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EXTENSIONS AND LIMITS OF THE SPECKER-BLATTER THEOREM
ELDAR FISCHER AND JOHANN A. MAKOWSKY

Abstract. The original Specker-Blatter theorem (1983) was formulated for classes of structures C of
one or several binary relations definable in Monadic Second Order Logic MSOL. It states that the number
of such structures on the set [n] is modularly C-finite (MC-finite). In previous work we extended this to
structures definable in CMSOL, MSOL extended with modular counting quantifiers. The first author also
showed that the Specker-Blatter theorem does not hold for one quaternary relation (2003).

If the vocabulary allows a constant symbol ¢, there are n possible interpretations on [n] for ¢. We say
that a constant ¢ is hard-wired if c is always interpreted by the same element j € [r]. In this paper we show:

(i) The Specker—Blatter theorem also holds for CMSOL when hard-wired constants are allowed. The
proof method of Specker and Blatter does not work in this case.

(i) The Specker-Blatter theorem does not hold already for C with one ternary relation definable in

First Order Logic FOL. This was left open since 1983.

Using hard-wired constants allows us to show MC-finiteness of counting functions of various restricted
partition functions which were not known to be MC-finite till now. Among them we have the restricted Bell
numbers B, 4. restricted Stirling numbers of the second kind S, 4 or restricted Lah-numbers L, 4. Here r
is a non-negative integer and A is an ultimately periodic set of non-negative integers.

§1. Introduction. A sequence of natural numbers s(n) is C-finite if it satisfies a
linear recurrence relation with constant coefficients. s(7) is MC-finite if it satisfies a
linear recurrence relation with constant coefficients modulo m, for each m separately.
A C-finite sequence s(n) must have limited growth: s(n) < 2¢ for some constant c.
No such bound exists for MC-finite sequences: for every monotone increasing
sequence s(n) the sequence s’'(n) = n!s(n) is MC-finite.

A typical example of a C-finite sequence is the sequence f (n) of Fibonacci num-
bers. A typical example of an MC-finite sequence which is not C-finite is the sequence
B(n) of Bell numbers. The Bell number B(n) counts the number of partitions of the
set [n] of the numbers {1,2, ..., n}. Let Eq(n) be the number of equivalence relations
over [n]. Clearly, B(n) = Eq(n). Let Eq;(n) be the number of equivalence relations
on [n] with exactly two equivalence classes of the same size. Eq,(n) is not MC-finite
since the value of Eq,(n) is odd iff  is an even power of 2, see [3].

In [24] Pfeiffer discusses counting other transitive relations besides Eq(n). in
particular, partial orders PO(n), quasi-orders (aka preorders) QO(n) and just
transitive relations 77 (n). Using a growth argument one can see that none of these
functions is C-finite. It follows directly from the Specker—Blatter theorem stated
below, see Corollary 4.2, that PO(n), QO(n), and Tr(n) are MC-finite. However,
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2 ELDAR FISCHER AND JOHANN A. MAKOWSKY

to the best of our knowledge, this has not been stated in the literature. This may
be due to the fact that no explicit formulas for these functions are known. The
Specker—Blatter theorem establishes MC-finiteness even in the absence of explicit
formulas. It derives MC-finiteness solely from the assumption that C is definable
in Monadic Second Order Logic (MSOL), or in MSOL augmented by modular
counting quantifiers (CMSOL).

The present paper grew out of our study of modular recurrence relations for
restricted partition functions [12]. We provide a short review of the Specker—
Blatter theorem, and show how to extend its applicability by extending the allowed
vocabulary to include constants with a fixed interpretation (“hard-wired”). The
reduction allowing this extension can be made to work in the other direction. Using
it we also close the gap between the Specker—Blatter theorem and its known limits,
left open in [13], by constructing an FOL statement over a single ternary relation
for which the theorem does not hold.

Formal definitions about C-finite and M C-finite sequences are given in Section 3,
and more examples and details are given in Section 13.

Part I
The Specker—Blatter theorem

§2. Background in logic. We generally follow the notation of [9]. and assume
basic knowledge of model theory as well as the logics FOL, MSOL, and SOL. Our
vocabularies will contain no function symbols (but recall that a k-ary function can
generally be simulated by a (k + 1)-ary relation). Standard texts for Finite Model
Theory are [9, 22]. In the following. we always refer to a set R = {Rj. ... RgR} of
distinct binary relation symbols, aseta = {ay, ..., ag, } of distinct constant symbols,
and so on. By ¢ € @ we mean that there exists 1 < i < ¢; for which a = a;. We also
use the shorthand [#] = {1, ..., n}.

Let 1 = R U a be a vocabulary. i.e.. a set of non-logical constants. We denote by
FOL(7) the set of first order formulas with its non-logical constants in 7. If 7 is clear
from the context, we omit it. We denote by MSOL(7) the set of Monadic Second
Order formulas, obtained from FOL(t) by allowing unary relation variables and
quantification over them. The logic CMSOL is obtained from MSOL by allowing
also quantification of the form C’"¢(x), which are interpreted by

AEC"¢(x)iff {a € A: ¢(a)}| =r mod m.

In the following we will be interested in the set of models of a logic sentence ¢
over a vocabulary t whose universe is [#] for any natural number n. We denote this
set by

Co={M=([n].4.....A,,) :n €N, 4; € [n]" .M = ¢}.

§3. Definition of C-finite and MC-finite sequences of integers. A sequence of
integers s(n) is C-finite' if there are constants p.g € Nand ¢; € Z, 0<i < p -1

I These are also called constant-recursive sequences or linear-recursive sequences in the literature.
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such that for all n > ¢ the linear recurrence relation below holds for s(n):
p-1
stn+p) =Y cs(n+i).
i=0

A sequence of integers s(n) is modular C-finite, abbreviated as M C-finite. if for
every m € N there are constants p,,, ¢,, € NT such that for every n > ¢, there is a
linear recurrence relation

pm-1
s(n+ pm) = Z ¢ims(n+1i) mod m
i=0
with constant coefficients ¢; ,, € Z.

We denote by s™(n) the sequence s(n) mod m. Note that the coefficients ¢;,,, and

both p,, and ¢,, generally do depend on m.

PrOPOSITION 3.1. The sequence s(n) is MC-finite iff s™(n) is ultimately periodic

for every m.

Proor. MC-finiteness implies ultimate periodicity, since there is a finite number
of possible sequences s(n)(mod m).....s(n + p,, — 1) (mod m). The converse is
from [25]. -

Clearly, if a sequence s(n) is C-finite then it is also MC-finite with r,, = r and
¢;m = ¢; for all m. The converse is not true, see Section 13 below.

§4. The original Specker—Blatter theorem. Let ¢z be the formula in First Order
Logic (FOL) which says that E(x, y) is an equivalence relation. Eg(n) can be
written as

Eq(n) = |{E C[n]: ([n]. E) = ¢z} .

PO(n). Q0(n), and Tr(n) can be written in a similar way.

The original Specker—Blatter theorem from 1981 [1-3, 26] gives a general criterion
for certain integer sequences to be MC-finite. Let R= {Ri..... R;;R} be a finite set of
relation symbols of arities . ... pg, respectively. and let ¢ be a formula of Monadic
Second Order Logic (MSOL) using relation symbols from R without free variables.

Let f4(n) be the number of ways we can interpret the relation symbols in R on
[n] such that the resulting structures where A; is the interpretation of R; satisfy ¢.
Formally

f¢(l’l) = |{Az g [n]pi.,i S m . ([I’l],Al-~~~aAm) }: ¢}‘

THEOREM 4.1 (Speckeerlatter). Let R be a finite set of binary relations and let ¢
be a formula of MSOL(R) using relation symbols in R. Then the sequence fs(n) is
M C-finite.

COROLLARY 4.2.  The sequences counting the number of partial orders PO(n), quasi-
orders QO(n), and transitive relations Tr(n) on [n], are M C-finite.

The idea behind the proof of the Specker—Blatter theorem consists of two parts,
both of which use the assertion that 7 = R contains only binary relation symbols.
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Unary symbols can also be incorporated, since these can be simulated with binary
symbols in a way that preserves the number of satisfying models.

The first part is combinatorial and applies to any family C of structures over the
vocabulary 7 satisfying a property that we outline below. For such a family, we let
fc(n) be the number of members of C whose universe is [r]. In particular, f4(n) is
just a shorthand for f¢,(n).

A pointed R-structure isan R-structure 2l = _([n], Av, . Ay, a) with an additional

distinguished point ¢ € [n]. Given a pointed R-structure 2(; with universe [#;] and
an R-structure A, with universe [1,] we define 20 = Subst (2. a.2,) as follows:

(i) The universe 4 of 2 is the disjoint union of 4; and A, with the point a
removed. It can be assumed to be the set [n] + ny — 1].

(ii) The binary relations are defined such that 2, is a module in 2l: for u € A4; \
{a}andv € 4yand R € R. therelation R(u. v) holdsin A = Subst (2. a.2;)
iff R(u,a) holds in 2A;. For u,v € Ay \ {a} (respectively u,v € 43), R(u,v
holds in 2 iff it holds in 2; (respectively 2s).

By using an arbitrary enumeration of all possible pointed R-structures and all
possible (non-pointed) R-structures, we construct an N x N matrix M¢ over {0, 1}.
by setting for every i and j the value M¢ (i, j) to be the indicator as to whether the
substitution of the j’th structure in the /’th pointed structure results in a member
of C.

The substitution rank of C is the rank of the matrix Mc. This is well-defined
however only with respect to a specific field F. In our case, we are only interested
in whether this rank is finite or infinite. Also, in our case M always takes values in
{0, 1}, and we are only interested in finite fields (to be more precise, in finite fields
and finite commutative rings). Having a finite rank in this case is characterized by
having a finite number of distinct rows,” which we codify in the following definition.

DEFINITION 4.3. A family C of structures over a set of binary relations R is said
to have finite rank if its related matrix M¢ has only a finite number of distinct rows
(or equivalently, a finite number of distinct columns).

The main combinatorial part of the Specker—Blatter theorem is the following.

THEOREM 4.4 (Specker—Blatter, combinatorial version). Let R be a finite set of
binary relations and C be a class of finite R-structures whose substitution rank is finite.
Then the sequence f¢(n) is MC-finite.

The above applies to an uncountable number of families C. Theorem 4.1 follows
from it by the following proposition, which forms the second part of the original
proof:

_ PropPOSITION 4.5, Let R be a finite set of binary relations and C be a finite class of
R-structures defined by an R-sentences ¢ in MSOL. Then the substitution rank of C
is finite.

2In fact this also holds for infinite fields, and can be shown by taking a maximal (finite) set of
linearly independent rows and considering their reduced row echelon form. Then. note that all possible
linear combinations of the resulting rows which additionally take values only in {0, 1} must have their
coefficients in {0, 1}, making their number finite.

https://doi.org/10.1017/js1.2024.17 Published online by Cambridge University Press


https://doi.org/10.1017/jsl.2024.17

EXTENSIONS AND LIMITS OF THE SPECKER-BLATTER THEOREM 5

The original proof used Ehrenfeucht—Fraissé games for MSOL. Alternatively, one
could use the Feferman—Vaught theorem for MSOL. Courcelle [5, 23] proved an
analogue of the Feferman—Vaught theorem for CMSOL. In [14, Section 14] it is
shown that Proposition 4.6 still holds if MSOL is replaced by CMSOL.

PROPOSITION 4.6. Let R be a finite set of binary relations and C be a class of finite
R-structures defined by an R-sentence ¢ in MSOL. Then the substitution rank of C is
finite.

When considering relations of arity higher than 2, the substitution operation is
no longer well-defined as it is written here. As it later turned out, this is not merely
a technical limitation, but an essential one.

Also, it is not clear how to handle hard-wired constants in the definition of
the substitution operation. In this paper, instead of incorporating the hard-wired
constants directly into the original mechanism, we show a reduction from the
question of the original count to a sum of counts over other sentences that do
not involve the constants. This approach turns out to be useful also in the other
direction, of proving a new /imit on the Specker—Blatter theorem, see Theorem 7.3.

§5. Previous limitations and extensions. Limitations and extensions of the
Specker—Blatter theorem have been previously discussed in [14, 16].

It is well known that Eulerian graphs and regular graphs of even degree are not
definable in MSOL., but they are definable in CMSOL. In [16], the Specker—Blatter
theorem was shown to hold also for CMSOL, as per the discussion following the
statement of Proposition 4.6. Here is its statement.

TueoREM 5.1 (Extended Specker—Blatter). Let R be a finite set of binary relations
and ¢ be a formula of CMSOL(R) using relation symbols in R. Then the sequence
Sfo(n) is MC-finite.

It follows in particular that Eul(#n), which counts the number of Eulerian graphs
over [n] (i.e.. connected graphs all of whose degrees are even), is also MC-finite.

In [13] the first author showed that the Specker—Blatter theorem does not hold
for quaternary relations:

THEOREM 5.2 [13]. There is an FOL-sentence with only one quaternary relation
symbol ¢, such that f s(n) is not an MC-sequence.

The question of whether the Specker—Blatter theorem holds in the presence of
ternary relation symbols remained open.

§6. Relations of bounded degree.

DEFINITION 6.1. Let A = (A4, R) be a t-structure, where the arity of the relations
is not restricted to be binary. We define a symmetric relation E4 on A, and call
(A, E 4) the Gaifman-graph of A.

(i) Leta.b € A.(a.b) € E 4 iff there exist a relation R € R and some @ € R such

that both a and b appear in @ (possibly with other elements of 4 as well).

(ii) For any element a € A, the degree of a is the number of elements b # a for

which (a.b) € E4.

(iii) A is of bounded degree d if every a € A has degree at most d.

(iv) We say that A is connected if its Gaifman-graph is connected.
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(v) For a class of structures P we say it is of bounded degree d (resp. connected)
iff all its structures are of bounded degree d (resp. connected).

The following theorem is from [16]. Its full proof appears in [15].

THEOREM 6.2. Let ¢ € CMSOL for R where the arity of the relations is not
restricted to be binary, and all the finite models of ¢ are of bounded degree d. Then:
(1) The sequence f4(n) is MC-finite.
(ii) Furthermore, if additionally all the models in ¢ are connected, then there exists
q € N such that for all n > q the sequence f4(n) = 0(mod m) for all m.

Recall that the substitution rank is not well defined for classes of structures with
relations of arity three or more. Therefore, Theorem 4.4 cannot be applied to prove
Theorem 6.2. Instead one uses an analogue of Theorem 4.4 where substitution is
replaced by disjoint union.

Theorem 6.2 shows that the limitation on the arity of the relations, as stated in
Theorem 5.2, does not apply if the models of ¢ have bounded degree.

§7. Main new results. The Bell number B(n) denotes the number of possible
partitions of [n] (or alternatively the number of possible equivalence relations
over [n]), and the Stirling number of the second kind Sy (n) denotes the number
of possible partitions of [n] into exactly k sets. In particular B(n) = > _;2, Sk(n).
Both B(n) and Sy (n) (for every fixed k) can be shown to be MC-finite using the
Specker—Blatter theorem.

Broder in 1984 [4] introduced the restricted Bell numbers B, (1) and the restricted
Stirling numbers of the second kind Sy, (n), for any fixed natural number r. Here
B, (n) denotes the number of possible partitions of [# + r] where all members of [r]
are in different parts, while correspondingly Sy .(n) denotes the number of possible
partitions of [n + r]into exactly k parts where all members of [#] are in different parts
(it is in particular non-zero only if k < r). In particular B, (n) = 3"; =" Sy, (n). For
both of these, the objects to be counted are definable in FOL with one binary relation
and r hard-wired constants, but the Specker—Blatter theorem does not directly apply
to these.

In [12] it was shown, in an ad-hoc way. how to circumvent this obstacle in the case
of one equivalence relation. It followed that both Sy ,(n) and B, (n) are MC-finite.
In this paper we prove a more general theorem, applicable to a/l situations involving
CMSOL sentences over binary relations and hard-wired constants:

THEOREM 7.1 (Elimination of hard-wired constants).

(i) Lett consist of afinite set of constant symbols a, unary relations symbols U, and
binary relation symbols R. For every class C of t-structures there exist classes
Ci.....C, of t'-structures, where t'-contains only a finite number r(a, U, R) of
unary and binary relation symbols, such that

fen) =" fe,(n).
i=1

Equality here is not modular.
(ii) Furthermore, if C is FOL-definable (MSOL-definable, CMSOL-definable), so
are the C;.
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The introduction of unary predicates is not a big change, because a unary predicate
U can be easily simulated by a binary predicate Ry in the following manner: Given
a sentence ¢, use the conjunction ¢ AV, ,-(Ry(x.y) <> Ry(x.z)). and then in ¢
replace every occurrence “U(x)” with “3,(Ry(x. y)).” This allows to remove U
from the vocabulary, replacing it with Ry, while preserving the number of satisfying
models.

The above, in conjunction with Theorem 5.1, immediately provides the following
corollary.

COROLLARY 7.2.  Let T be a vocabulary consisting of a finite set of constant symbols
a. unary relations symbols U and binary relation symbols R. For every class C of finite
t-structures definable in CMSOL(z), the sequence f¢(n) is M C-finite.

The proof of Theorem 7.1 is given in Part II Section 8. The rest of Part I1 is devoted
to extending this theorem. Section 9 contains a “many-one” version of Theorem 7.1
that uses so-called nullary (or arity zero) relations instead of a sum. This version
is more “streamlined” mathematically at the cost of some conceptual opaqueness.
This in turn sets the stage for Section 10, that extends Theorem 7.1 to higher arities
and other logics. It is stated there as Theorem 10.1.

We have seen in Theorem 5.2 that the Specker—Blatter theorem does not hold for
a single quaternary relation. The question of whether the Specker—Blatter theorem
holds in the presence of a single ternary relation symbol remained open. Our second
main result here answers this question. The proof is given in Part I1I

THEOREM 7.3 (Ternary Counter-Example). There exists an FOL-sentence ¢ with
only one ternary relation symbol, such that f4(n) is not an M C-sequence.

The proof of Theorem 7.3 first produces a sentence w which also uses one symbol
for a hard-wired constant. This will be shown in Section 11. To construct ¢ we need a
way to eliminate hard-wired constant symbols. For this we use the abovementioned
Theorem 10.1, which converts y to a sentence with a single ternary relation and
a constant number of lower arity relations. In Section 12 we show how for this
particular sentence we can then get rid of the added relations, leaving us with only
the ternary relation.

We conclude the paper with Part IV, containing an addendum with more
information about C-finite and MC-finite sequences, Section 13, and a summary
with open problems in the final Section 14.

Part 11

The ephemeral role of hard-coded constants

§8. Proving the reduction. In this section we prove Theorem 7.1. For convenience
we state it again as Theorem 8.1, and explicitly allow unary relations. While unary
relations can be simulated by binary relations, explicitly allowing them streamlines
the proof.

TueorEM 8.1 (Reducing model counts to the case without constants). For any
class C defined by an FOL (resp. MSOL. CMSOL) sentence involving a set of constant

symbols a, unary symbols U, and binary symbols R, there exist classes Cy,...,C,
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(where r depends on the original language). definable by FOL (resp. MSOL, CMSOL)
sentences involving U’ (which contains U). R and no constants, satisfying fc(n) =

Yo fe,(n)foralln € N.

Later on, following similar lines, we streamline this theorem to use a single target
class (a many-one reduction), and then extend to classes involving higher rank
relations. The following is the immediate corollary it produces for the Specker—
Blatter theorem, which is a restatement of Corollary 7.2.

CoRrOLLARY 8.2 (Extended Specker—Blatter theorem). For a class C definable in
CMSOL with (hard-wired) constants, unary and binary relation symbols only, the
function f ¢ is MC-finite.

Theorem 8.1 is proved by induction over the number of constants. The basis,
£; = 0, is trivial (with U’ = U, r = 1, and C; = C). The induction step is provided
by the following.

LemMa 8.3 (Removing a single constant). For any class C defined by an FOL (resp.
MSOL, CMSOL) sentence involving a set of constant symbols a with £; > 0, unary
symbols U and binary symbols R, there exist classes Cy. ....C, (where r depends on
the original language), deﬁnable by FOL (resp. MSOL, CMSOL) sentences over the
language (@', U’, R’)., where ' = a \ {ag, }. U =UUIUO where b =4L5 =Ly,

and R’ = R, satisfying fc(n) =3"i_, fc,(n) foralln € N.

The main idea in the proof of this lemma is to encode the “interaction” of the
constant a,, with the rest of the universe using the additional unary relations. For
every i € [€3]. we will use the new relation J; to hold every x # a,, for which (x, a)
was in R;, and the relation O; to hold every x # a,_ for which (a, x) was in R;.

We cannot directly keep track whether (a, a) wasin R;, or whether ¢ was in U; for
i € [£;]. so we count the number of models for each of these options separately. This
sets r = 20 Instead of a running index, we index each such option with a set
il C [£;] denoting which of the relations in U include the constant to be removed
a = ay,. and a set R C [€;] denoting which of the relations in R include (@, a).
Using these we can define the case where a model 91 over the language (a’, U’, R)
with universe [n + £; — 1] corresponds (along with {{ and R) to an “original model”
M with universe [n + £;] over the original language.

DEFINITION 8.4. Given a model 9 over the language (a. U, R) with universe
[n + £;]. a model M over the language (a’. U’, R) with universe [n + £; — 1], and
sets 4 C [£;] and ] C [¢;], where (as always) in both models every constant a;
is interpreted to be n + i, we say that (91,4, R) correspond to 9N if the following

hold.
e For every U € U and x € [n+ £; — 1]. we have M = U(x) if and only if
M = Ul(x).
e Forevery i € [€;;]. we have i € {lif and only if 90 |= U;(a).
e For every R € R and x.y € [n + £; — 1]. we have M = R(x. p) if and only if

M = R(x,p).
e For every i € [¢;] and x € [n+£; — 1], we have 9 |= [;(x) if and only if
M= Ri(x.a).
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e For every i € [£3] and x € [n+ £; — 1]. we have 0 |= 0;(x) if and only if
M = R;(a, x).
e Forevery i € [£3]. we have i € R if and only if M = R;(a. a).

It is important to note, for the purpose of counting, the following observation.

OBSERVATION 8.5. Definition 8.4 provides a bijection between the set of possible
models M over the universe [n+ £5] (where the constants are interpreted as in
Definition 8.4) and the set of possible triples (9,4, R) where N is a model over
[n + €5 — 1] (where the constants are interpreted as in Definition 8.4) and $\ C [£;]
and R C [£;].

Suppose we are given an expression ¢(X) where X = {xj.....x. } is a set of
variable symbols over the language (a, U. R). as well as a set {l C [¢;;] and a set
R C [£;]. We will construct, by induction over the structure of ¢, several expressions,

where one of them will be an expression ¢y, () over the language (a’. U’. R). It will
be constructed so that for any 9t over the language (@. U, R) with universe [ + £;]

and N over the language (@', U’, R) with universe [n + £; — 1], where (91,40 R)
correspond to M, and any fixing of xj. ..., x¢. € [n + £ — 1], we will have 90 |= ¢(X)
if and only if 9N k= @ 4 (X).

Lemma 8.3 then immediately follows from the case £z = 0 (i.e., where ¢ is a
sentence). To be precise, for a class C defined by a sentence ¢ over the language

(@, U.R), we obtain fc(n) = Zug[zg].mgék]fcum (n), where Cyx is the class

respectively defined by ¢/, ,,(X) over the language (@', U’. R).

To sustain the induction, the above will not be enough. This is because we
need to account under the model 91 also for the case where some variables are
“assigned the value a = ay,.” a value which does not exist in its universe (it exists
only in that of 9t). We henceforth consider also a set X C [£;]. and denote the
set of variable symbols xx = {x; : i € X}. In our induction we will construct the
expressions @ o (¥ \ Xx), where ¢ 52 (¥) is just the special case ¢y 5, (X). With
models 99t and 91 as above and a fixing of the variables in ¥ \ xx, denote by Xx_,
the completion of this fixing to all of X that is obtained by fixing x; to be equal to
for all i € X. We will then have M |= ¢(Xx_,,) if and only if M |= ¢4 ¢ 52 (¥ \ x2).

The rest of this section is concerned with the recursive definition of
q&gw,%(i \ xx). There is a subsection for the base cases, a subsection for Boolean
connectives, and a subsection for each class of quantifiers (first order quantifiers,
counting quantifiers, and monadic second order quantifiers). In every construction
we argue (at times trivially) that we keep the correspondence invariant, namely that
M = ¢(Xx4) ifand only if N = ¢l (X \ xx) whenever M and (N. L, R) satisfy
the correspondence condition of Definition 8.4.

8.1. The base constructions. We use the Boolean “true” and “false” statements in
the following, so for formality’s sake they are also considered as atomic statements
here. Clearly, if ¢(x) is simply the “true” statement T (respectively the “false”
statement L), then setting ¢% (% \ xx) to T (respectively L) gives us the
equivalent statement satisfying the correspondence invariant.

Fori € [¢;] and j € [£¢]. let us now consider the expression ¢(x) = U;(x;). To
produce ¢% (5 (¥ \ xx). We partition to cases according to whether j € X. In the
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case where j ¢ X, we simply set ¢} (X \ xx) = U;(x;) as well. which clearly
satisfies the invariant for any triple (O, 4, R) that is correlated with 9t (recall that
the “if and only if” condition in this case should hold when the value of x; is in
[n+£; —1]).

Similarly, for i € [¢;] and j € [€;z — 1]. for the expression ¢(X) = U;(a;). we
produce ¢% (5 (¥\ xx) = Ui(a;), noting that in our setting the value of a; is
guaranteed to beequalton + j € [n + £; — 1].

Now consider the expression ¢(¥) = U;(x;) for the case where j € X. Recall
that in this case ¢% (X \ xx) should not depend on x;. Moreover, to preserve
the invariant for corresponding sets and models. ¢4 5 (X \ xx) should hold if and
only if U;(a) holds (recall that we use the shorthand a = a,, throughout). We hence
define ¢ 3 (X \ xx) tobe T (“true”) if i € 4. and defineittobe L (“false”)ifi ¢ SL.

The remaining case for a unary relation is the expression ¢(x) = U;(a). Again,
we define qb;ﬁu'm()é \ xx) to be T if i € U, and define it to be L if i ¢ &L

We now move on to handle the atomic expressions involving a binary relation R;
where i € [£j]. The first case here is the one analogous to the first case we discussed
involving a unary relation. Namely, it is the case where ¢(x) = R;(x;. x;) where
both j ¢ X and k ¢ X. In this case we set ¢ (X \ xx) = R;(x;. x;). and argue
the same argument as above about satisfying the correspondence invariant.

Dealing with constants outside a is similar. For j ¢ X, k € [€; — 1] where ¢(X) =
Ri(xj.ar) weset @b 1 (X \ xx) = Ri(x;.ar).for j € [€z — 1]. k ¢ X where ¢(X) =
Ri(aj. x;) we set ¢% (X \ xx) = Ri(a;. x). and finally for j. k € [£; — 1] where
¢(X) = Ri(a;. ar) we set ¢ o1 (X \ xx) = Ri(a;. ar).

The next four cases we discuss resemble the last two cases we discussed about a
unary relation. Namely, these are the cases where ¢(X) = R;(x;.x;) with j. k € X,
¢(%) = Ri(x;.a)or ¢(x) = R;(a.x;) with j € X, and ¢(X) = R;(a. a). In all these
cases the resulting expression should reflect on whether 9 = R;(a. a), which for the
corresponding (9. 4. R) is handled by the set 9. We hence set ¢ (X \ xx) =T
if i € R, and set ¢ (X \ xx) = Lifi ¢ R

Next we handle the cases where ¢(X) = R;(x;.x;) with j ¢ X and k € X, and
(%) = Ri(x;,a)with j ¢ X. For both these cases, for the correspondence invariant
to follow we need to look at whether 9 = R;(x;. a). where the value of x; isin [n +
£; — 1]. For the corresponding (91, 4L, R) this occurs if and only if 9 |= I;(x; ), where
we recall that /; is a relation from U’ \ U. We therefor set P oy (X\ xx) = L;(x;) in
these cases. Similarly, for the cases ¢(x) = R;(a;, xx) and ¢(X) = R;(a;,a), where
J€a—11and k € X, we set ¢% (X \ xx) = Li(a;).

Moving on to the remaining cases for a binary relation, we consider ¢(x) =
Ri(x.x;) with j ¢ X and k € X, and ¢(X) = R;(a.x;) with j ¢ X. These are
analogous to the cases handled in the last paragraph, only here we use O; instead
of I;. We set ¢% 5 (¥ \ xx) = O;(x;) in these two cases. Finally, for the cases
#(%) = Ri(xx.a;) and ¢(x) = R;(a.a;), where j € [¢; —1] and k € X, we set
Py (X \ xx) = 0i(a)).

The final atomic formula to consider is the “builtin relation” of equality. We skip
all cases involving only constants (e.g.. @; = a;). since these are equivalent to T
or 1. We also skip cases that are equivalent by the symmetry of the equality relation
to those that we discuss.
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First. if (%) is x; = x; or x; = ay for i, j ¢ X and k € [¢; — 1]. then since we are
dealing with values that are guaranteed to be in [n + £; — 1] (the universe of 91), we
set qﬁ%.u,m(i \ xx) respectively to x; = x; or x; = a; as well (so it is “unaltered”
from ¢(x)).

On the other hand, if ¢(x) is x; = x; or x; = a for i, j € X, then for the
correspondence principle to hold, we need M f= ¢ (X \ xx) to hold if M =
(a = a). In other words, we have to set ¢ (X \ xx) = T here.

The final cases are those where ¢(x) is x; = x; or x; = a fori ¢ X and j € X. For
the correspondence principle to hold, we need 91 = ¢§e.u,m(i \ xx) to hold if and
only if MM = (x; = a). However, we make here the subtle yet important observation
that this should occur for any value that x; can take from the universe of 91, which
does not include a. Therefore, we can (and should) set ¢ (X \ xx) = L in these
cases.

8.2. Boolean connectives. Handling Boolean connectives is the most straightfor-
ward part of this construction. For example, suppose that we have ¢(x) = ~y(X)
for some expression w(x), for which we have already established (by the induction
hypothesis) that M |= w(xx_,4) if and only if N = w5 (X \ xx) whenever 9t and
(0. 4. R) correspond. Here we can clearly set % (51 (¥ \ xx) = ~wk o 2 (¥ \ x2).
and obtain that M |= ¢(Xx_,,) if and only if N |= ¢4 51 (X \ xx) whenever M and
(91, 4, R) correspond.

The same idea and analysis follow for all other Boolean connectives. For example,
for the expression ¢(X) = w1 (X) A wa(%). we set % (X \ xx) = Y] 5 (x(X\
Xx) A5 e o (X \ Xa)-

8.3. First order quantifiers. To deal with quantifiers over variables, we make some
assumptions on the structure of our expressions that can easily be justified by the
appropriate variable substitutions. Namely, we require that every quantified variable
is quantified only once in the expression, and is not used at all outside the scope
of the quantification. In particular, this means that the set X that appears in the
subscript of our expression cannot contain a reference to the quantified variable.

For notational convenience, when ¢(X) is our formula, we denote by x = x4
the quantified variable (which is not a member of X. the unquantified variables
of this formula). So the two cases that we consider in this subsection are the
existential quantification ¢(x) = I,y (x U {x}) and the universal quantification
¢(x) =Vyw(xU{x}), and for both of them we would like to construct a
corresponding ¢’ (o (¥ \ xx) where X C [¢5].

In the existential case, we want 9 = ¢4 (X \ xx) to occur whenever there is
at least one value of x for which M = w(x U {x}). For the values of x within
[n +£; — 1], by the induction hypothesis, this is covered by the expression
Fevh y o (XU {x} \ xx). However, there is one possible value of x not covered
in this way, and that is the value n + ¢;. which we identify with the constant
a. But by the induction hypothesis, 9t = w(x U {x}) for x =« if and only if
NE= vy (s +1},um<x \ xx). The combined expression that satisfies the cor-

respondence  invariant is hence ¢3€,u.m(f \ xae) =3 ng,u.m()? U {x} \ xae) vV
W;&J{Zwl},u.m()E \ Xx).
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The universal case follows an analogous argument, only here 9 = w(x U {x})
needs to hold for all values of x, those in [n+ ¢; — 1] as well as the value
of a. The combined expression is ¢} (5 (¥\ Xx) = Voypk ( x (X U{x}\ x2) A

W/%U{Z;-H},u,%(j \ Xx).

8.4. Modular counting quantifiers. We briefly recall the definition of a modular
counting quantifier. Given ¢(x) = C:"w(x U {x}), this expression is said to hold
in 9 for a specific assignment to the variable of X, if the size of the set {x : M
w(x U {x})} is congruent to r modulo m. As with the previous subsection, we
assume that the quantified variable is not used outside the quantification scope,
and that no variable is quantified more than once. We again denote for notational
convenience the quantified variable by x = x;.,1, and note that X C [/;] cannot
include a reference to x.

When working with (91,4, %) that corresponds to 90, to obtain the original
modular count, we have to count the set (satisfying the induction hypothesis) {x :
N = Wi g0 (XFU{x}\ xz)}. as well as check whether 91 |= W/XU{Z,;+1},£1.9%()_C \ xx)
(which if true adds 1 to the count). This gives (C, 'y (X U{x}\xx) A
Wieuteertyam(F\X2) VA(CEM % o or (8 U{XP\X) A W1y am (3 \ X)) as
the combined expression for ¢} ¢ 5 (X \ xx).

8.5. Monadic second order quantifiers. Here we deal with quantifiers over unary
relations. The cases we cover are the existential quantification ¢(X) = Jyw(x) and
the universal quantification ¢(x) = Vyw(x). where U is a new unary relation that
does not appear in the language (a. U. R) of ¢(X). while being part of the language
of w(x). As before, we assume that the quantified relation symbol U appears only
in the scope of this quantification, and is not quantified anywhere else, and again
denote for convenience U = Uy, 1. In particular, when analyzing expressions of the
type v’ v 52 (X \ xx). we may allow &’ to contain [£; + 1] (the same is not allowed
for the expression ¢% (3 (X \ xx). whose language does not contain U).

Consider now the family of possible models 9t that extend 9 with an
interpretation of the relation U. Now consider (O, ', %’) which correspond to 9V,
in relation to (M, 4, R) which correspond to M. Referring to Definition 8.4, every
relation already appearing in U will have the same interpretation in 9t and 9. Also.
R’ = R, since the binary relations are the same in the languages of both models.
Additionally, from the definition, the interpretation of U = Upy+1 in 9V is the
restriction of its interpretation in 9 to [n + £; — 1]. As for the final ingredient £,
for every i € [£;]. the condition on whether it is in 4l or in Y is the same. However,
4’ may also include ¢ + 1 according to whether M’ = U(a). So considering all
possible models ', we have two possibilities. Either 8" = £, or &' = 4 U {£; + 1}.

We can now construct our expression that corresponds to all models extend-
ing M. For the existential case we have ¢% (¥ \ xx) = Juph o (¥ \ x2) V
HUV//%,MU{€0+1},%()E\XX)’ and for the universal one we have ¢% (X \ xx) =

VUW.{fﬂfR('X‘ \ XX) A vU l///xtuu{gl,]Jrl}’m()_C \ xx).

§9. Nullary relations and a many-one version of the reduction. Nullary relations
are relations of arity zero. Formally, for a nullary relation Z, the corresponding
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atomic formula is Z(), and a model 9 over a language that includes Z interprets
this formula as either true or false, that is, either 9 = Z() or M = ~Z().

Note that nullary relations can be simulated using higher arity relations. To replace
a nullary relation Z in the language with a unary relation U (while preserving the
model count), the logical expression under discussion should be conjuncted with
“V ¥, (U(x) > U(y)).” and then every instance of “Z()” in the formula should be
replaced with “3, U (x).”

For convenience, in the following we use explicit nullary relations in our formalism.
We prove in this section a “many-one” reduction of counting with hard-wired
constants to counting without them, that is, a reduction of the counting function
to another counting function based on a single class, rather than a reduction to the
sum of several such functions.

THEOREM 9.1 (Many-one reduction to the case without constants). For any class
C defined by an FOL (resp. MSOL, CMSOL) sentence involving a set of constant
symbols a, nullary symbols Z ., unary symbols U, and binary symbols R, there exists
a class C' definable by an FOL (resp. MSOL. CMSOL) sentence involving z' U
(which contain Z and U respectively), R and no constants, satisfying fc(n) = feor(n)
foralln € N.

Also here, the theorem follows from a single constant removal lemma, which is
used for an inductive argument over £;.

LeEmMA 9.2 (Removing a single constant in a many-one manner). For any class
C defined by an FOL (resp. MSOL, CMSOL) sentence involving a set of constant
symbols @ with £; > 0, nullary symbols Z ., unary symbols U and binary symbols R,
there exists a class C', definable by an FOL (resp. MSOL, CMSOL) sentence over
the language (@', Z', U', R"), where @' = a \ {a,}. Z' = ZUS U D where 5 = £
andly =Lz, U' = UUIUO wherel; = €5 =€, and R’ = R, satisfying fc(n) =
fer(n) foralln € N.

The main new idea in the proof of this version is to use new nullary relations to hold
the information as to whether R(a, a) holds for a binary relation R, or whether U (a)
holds for a unary relation U, while in the original version we constructed different
expressions for each of these options. So, given ¢ (). our inductive construction will
produce the expression ¢% (X \ xx) for every possible X C [£;], without referring to
the sets 4l and R that appeared in the proof of Lemma 8.3 and held the information
about which relations contain a or (a, a).

The definition of correspondence is adapted to use the new nullary relations in
the language, instead of referring to prescribed sets, in the following way.

DEFINITION 9.3, Given a model 90t over the language (. Z. U, R) with universe
[n + £5], and a model M over the language (a’, Z’, U’, R) with universe [n + £; — 1],
where in both models every constant a; is interpreted to be n + i, we say that 0N

corresponds to N if the following hold.
e For every Z € Z, we have 0t = Z() if and only if M |= Z().
e For every U € U and x € [n+£; — 1], we have M = U(x) if and only if
M = U(x).
e For every i € [£;]. we have 0 |= S;() if and only if M |= U;(a).
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e For every R € R and x.y € [n + £; — 1]. we have M = R(x. p) if and only if

M = R(x,p).

e For every i € [¢3] and x € [n+£; — 1], we have 9 |= [;(x) if and only if
M= R;(x.a).

e For every i € [{3] and x € [n +£; — 1]. we have 91 |= O;(x) if and only if
M = R;(a. x).

e For every i € [{j]. we have 0 |= D;() if and only if M = R;(a.a).
As expected we have the immediate counterpart to Observation 8.5.

OBSERVATION 9.4. Definition 9.3 provides a bijection between the set of possible
models 9N over the language (a,Z,U,R) with universe [n +£;]. and the set of

possible models N over the language (a’. Z'. U', R) with universe [n + £; — 1] (where
all constants are interpreted as in Definition 9.3).

The rest of this section is concerned with the recursive definition of ¢% (X \ xx)
given ¢(x), satisfying the following correspondence invariant: If 9 and 9
correspond according to Definition 9.3, then for any fixing of the variables ¥ \ xx.,
we have M |= ¢(Xx—,,) if and only if N |= ¢% (X \ xx) (we refer to Section 8 for the
definitions of x \ xx and Xx_,,). The main differences between this construction
and the one of Section 8 are in the handling of atomic formulas and of monadic
second order quantifiers.

9.1. The base constructions. For the Boolean “true” and “false” statements, just
as with Section 8.1, if ¢(X) is T (respectively L), then we also set ¢’ (¥ \ xx) to T
(respectively L).

For the statement ¢(X) = Z;() where i € [¢;]. relating to a nullary relation that
was already present in the language of 9. we simply set ¢4 (¥ \ xx) = Z;() as well.

For the expression ¢(x) = U;(x;) where i € [{3] and j € [¢5]. to produce
¢% (% \ xx). we again partition to cases according to whether j € X. In the case
where j ¢ X, we again simply set ¢4 (% \ xx) = U;(x;) to satisfy the correspondence
invariant (recall that the “if and only if” condition in this case should hold when
the value of x; is in [n + £; — 1]).

Similarly, for i € [£;] and j € [€; — 1]. for ¢(x) = U;(a;) we set ¢4 (% \ xx) =
U;(a;). noting that in our setting the value of «; is guaranteed to equal n + j €
[n+ 47 - 1].

Returning to the expression ¢(X) = U;(x;). for the case where j € X, recall
that here ¢% (X \ xx) should not depend on x;. but should rather express (for
the correspondence invariant to hold) whether 9 = U; (). For the corresponding
model O this information is kept by the nullary relation S;. Therefore, for the
invariant to hold. we set ¢ (X \ xx) to S;().

The remaining case for a unary relation is the expression ¢(x) = U;(a). Also here
we set ¢4 (X \ xx) to Si().

Moving on to the atomic expressions involving a binary relation R; wherei € [{;].
the partition to cases is analogous to that of Section 8.1. The first case is where
#(X) = Ri(x;, x;) where both j ¢ X and k ¢ X. for which as expected we set ¢ (X \
xx) = R;(x;, x¢). using very much the same argument.

Handling constants outside a is similar. For j ¢ X, k € [£; — 1] where ¢(X) =
Ri(x;.ar) we again set ¢4 (X \ xx) = Ri(x;.ay). for j € [€;—1]. k ¢ X where
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#(X) = Ri(aj.xi) we set ¢4 (% \ xx) = Ri(a;.x;). and finally for j. k € [£z — 1]
where ¢(X) = R;(a;. a) we set ¢4 (x \ xx) = Ri(a;. ai).

The next four cases are those that resemble the last two cases that we discussed
about a unary relation. Namely, these are the cases where ¢(x) = R;(x;. x;) with
Jk€X, ¢(x)=Ri(x;.a) or (X) = Ri(a.x;) with j € X, and ¢(X) = R;(a. a).
In all these cases the resulting expression should reflect on whether 9 = R;(a, a),
which for the corresponding 91 is handled by the nullary relation D;. We hence set
¢/ (% \ xz) = D, ).

The remaining cases are handled identically to Section 8.1. For the case ¢(x) =
R;(xj.x;) where j ¢ X and k € X, and the case ¢(X) = R;(x;.a) where j ¢ X, for
the correspondence invariant to follow we set ¢4 (% \ xx) = I;(x;). For the similar
cases ¢(X) = R;(a;.x;) and ¢(X) = R;(a;.a). where j € [£; — 1]and k € X, we set
¢% (% \ xx) = I;(a;). For the case ¢(X) = R;(xy.x;) where j ¢ X and k € X, and
the case ¢(x) = R;(a. x;) where j ¢ X. we set ¢4 (X \ xx) = O;(x;). Finally, for the
cases ¢(X) = R;(xx.a;) and ¢(X) = R;(a.a;) where j € [(z — 1] and k € X, we set
¢% (X \ xx) = 0;(a;).

The conversion of atomic expressions using the equality relation is completely
identical to that of Section 8.1.

9.2. Boolean connectives. The handling of Boolean connectives is completely
identical to that of Section 8.2, including the same straightforward arguments. For
example. for the expression ¢(¥) = w1 (X) A y2(X) we set ¢4 (X \ xx) = wi (X \
xx) Ay (X xx).

9.3. Quantifiers over variables. The handling of first order quantifiers, as well
as modular counting quantifiers, is pretty much the same as that of the respective
Section 8.3 and Section 8.4. In particular, we again require that every quantified
variable is quantified only once in the expression, and is not used at all outside the
scope of the quantification, meaning in particular that the set X cannot contain a
reference to the quantified variable.

For notational convenience, when ¢(x) is our formula, we again denote by
X = xg_41 the quantified variable, so for example the existential quantification case is
¢(x) = 3y (x U {x}). For each case we will construct a corresponding ¢ (X \ xzx)
where X C [¢5].

In the existential case, we want 0N |= ¢4 (% \ xx) to occur whenever there is
at least one value of x for which 9 = w(x U{x}). If this occurs for a value
of x within [n + ¢; — 1], then by the induction hypothesis this is covered by the
expression Iy’ (¥ U{x}\ xx). and if the above occurs in M for x = a, then
this is covered by the expression (//;€U (te+1} (x \ xx). The combined expression that
satisfies the correspondence invariant is hence ¢ (X \ xx) = Iyt (X U {x} \ xx) V
‘//geu{lgﬂ}()z \ xx).

The universal case follows an analogous argument, only here 9 = y(x U {x})
needs to hold for all values of x, those in [1n + £; — 1] as well as the value a. The com-
bined expression is hence ¢ (X \ xx) = Vw4 (X U {x} \ xx) A w%u{eﬁl}(i \ Xx).

We now handle the modular counting quantifier case ¢(x) = C:"w (% U {x}).
To obtain the original modular count for 9t when working with the corre-
sponding 9, we have to count the set (satisfying the induction hypothesis)
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{x : 9 wi(xU{x}\xx)}. as well as check whether 9 = w3 (X \ x2).
For the complete combined expression for ¢4 (X \ xx) we obtain (C; 'y’ (3 U
{x} \ x3€) A W’%U{[}-ﬁ»]}(x \ x%)) \ (C;'ml///x()_c U {x} \ x%) A _'!//,fu{lg-kl}()_c \ x%))

9.4. Monadic second order quantifiers. We now deal with the cases of existential
quantification ¢(X) = Jyw(¥) and universal quantification ¢(x) = Vyw(X), where
U is a new unary relation that does not appear in the language (@, Z. U, R) of
¢(x). while being part of the language of w(x). As before, we assume that the
quantified relation symbol U appears only in the scope of this quantification, and
is not quantified anywhere else, and denote for convenience U = Ugg+1-

When preparing to analyze expressions of the type w’ (X \ xx). as per the
induction hypothesis for the construction of ¢4 (X \ xx). we note that just as
Ui...., U‘z‘/ have their counterpart nullary relations Si., ..., S[O, we also need a new
counterpart S = Sy, 11 to U = Uy, +1. When analyzing a model 90’ for w(x), which
(unlike 9M) interprets U as well, we note that the corresponding 9t must interpret
both U and S, where in particular 9V = S() if and only if 9 = U(a). When
constructing ¢4 (x \ xx). we will need to quantify both U and S. Quantifying over
S as well as U makes sure that our quantification encompasses, for the tests against
the original w (x). both U for which U (a) holds and U for which U (a) does not hold.
Since nullary relations can be simulated by unary relations, utilizing the notion of
quantification over nullary relations does not move us outside the realm of monadic
second order logic.

Having discussed the role of the new relation, constructing the expressions that
relate to all models corresponding to those extending 21 is now simple. For the
existential case we set ¢%. (X \ xx) = JuyTsyw (X \ xx). and for the universal case we
set ¢4 (X \ xx) = VuVsph (X \ xx).

§10. Higher arity relations. We prove in this section an extension of Theorem 9.1
to higher arity relations, and to other logics. The less common GSOL (Guarded
Second Order Logic) that appears in this statement is explained in Section 10.2.

TueoreM 10.1 (Many-one reduction allowing higher arity). For any class C
defined by an FOL (resp. MSOL, CMSOL, GSOL, SOL) sentence involving a set of
constant symbols a, and relation symbols R of arbitrary arities, there exists a class
C’ definable by an FOL (resp. MSOL, CMSOL, GSOL. SOL) sentence involving R,
which contains R, has the same maximum arity as R, and has no new relations of
maximum arity, satisfying fc(n) = fer(n) for alln € N,

Also here, this follows by induction of the following lemma. extending Lemma 9.2.

LemMa 10.2 (Removing a single constant with higher arities). For any class C
defined by an FOL (resp. MSOL, CMSOL, GSOL, SOL) sentence involving a set of
constant symbols a, and relation symbols R of arbitrary arities, there exists a class
C', definable by an FOL (resp. MSOL, CMSOL, GSOL, SOL) sentence over the
language (@', R'), where @' = a\ {ay, }. R’ contains R, has the same maximum arity
as R. and has no new relations of maximum arity, satisfying fc(n) = for(n) for all
n e N.
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The construction is very similar to that of Section 9, and we only highlight here
the differences, which are mainly in the definition of the corresponding models and
the transformation of atomic relational formulas.

We first set up the language: We assume that R = {R;. ...,RgR} are relation
symbols whose arities are p = {py, ..., pgk} respectively. To construct R’, first every
relation R; € R is replaced with 2% relation symbols R; = (R; 4 : A C [p;]). where
each relation R, 4 is of arity p; — |4|. Note that in particular R; is identified with

the original R;, and that R;,,) is a nullary relation. Finally, R’ is the union of these

_ Z. _
sets, R" = [J,%, R;.

For some intuition of why this language is a straightforward extension of the one
defined in conjunction with Definition 9.3 in Section 9, consider the case of a binary
relation R;. In this case, R; (1 is the same as O; in Section 9, R; (5; is the same as
I; there, and R; (1) is the same as D; there. The following is a generalization of
Definition 9.3.

DerINITION 10.3. Given a model 9 over the language (4, R) with universe
[1n + £;]. and a model 91 over the language (@’. R’) with universe [n + £; — 1], where
in both models every constant g; is interpreted to be n + i, we say that 9 corresponds
to M if the following holds.

e For every R; € R and every X = x. ..., Xp; € [n+£5]. denoting by A the set
of indexes of the variables for which x = a = ay,. thatis 4 = {i : x; = a}. we
have M = R(x].....x,,;) if and only if 91 |= R; 4(X \ x4). where as before we
let X \ x4 denote the subsequence of variables whose indexes are not in A4.

The exact analog to Observation 9.4 also holds, and we define the same
correspondence invariant with respect to logic expressions. The rest of this section
is concerned with the recursive definition of ¢ (% \ xx) given ¢(x) and X C [¢5].
satisfying the correspondence invariant.

10.1. FOL expressions and counting quantifiers. The only difference between this
section and Sections 9.1-9.3 is in the construction of ¢% (X \ xx) where ¢(X) =
R;(y1, ... Vpi ). and each y; is either some variable x;, or some constant aj;.

For this construction, we let the set 4 denote the indexes of all j for which y; is
either some x; for i € X, or the constant a (but not any constant a;, for i; < £3).
We denote by j \ y4 the subsequence of j = yi. ...y, after excluding all y; with
J € A, and define ¢% (X \ xx) = Ria(7 \ ya).

All other base constructions, as well as the recursive constructions for Boolean
connective and quantification over variables, are identical to those of Section 9.

10.2. Second order quantifiers. We first look at the case of existential quantifica-
tion ¢(x) = Irw(X), where Ris a new relation that does not appear in the language
(@. R) of ¢(x). while being part of the language of v (). Again we assume that R
appears only in the scope of this quantification, and is not quantified anywhere else,
and denote for convenience R = Ry,+1. We also denote by p = py 41 the arity of R.

To construct ¢4 (X \ xx). just as we expanded each R; to 27 relations for
1 <i < ¥z, we expand the quantified relation R to a sequence of 2/ relations
(R4 : A C[p]), where each R is of arity p — | 4| (R4 is not part of the relations of
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the language of ¢ (X \ xx). but identified with R, 11 4 it is part of the language of
w’ (X \ xx) that is constructed by induction from y(X)).

The quantification will be over all new relations, that is ¢4 (X \ xx) =
(R aCip) w’% (X \ xx). Note that in particular for an MSOL quantification, that is
when R is of arity 1, we will have a quantification over a unary relation Ry and over
a nullary relation Ry}, just as with the construction in Subsection 9.4.

For the case of universal quantification ¢(x) = Vrw(X) we again define (R :
A C [p]). and analogously set ¢4 (X \ xx) = V(g .ac Ve (X \ xx).

Finally, we briefly explain how to deal with guarded second order (GSOL)
quantifiers. These are quantifiers over a new relation R whose arity is identical
to that of an existing relation R;, where we look only at the possibilities for R that
make it a subset of R;. The existential case is written ¢(¥) = Jrcg, (%), and the
universal case is written ¢(X) = Vrcg, ¥ (X).

We construct the relations (R4 : A C [p]), where the arity p; — |4] of Ry is
identical to that of R;, in the language of ¢% (X \ xx). We simply quantify
every R, as a subset of its respective R;,4, so for the existential case we
have ¢4 (X \ xx) = J(r,cr, ;acpp) Wy (¥ \ xx). and for the universal case we have

% (X \ xx) = ViR, CRr; jracn W (X \ Xx).

Part 111

Ternary relations

§11. An FOL-definable class C where f-(n) is not MC-finite. In this part we
negatively settle the question of whether the Specker—Blatter theorem holds for
classes whose language contains only one ternary relation.

11.1. Using one hard-wired constant. We first construct a class whose language
includes a single ternary relation and a single hard-wired constant. Our counterex-
ample builds on ideas used in [13].

TuEOREM 11.1 (Ternary relation counterexample with a constant). There exists
an FOL sentence ¢ g over the language (a, R), where a is a single (hard-wired )
constant and R is a single relation of arity 3, so that the corresponding class C satisfies
fe(n—1) =0 for any n that is not a power of 2, and fc(n—1) =1 (mod 2) for
n = 2" for every m € N. In particular, f¢ is not ultimately periodic modulo 2.

The statement uses f¢(n — 1) instead of f¢(n), but recalling the definition of
fc. this refers to the universe [n — 11U {a} whose size is n. We explain later how
to modify this class to produce a counterexample modulo other prime numbers p
instead of 2.

By Theorem 10.1, we have the following immediate corollary that does away with
the constant, at the price of adding some additional smaller arity relations.

CoOROLLARY 11.2 (Ternary counterexample without constants). There exists an
FOL sentence ¢/, , over the language (R), where R includes one relation of arity 3 and
other relations of lower arities, so that the corresponding class C satisfies fc(n) =0
for every n for which n + 1 is not a power of 2, and f¢(n) = 1(mod 2) forn = 2" — 1
for every m € N. In particular, f ¢ is not ultimately periodic modulo 2.
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In Section 12 we show how to further reduce the language so that it includes only
one ternary relation and no lower arity relations, to provide Theorem 7.3.

11.2. The first construction. The starting point of the construction is a structure
that is defined over a non-constant length sequence (and hence not yet expressible in
FOL) of unordered graphs. This definition follows the streamlining by Specker [27]
of the original construction from [13].

DerINITION 11.3 (Iterated matching sequence). Given a set V' of vertices, an
iterated matching sequence is a sequence of graphs over V. identified by their edge
sets E = Ey, ..., EgE, satisfying the following for every 1 <i < {z.

o The connected components of E; are (vertex-disjoint) complete bipartite
graphs.

e The two vertex classes of every complete bipartite graph in E; as above are two
connected components of U’]’:ll Ej (fori = 1thismeans that E} is a matching).

e Every connected component of ;;11 E; is a vertex class of some bipartite

graph of E; (so in particular E is a perfect matching).

An iterated matching sequence E is full if every vertex pair u,v € V (where u # v)
appears in some E;.

The following properties of iterated matching sequences are easily provable by
induction.

OBSERVATION 11.4. For an iterated matching E . every E; corresponds to a perfect

matching over the set of connected components of U;;l] E;. Additionally, every

connected component of Ui/:l E; is a clique with exactly 2" vertices.

The above implies that there can be a full iterated matching sequence over [n]
if and only if 7 is a power of 2, in which case £z = log,(n). Denoting the number
of possible full iterated matching sequences over [#] by f a((n), note the following
lemma.

LeEmMA 11.5 (see [27]). For every n which is not a power of 2 we have f p(n) =0,
while f ap(n) = 1 (mod 2) for n = 2™ for every m € N.

The rest of this section concerns the construction of a sentence ¢ 4 over a language
with one constant and one ternary relation, so that the corresponding class C
satisfies fc(n —1) = fa(n). In the original construction utilizing a quaternary
relation Q, essentially we had (u,v,x,y) € Q if (u,v) € E; and (x,y) € E; | for
some 1 <i </, or (u.v) € E; and x = y. For the construction here, we only have
a ternary relation R, and we encode the placement of (u,v) within E by the set
{w: (u,v,w) € R}. We will have to utilize the hard-wired constant a to make sure
that there is exactly one way to encode every full iterated matching sequence.

11.3. Setting up and referring to an order over the vertex pairs. We simulate the
structure of a full iterated matching sequence over [#] (Where n € [n]isidentified with
the constant @) by assigning “ranks” to pairs of members of [#]., which we consider as
vertices, where each pair (x, y) is assigned the set v, , = {z : (x,y.z) € R}. First we

https://doi.org/10.1017/js1.2024.17 Published online by Cambridge University Press


https://doi.org/10.1017/jsl.2024.17

20 ELDAR FISCHER AND JOHANN A. MAKOWSKY

need to make sure that “graphness” is satisfied, which means that r, , is symmetric
and is empty for loops:

¢graph = Vx,y.,z(R(xa y,Z) — (X 7é YA R(y» x,z))).

Next we make sure that every two vertex pairs have ranks that are comparable by
containment. This means that for every (xi. y1) and (xz. y») either ry, ,, C ry,, OF

Py © Txp't

Peomp = Yy p1.x2.00 73212 (R(x1. p1.21) A =R (x2. y2.21) A R(x2. y2. 22) A =R(x1. 1. 22)).

Finally, we want every non-loop vertex pair to have a non-empty rank, and
moreover for it to include the constant a. This is crucial, because a will eventually
serve as an “anchor” making sure that there is only one way to assign ranks when
encoding a full iterated matching sequence using the ternary relation R:

¢full - Vx,y((x 7& J’) — R(X, ya))

It is a good time to sum up the full statement that sets up our pair ranks:

¢rank = ngraph A ¢comp A ¢full~

Whenever this statement is satisfied, we can use it to construct expressions that
compare ranks. We will use the following expressions, which compare the ranks of
(x1.y1) and (x3. y»), when we formulate further conditions on R that will eventually
force it to conform to a full iterated matching sequence. Note that conveniently,
these comparison expression also work against loops (whose “rank,” the empty set,
is considered to be the lowest):

d—(x1. y1.x2. y2) = V= (R(x1. y1. 2) <> R(x2.32.2)).
< (x1.y1. X2, 2) = V- (R(x1.y1.2) = R(x2. 2. 2)).
d<(x1.y1, X2, y2) = d< (X1, y1. X2, y2) A = (x1. y1. X2, y2).

11.4. Making the ordered pairs correspond to an iterated matching. In this
subsection we consider a ternary relation R that is known to satisfy ¢, as defined
in Section 11.3, and impose further conditions that will force it to correspond to an
iterated matching sequence (which will also be full by virtue of every pair having a
rank).

For every rank appearing in R, that is for every set 4 which is equal to r. , for
some x, y € [n], we refer to the set of vertex pairs having this rank as E;, where i is
the number of ranks that appear in R (including the empty set, which is the “rank”
of loops) and are strictly contained in 4. So in particular Eq = {(x. x) : x € [n]}.
and E for example would be the set of vertex pairs that have the smallest non-empty
set as their ranks. A

We first impose the restriction that for any 7, the graph defined by U’j:l Ejisa
transitive graph, that is a disjoint union of cliques. By Observation 11.4 this is a
necessary condition for E to be an iterated matching sequence (note that allowing
also the 0-ranked loops does not change the condition). This is the same as saying
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that for any three vertices x. y. z, it cannot be the case that the rank of (x, z) is larger
than the maximum ranks of (x, y) and (y, z):

¢)trans = Vx‘y,z(¢§(xe Z, Xa)’) \ ¢§ (X, z, ), Z))

Whenever R satisfies the above, it is not hard to add the restriction that E; consists
of disjoint complete bipartite graphs such that each of them connects exactly two
components of U , E;. with all such components being covered. First we state that
if some rank A4 ex1sts., that is, there exists some (x, y) for which 4 = ry . then every
vertex z is a part of an edge with such rank:

(bcover = v.x,}’v:3w¢: (X, Y.z w)

Then, using the prior knowledge that all connected components of both Ul ! E;
and U -1 Ej are cliques, to make sure that every connected component of E; is

exactly a bipa}rtite grgph encqmpassing two ?omponents of Ulj;ll Ej;, it is enough
to state that it contains no triangles, excluding of course “triangles” of the type
(x, x, x):

d)part = vx.y,z((x 7é J/) — _‘(¢=(X= e y,Z) A ¢:(X, e X,Z))).

All of the above is sufficient to guarantee that the relation R corresponds to a
full iterated matching sequence. However, as things stand now there can be many
relations that correspond to the same iterated matching. This occurs because we still
have unwanted freedom in choosing the sets that correspond to the possible ranks.
To remove this freedom, we will now require that the rank of every pair (x, y) for
x # y consists of exactly one connected component of the union of all lower ranked
pairs. This will be sufficient, because by ¢p,;;. which in particular states that for every
x # y the rank of (x, y) contains the constant a, the only option would then be the
one connected component that contains a.

Noting that by ¢ans these components are cliques, it is enough to require that
every member of r, ,, is connected via a lower rank edge to a, while every vertex that
is connected to a member of r, , via a lower rank edge is also a member of r, ,,. We
obtain the following statement:

¢anchor = Vx.,y.:(R(X,)/:Z) — (¢<(Z= a,x,y) /\Vw(¢<(z,w,x,y) — R(X,yw))))

The final statement that counts the number of full iterated matching sequences,
and hence provides the example proving Theorem 11.1, is the following:

(b./\/l = ¢rank A ¢trans A ¢cover A ¢part A ¢anch0r~

11.5. Adapting the example to other primes. We show here how to adapt the FOL
sentence from Theorem 11.1 to provide a sequence that is not ultimately periodic
modulo p for any prime number p > 2. The analogous corollary about removing
the constant also follows.

THEOREM 11.6 (Ternary relation counterexample for p > 2). For any prime
number p. there exists an FOL sentence ¢ 1, over the language (a.R). where a is
a (hard-wired) constant and R is a relation of arity 3. so that the corresponding class
Cp satisfies fc, (n—1) = 0 for every n that is not a power of p. and fe, n-1)=1
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(mod p) for n = p™ for every m € N. In particular, f ¢, is not ultimately periodic
modulo p.

The construction follows the same lines as the extension from p =2 to p > 2 in
previous works. For completeness we give some details on how it works with respect
to the version of [27]. The basic idea is to use a “matching” of p-tuples instead of
pairs.

DErINITION 11.7. A p-matching over the vertex set [n] is a spanning graph, each
of whose connected components is either a clique with p vertices or a single vertex.
A perfect p-matching is a p-matching in which there are no single vertex components
(in other words, it is a partition of [#] into sets of size p).

The following is not hard to prove.

LEMMA 11.8. There are no perfect p-matchings over [n] unless n is a multiple of p,
in which case their number is congruent to 1 modulo p.

ProoOF. The case where n is not a multiple of p is trivial. Otherwise, consider
the number of possible partitions of the set [p] into a sequence of subsets of sizes
it ....i,, where >, _, ix = p. Note that unless ij = p (and hence r = 1), the number
of such partitions is divisible by (f; ) which is divisible by p (since p is a prime).

Denoting by /i, (n) the number of perfect p-matchings over [n]. we consider for
any p-matching, its restriction to [p] (which corresponds to a partition of [p]—the
reason we need to consider the partitions as sequences rather than as unordered
families of sets is that we need to consider which sets in the restriction of the
p-matching over [n]\ [p] they are “attached” to). This implies that f M, (n) =
fm,(n—p)(mod p) for every n> p. allowing us to prove by induction that
fm,(n) =1(mod p) if p divides n. 4

The definition of an iterated p-matching sequence is what one would expect.

DEerINITION 11.9 (Tterated p-matching sequence). Given a set V' of vertices, an
iterated p-matching sequence is a sequence of graphs over V, identified by their edge
sets E = Eq, ... ,E@E, satisfying the following for every 1 <i < £.

e The connected components of E; are (vertex-disjoint) complete p-partite

graphs.

e The p vertex classes of every complete p-partite graph in E; as above are

p connected components of U’ 1E (for i =1 this means that E| is a
p-matching).

e Every connected component of ] 1 E; is a vertex class of some p-partite

graph of E; (so in particular E is a perfect p-matching).
An iterated matching sequence E is full if every vertex pair u.v € V (where u # v)
appears in some E;.

Again we have the following properties, analogous to those of iterated matching
sequences.

OBSERVATION 11.10.  For an iterated p-matching E , everyE corresponds to a perfect
p-matching over the set of connected components of U | E ;. Additionally, every

connected component of U =1 Ej is a clique with exactly p' vertices.
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The above implies that there can be a full iterated matching sequence over [n] if
and only if n is a power of p, in which case £; = logp(n). Denoting the number of
possible full iterated matching sequences over [n] by f a4, (n). note the following
lemma.

LemMA 11.11. For every n that is not a power of p we have fa(n) = 0, while for
n = p" for every m € Nwe have f p,(n) = 1(mod p).

Proor. The case where n is not a power of p was already discussed above. The
case n = p" is proved by induction over m using Lemma 11.8. -

The construction of ¢4, is identical to that of ¢ in Section 11.3 and
Section 11.4, with the only exceptions being the replacements for ¢cover and Ppart.

To construct ¢eover, . We need to state that for every existing rank, each vertex is a
part of a size p clique consisting of edges from this rank:

(vbcoverp = vx.,yvzl 322,...4:;, /\ ¢: (X, Vs Zi» Zj)-

1<i<j<p

To construct q,’)partp, we need to state that no E; may contain a clique with p + 1
vertices:

¢partp = vzl....,sz ((z1 # 22) = =( /\ ¢-(z1.22. 2. Zf))'

1<i<j<p+l

The final expression is the following:

¢M1) = Prank A\ Ptrans N ¢cover1, A ¢partp A Ganchor-

§12. A class with only one ternary relation which is not MC-finite. Starting with
Theorem 11.1, to remove the hard-coded constant (and arrive at Corollary 11.2)
we only need to use a single invocation of Lemma 10.2. Since we started out with
a single ternary relation R in the language of ¢4, this leaves us with a statement
¢.//\/l utilizing the eight relations Ry, R{l}., R{z}, R{3}, R{l_z}, R{2_3}, R{1,3}, R{1’2_3}.
In the following we show how to remove all of these relations except the relation Ry
from the language, while keeping the model counts, which leaves us with a single
ternary relation. We note that the exact same treatment will also work for the modulo
p version ¢§le-

For convenience. we let ¢ denote ¢’ . where “8” is the number of relations
in the language. Each time we will define an expression with a smaller number of
relations, and claim that the number of satisfying models is preserved.

All throughout, we assume that 9t is a model for which 9t = ¢4 over the
language (a, M ) and the universe [1] (where the constant « is hard-coded to refer to
n), and that 91 is its corresponding model over the language of the expression ¢ ;
under discussion and the universe [n — 1] (which does not include a).

Referring to @graph. Which is a component of ¢, our first observation is a very
easy one.

OBSERVATION 12.1. It is never the case that Wt |= Ry 531(). since by M = Pgraph it
is never the case that M |= R(a. a. a). Similarly. it is never the case that N |= Ry 23(x)
for any x € [n — 1] (the universe of M), since it is never the case that M = R(a, a, x).
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This allows us to get rid of the nullary relation Ry, 3y and the unary relation
Ry

DEerINITION 12.2.  To construct ¢ 4 ¢ while preserving the model count, we replace
all atomic formulas “Ry;533()” and “Ry;53(x)” (for any variable x) in ¢ g with
the Boolean “false” statement L, and remove the symbols Ry 13y and Ry 2y from
the language of ¢ rq6-

We next deal with the other two unary relations, Ry;3y and Ry, 3y. Here it is
very important to note that the universe of 91 does not include 7, so in particular
M = Ry 33 (x) if and only if 90 |= R(a. x. a). where x is guaranteed to be unequal
to a.

OBSERVATION 12.3. It is always the case that M |= Ry 33(x) and N |= Ry 33(x) for
any x in the universe of N, since by M |= gy it is always the case that M = R(a, x, a)
and M = R(x,a.a).

This allows us to get rid of the two remaining unary relations.

DEerINITION 12.4.  To construct ¢ o4 4 while preserving the model count, we replace
all atomic formulas “Ry; 33 (x)” and “Ry 33 (x)” (for any variable x) in ¢ with
the Boolean “true” statement T, and remove the symbols Ry 33 and Ry, 3y from the
language of ¢ rq4.

We next consider the binary relation Ry3,. While the truth value of Ry3, (x,y)in
O depends on the actual values of x and y, it is still fully determined by 91 satisfying
¢ a4, OT equivalently, by i satisfying ¢, because it corresponds to the truth value
of R(x,y.a) in 9.

OBSERVATION 12.5. By M |= ¢ and MM = Pgraph. it is always the case that
N = Rizy(x. p) ifand only if x # y.

This allows us to remove Ry3y and replace it with the equivalent expression.

DEerINITION 12.6. To construct ¢ 4 3 while preserving the model count, we replace
all atomic formulas “Ry3;(x.y)” (for any variables x and y) in ¢4 with the
expression “(x # y).” and remove the symbol Ry3 from the language of ¢ 4.3.

We now consider the two remaining binary relations, Ryjy and Ryy;. Their
interpretation by 91 can vary among different models satisfying ¢ 3. However,
we note that 9= Ryy(x.p) if and only if 9 = R(a.x.y). and similarly
M = Ryzy(x. p) if and only if 90 = R(x.a. y). This means that R;y and Ry
have identical interpretations.

OBSERVATION 12.7. By I |= ¢grapn. it is always the case that N = Ryyy(x. y) if
and only if M = Ry (x.y) for every x and y.

This means that we can at least get rid of Ryy.

DerINITION 12.8. To construct ¢, while preserving the model count, we
replace all atomic formulas “Ry}(x. y)” (for any variables x and y) in ¢r¢3 with
“Ryyy (x.y).” and remove the symbol Ry from the language of ¢r(2.
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For the final step we cannot replace instances of Ryj; with a fixed expression.
However, we can “repurpose” part of Ry to hold the information currently held by
Ryyy. allowing us to create an expression over a language containing only this one
ternary relation.

For this we first note (by ¢grapn) that it is never the case that 9 = R(x. x, y)
for any x, y € [n — 1], and hence it is never the case that M = Ry(x, x, y) whenever
N = pr2. For our final transformation, we need to simulate the “old” Ry using
only the truth values of Ry(x, y, z) for x # y, and then we can replace instances of
Ry1y by the truth values of Ry(x. y. z) for x = y.

This leads us to the following definition.

DEeFINITION 12.9. To construct the final ¢ o while preserving the model count,
we replace all atomic formulas “Ry(x, y, z)” (for any variables x, y, z) in ¢ With
“((x # y) ARy(x.y.2)).” replace all atomic formulas “Ry1y(x.y)” in ¢ with
“Ry(x. x. y).” and remove the symbol Ry from the language of ¢ 1.

The expression ¢4 1, over the language containing only Ry, yields the following
restatement of Theorem 7.3. It is formulated modulo 2. although as noted above it
can be extended to any prime p > 2.

THEOREM 12.10 (A sentence with a single relation). There exists an FOL-sentence
o1 over a language consisting of a single relation of arity 3, so that for the class C
corresponding to ¢ aq.1. its counting function f¢(n) is not ultimately periodic modulo 2.

Part IV
Epilogue

§13. More details about C-finite and MC-finite sequences. Here are some
examples for integer sequences that are C-finite, MC-finite, or neither.

ExaMPLE 13.1.

(i) The Fibonacci sequence is C-finite.
(ii) If s(n) is C-finite then it has at most simple exponential growth. There is
¢ € Nt such that s(n) < 2¢ forall n € N, see, e.g., [10, 19].
(iii) The Bell numbers B(n) are not C-finite, but are M C-finite.
(iv) Let f(n) be any integer sequence. The sequence si(n) =2- f(n) is
ultimately periodic modulo 2, but not necessarily MC-finite.
(v) Let g(n) be any integer sequence which is not almost everywhere zero. The
sequence s>(n) = n!-g(n) is MC-finite but not C-finite due to its growth.
(vi) The sequence s3(n) = 1(*") is not MC-finite. Kummer’s Theorem [20]
implies that s3(n) is odd if and only if n is a power of 2. Direct proofs
for s3(n) may also be found in [13, 26].
(vii) The Catalan numbers C (n) = #(2:) are not MC-finite, since C(n) is odd
iff nis a Mersenne number, i.e., n = 2™ — 1 for some m, see [21, Chapter 13].
(viii) Let p be a prime and f (n) be monotone increasing. The sequence s(n) =
p- f(n) + z(n), where z(n) is defined to equal 1 if n is a power of p and to
equal O for any other n, is monotone increasing but not ultimately periodic
modulo p. hence not MC-finite.
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There are uncountably many MC-finite sequences, but only countably many C-
finite sequences with integer coefficients, see the following Proposition 13.2.

ProposiTION 13.2.
(i) There are countably many C-finite sequences.
(ii) There are uncountably many monotone increasing sequences which are MC-
finite, and uncountably many which are not M C-finite.
(i) Almost all integer sequences (under a suitable measure) are not M C-finite.

Proor. (i) follows from every C-finite sequence being completely determined
by the integer r, the coefficients m, ..., m, in its recurrence formula, and its initial
values s(1). ..., s(r). Hence every such sequence is determined by a finite sequence
of integers, and there are countably many such sequences. (ii) follows from Example
13.1(v) and (viii). For (iii) see the discussion below. =

For analyzing the notion of “almost all integer sequences,” let us first recall the
definition of absolutely normal sequence.

DerFINITION 13.3. Given a sequence 7(1),7(2). ... of members of Z,,, for every a
and n, let us define a distribution u,, over (Z,,)“ that results from drawing i € [n]
uniformly and then taking the subsequence r (i), ....r(i +a — 1). The sequence r is
called normal if for every a the limit lim,,—, o, ., exists and is equal to the uniform
distribution over (Z,,)“.

A sequence of integers s(1), s(2), ... is called absolutely normal if for every m, the
sequence defined by r(n) = s(n)(mod m) is normal.

The sequence s”(n) = s(n) mod b can be viewed as a real number r, written
in base b. A classical theorem from 1922 by E. Borel says that almost all reals
are absolutely normal [10]. Also note that absolutely normal sequences cannot be
MC-finite, and in fact the opposite is true.

OBSERVATION 13.4. If s(n) is absolutely normal, then in particular for every m.,
a, and i there exist j > i for which s(j) =0 (mod m) and s(j +a) = 1 (mod m).
meaning that s(n) is not ultimately periodic modulo m (and hence not M C-finite).

Things are less clear if we want to refer to sequences of integers since there is no
“uniform over the integers” probability space. However, we can prove that if we use
any “reasonable sequence of probabilities” to draw out an integer sequence it will
almost always be normal.

PropoSITION 13.5. Suppose that u,, iy, ... is a sequence of probability spaces over
N, so that for every r and m, the probability of u, to draw a number equivalent to r
modulo m converges to 1/m when n goes to infinity. Then, an integer sequence that
results from independently drawing s(n) using u, for every n € N will be normal with
probability 1.

Proor. Using the notation of Definition 13.3, for fixed m and awe set r(n) = 5(n)
(mod m) for n € N, and consider the distributions u,, over (Z,,)¢. To conclude,
we need to show that for every ¢ there exists n; so that the distance of u,, from
the uniform distribution is at most ¢ (in the variation distance’) for every n > n;.

3Since we are dealing with finite probability spaces. any other reasonable distance measure over R¢ """
would do just as well.
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To prove this, let n, be such that for every n > n,, the probability of u, to draw a
number equivalent to r modulo m is in the range 1/m + ¢/2am. This in particular
implies that for n > n,, the distribution of (r(#n), ....r(n + a — 1)) from the uniform

distribution over (Z,,)“ is at most ¢/2. From this it is not hard to show the existence
of n; using a concentration inequality argument. -

§14. Conclusions and open problems. In this work we have extended the Specker—
Blatter theorem to classes of 7-structures definable in CMSOL for vocabularies ©
which contain a finite number of hard-wired constants, unary and binary relation
symbols, Corollary 7.2. We have also shown that it does not hold already when
7 consists of only one ternary relation symbol, Theorem 7.3. We note that in
[14, 16] we have shown that for C definable in CMSOL such that all structures
have degree bounded by a constant d, S¢(n) is always MC-finite. The degree of a
structure A is defined via the Gaifman graph of .A. With this the MC-finiteness of
Sc(n) for CMSOL-definable classes of t-structures as a function of 7 is thoroughly
understood.

Recall that a sequence of integers s(n) is MC-finite if for every m € N there are
constants p,,. ¢,» € N such that forevery n > ¢, there is a linear recurrence relation

pm—1
s(n+ pm) = Z Cims(n+i) mod m
i=0

with constant coefficients ¢;,, € Z. However, the Specker—Blatter theorem gives
little information on the constants p,,, ¢, or the coefficients cg . ... . ¢p,,-1.m. These
in particular depend on the substitution rank of the class C. In fact Theorem 4.4
gives a very bad estimate of the substitution rank in the case of binary relation
symbols. The constants are computable, but it is not known whether they are always
computable in feasible time or whether their size is bounded by an elementary
function. In the presence of constants the substitution rank is not defined. Our main
Theorem 8.1 allows to eliminate the constants, and therefore gives a formula for
which the substitution rank is defined. However, due to the increased complexity of
the resulting formula, the estimate of the substitution rank will be even worse.

PrOBLEM 14.1. Given a sentence ¢ in CMSOL(t) where t consists only of constants,
unary and binary relation symbols,

(i) what is the time complexity of computing p,,., qm and Co . ... . Cpptm?
(ii) what can we say about the size of p,, and q,,?

The proof of Theorem 4.4 depends on the Feferman—Vaught theorem which
also holds for CMSOL(z) for any finite relational 7 [11, 23]. In our context, the
Feferman—Vaught theorem allows to check whether a formula of CMSOL(t) holds
in Subst (21, a.2;) by checking a sequence of CMSOL(t)-formulas in 2, and 20,
independently. This sequence is called a reduction sequence, cf. [14]. In [7] it is shown
that even for FOL(t) the size of the reduction sequences for the Feferman—Vaught
theorem cannot, in general, be bounded by an elementary function.

The next problem essentially asks whether there is a way to prove Theorem 7.1
(or even a somewhat weaker statement in this vein) in a way the bypasses the use
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of the Feferman—Vaught theorem, and thus avoids the toll it takes on the recursion
parameters.

PrROBLEM 14.2. Does there exist an elementary function F(k), so that for any
sentence ¢ in CMSOL(t) where t consists only of constants, unary and binary relation
symbols, the size of the constants p,, and q,, is bounded by F (max{|¢|.m})? What if
we restrict ourselves only to FOL(t) instead of CMSOL(z)?

The Specker-Blatter theorem also applies to hereditary, monotone and minor-
closed graph classes, provided they are definable using a finite set of forbidden
(induced) subgraphs or minors. In the first two cases such a class is FOL-definable.
In the case of a minor-closed class, B. Courcelle showed that it is MSOL-definable,
see [6]. By the celebrated theorem of N. Robertson and P. Seymour [§], every minor-
closed class of graphs is definable by a finite set of forbidden minors. However,
there are monotone (hereditary) classes of graphs where a finite set of forbidden
(induced) subgraphs does not suffice.

PROBLEM 14.3. Are there hereditary or monotone classes of graphs C such that
fe(n) is not MC-finite?

An analogue question arises when we replace graphs by finite relational
t-structures. In this case one speaks of classes of 7-structures closed under
substructures. Every class of finite z-structures C closed under substructures can
be characterized by a set of forbidden substructures. If this set is finite, C is again
FOL-definable, and the Specker—Blatter theorem applies.

PROBLEM 14.4. (i) Let t be a relational vocabulary. Are there substructure
closed classes C of t-structures such that f¢(n) is not M C-finite?
(i) Same question when all the relations are at most binary?
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