG-theory. Then the configuration graph C(S) has a
decidable FOREG-theory.

The rest of this section is devoted to the proof of this the-
orem. The idea is to define, using the logic FOREG, a suit-
able structure A in the stack structure G. Since we assume
that the FOREG-theory of G is decidable, it follows that the
first-order theory of A is decidable. Thus, by Corollary 4.11
the MSO"-theory of the basic iteration A, is decidable.
To obtain Thm. 5.1, we give an MSO -interpretation of
the configuration graph C(S) in A},.

For a finite automaton 7" and states p and v of T, let
L(T, u,v) be the set of words that label some path from p
tovinT.

Fix regular languages L1, ..., Li C ¥*. Then there ex-
ists a finite automaton 7" = (©, ¥, 0) with state set © such
that every language L; is a union of languages of the form
L(T, u,v) for certain states i, v € ©. For u,v € O let

reach,, , = {(up,vq) € ATQ x ATQ |
Jw e L(T, p,v) : up =c(s) vq}-

Thus, reach,, = reachy for L = L(T,p,v). We will
show that the first-order theory of the structure

B = (A+Q7 (reaCh,u,u)p,,uG@) (2)

is decidable. Since the decision procedure for the first-order
theory of B will be uniform in the automaton 7', this proves
Thm. 5.1.

Letu,v € O,p,g € Q,uc AT, and a € A. We write
(up, uaq) € reach(“ if and only |fthere exist 3 € X5 and

x € X* such that 8z € L(T, u,v), up —>c(s) uaq, |y|s, >
ly|z, for every prefix y of z, and |z|z, = |z|g,. Thus,
(up, uaq) belongs to the relation reachﬁf) if there exists a
path from up to uaq in the configuration graph C(.S) whose
label belongs to L(T, u1, v) such that all the configurations
along this path except the very first one up are of the form
uvr for some v € AT, and r € Q. Note that (up, uaq) €

) implies (vp,vaq) € reach(") for aII v € AT

v W,V
Symmetrically, we write (uap, uq) € reach |f and only
if there exist v € X3 and € ¥* such that m e L(T, p,v),
uap Zeisy ug, lyls, > |yls, for every prefix y of z, and
|z|s, = |z|s,. Finally, for u,u €0,pqg€Q uve At
we write (up, vq) € reach |f and only if there exists w €
L(T, p, v) such that up HC(S) vq, |y|s, = |yls, for every
prefix y of w, and |w|22 |w|s,. Thus, (up,vq) belongs
to the relation reachH _ if there exists a path from up to
vq in the configuration graph C(S) whose label belongs to
L(T, 1, v) such that all the configurations along this path
are of the form wr for some » € Q and w € A™ with

reach

|lw| = |u| = |v|. Thus, (uap,ubq) € reachf“} for some

(and hence all) w € A* if and only if (ap, bq) € reach,, .

Lemmab5.2 For ¢,d € ATQ and u,v € © we have
(c,d) € reach,, if and only if there exist m,n >
0, Mm,---5H0,V0,---,Vn € O, and configurations
Cmy---5C0,do, ..., d, € ATQ such that:

® Cpn =0 dp =d, fhyy = b Vp =V

e (ci,ci—1) € reach( Jfor1 <i<m

e (co,do) € reach(=)

HosVo

o (dj_1,d;) € reach(uji)hl,j fori<j<n

Proof. The if-direction is obvious. For the other direction
take for ¢y (resp. dy) the leftmost (resp. rightmost) occur-
rence of a configuration of minimal height along a path in
C(S) from the configuration c to the configuration d. O

Forall p,q € Q and i, v € © define a binary predicate
H(p,p,q,v) ={(a,b) € A x A (ap,bq) € reach, . }.

Lemmab5.3 The relation H(p,u,q,v) is effectively
FOREG-definable over the stack structure G.

Proof. We will construct effectively a finite automa-
ton B with state set @ x © and alphabet X, such that
(ap,bq) € reach,, if and only if a 5 b for some
u € L(B, (p, u), (q,v)), which proves the lemma. For this,
we will construct a finite sequence of automata B; (i > 0)
with state set Q x © and alphabet X1, which converges to
the automaton B. The finite state automaton B, contains
the transition (p, 1) — (q,v) if and only if 7(a) = (p, q)
and % v for some a € ¥,. Now assume that B; is
already constructed and assume that

e in T there are transitions p ﬂT ', (B € Xs) and
v Ly (v € X3),

o 7(f) = (¢'sq), and

e there exist a € pushg,b € pop,, and u €
L(B;, (p', /'), (¢, V")) such that a ¢ b.

Note that the last point is decidable, since the FOREG-
theory of G is decidable. In this situation we add the e-
transition (p, ;1) — (¢, v) to B; and call the resulting au-
tomaton B; ;. We repeat this process as long as we will
add new e-transitions. Note that in each step the state set
is not changed. Let B be the resulting automaton. It is not
difficult to prove (ap, bg) € reach,, , ifand only if a ¢ b,
for some u € L(B, (p, 1), (q,v)), which proves the lemma.

O

(p,p"), T(v) =



Define for all p,q € @ and u,v € © unary predicates
D(p, p,q,v),U(p, p,q,v) € Aas follows:

a€D(p,p,q,v) &

(a,b) € H(p, pu,p', 1) A
3 :
V. Fepo, { T(y)=,q9) AW Srv

p'eQ,u’ €O,
YEZ3

acU(p,pu,q,v) &

b,a) € H(p', 1, q,v) A
V ﬂbEpushﬁ:{( )€ HW 1 q,v) }

(8) = (p,p') N p R

p'€Q,u’ €O,
BET,

By Lemma 5.3, the unary predicates D(p, u,q,v) and
U(p, 1, q,v) are FOREG-definable in the stack structure G.
The next lemma follows directly from the definition of the

predicates D(pa M9, V): H(p, M, q, 1/), and [](p7 um,q, y)_
Lemmab5.4 We have:

D(p,pq,v) = {a € A| Fu € A™ : (uap,uq) € reachi)}
Up,pyq,v) ={a € Al Jue AT : (up,uaq) € reachfju)}

Note that in Lemma 5.4, one might replace the quantifier
Ju e AT by Vu € A*. Lemma 5.2 and Lemma 5.4 imply:

Lemmab5.5 We have (up,vq) € reach,, if and only if
there exist m,n > 0, w € A*, a; € A,p; € Q,u; € ©
O<i<m)andb; € A,q; € Qv; €O (0 <5 <m)
such that:

® U= lmyV ="VpyP=Pms4q = Qn,

& U= wag- - Am, U =wbg by,

e a; € D(p;, pi, i1, ti—1) forall 1 <i <m,
® (ao,bo) € H(po, k0, 40, 10),

o b; € U(gj—1,vj-1,q5,v;)foralll <j<n

Define the binary relations D(p, u, q,v)*,U(p, p, q,v)* C
AT x AT as follows:

(u,v) € D(p, u,q,v)* if and only if there exist m > 0,
A1ye s Qm € Ay Doy -+, Dm € @, lo,y - - -, b € O With

® U=Vaj - Uy,
L4 p:meQZPOIM:vaV:M01and
o a; € D(pi, pti, pi—1, pti—1) for1 <i <m.

(u,v) € U(p,u,q,v)* if and only if there exist n > 0,
bi,...,bp € A qo,...,qn € Q, vy, ..,V € O with

o v=ub;---b,,

® D=qo,q=qn |t = Vo V=Up, and

(] bj c U(Qj_l,Vj_l,Qj,Vj) for 1 S] <n.
These definitions and Lemma 5.5 imply:

Lemma5.6 We have (up,vq) € reach,, if and only if
there exist u’, v’ € AT, p’, ¢’ € Q, i/, v' € O such that:

(u, ') € D(p, p,p' ')
(u',v") € {(za,xb) | x € A*, (a,b) € H(p', 1/, ¢',V')}
(v',v) €U,V q,v)"

Now, let us consider the structure

A= (A U Qa (Q)qEQv(D(pa ", 4, V))P»qGQ,,u,ue@a
(H(p7 K, 4q, V))p,qEQ,,u,Ve@7
(UP: 1,4, V))p.geq.pveo)-

Since each of its relations is FOREG-definable in the stack
structure G, and G has a decidable FOREG-theory, A has
a decidable first-order theory. Thus, by Thm. 4.10,

Aba = (AUQ)", 2, (@)geq:

—

(D(pv M, 9, V))p.,qGQ,/J,VG(Ba

—

(H(p, My 9q, V))pﬂzEQ,u’VG@’

S

(U 14,6, V)) p.ge@.uveo)

has a decidable MSO"-theory. We finally show that the
structure B from (2), for which we have to show decid-
ability of the first-order theory, is MSO"-interpretable in
A, which proves Thm. 5.1. Clearly, the universe ATQ
of B is first-order definable in Ay, using the prefix re-
lation < and the unary relations ¢ = (A U Q)*q for
g € Q. In order to define the relations reach, , of B
it suffices by Lemma 5.6 to define the binary relations
D(p, p,q,v)*, U(p, i, q,v)*, {(xa,zb) | z € A*,(a,b) €
H(p,p,q,v)} € At x AT in Ausing MSO". The relation
{(za,zb) | v € A*,(a,b) € H(p,p,q,v)} can be defined

—

as H(p, u,q,v) N AT x AT; note that A™ is first-order de-
finable in A using the prefix relation < and the relations ¢
for ¢ € Q. Finally, the MSO®"-definitions of D(p, p1, ¢, v)*
and U(p, 1, q,v)* follow Blchi’s technique for expressing
the existence of a successful run of an automaton on a finite
word in MSO. This completes the proof of Thm. 5.1.

6. Open problems

We have shown that the MSO"-theory (i.e., the frag-
ment of the full MSO-theory where set quantification is re-
stricted to chains) of the basic iteration .4y, of a structure
A can be reduced to the first-order theory of A. Using this
result, we have shown that the FOREG-theory of the con-
figuration graph C(.S) of a pushdown system S over an infi-
nite stack structure .A can be reduced to the FOREG-theory



of 4. We plan to investigate whether similar preservation
theorems can be shown also for temporal logics like CTL,
CTL*, or the modal p-calculus. Another interesting candi-
date for investigations of this kind is TC? [26], i.e., first-
order logic extended by the transitive closure operator for
binary relations.
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