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Abstract. We consider Presburger arithmetic (PA) extended with mod-
ulo counting quantifiers. We show that its complexity is essentially the
same as that of PA, i.e., we give a doubly exponential space bound. This
is done by giving and analysing a quantifier elimination procedure similar
to Reddy and Loveland’s procedure for PA. Furthermore, we show that
the complexity of the automata-based decision procedure for PA with
modulo counting quantifiers has the same triple-exponential complexity
as the one for PA when using least significant bit first encoding.

1 Introduction

Presburger arithmetic is the first-order theory of the structure Z, i.e., the in-
tegers with addition and comparision. More precisely, we also allow the binary
relations =y, (standing for equality modulo k) for k£ > 2, and all constants ¢ € Z
to appear in formulas. This theory was shown to be decidable by Presburger [17],
upper bounds on the complexity of (fragments of) Presburger arithmetic can,
e.g., be found in [16,18,7,2,8,20,9]. Coding integers in binary, we know since
the 60’s that every definable relation can be accepted by a synchronous multi-
tape automaton. The basic idea is that a synchronous three-tape automaton
can verify the equation k + ¢ = m (in terms of the codings of the numbers
k, ¢, and m) and synchronously rational relations are effectively closed under
Boolean operations and projection. At first glance, this translation results in au-
tomata of non-elementary size since complementation of automata comes with
an exponential blow-up. From Klaedtke’s results [13], it follows that automata
of triply-exponential size suffice and that they can be constructed in four-fold
exponential time using purely automatic-theoretic methods. This result was im-
proved by Durand-Gasselin and Habermehl who showed that “small” automata
can be constructed efficiently, i.e., in triply-exponential time. Their first proof [6]
uses an ad hoc construction of automata, their second proof [5] is more uniform
in the sense that it applies to the structure Z and to automatic structures [10, 11,
3] of bounded degree (thereby improving a result from [14]). Consequently, Pres-
burger arithmetic can be decided in three-fold exponential time using automata-
theoretic methods.

More generally, these automata-theoretic methods rely on the fact that Z is
an automatic structure. The motivating result on automatic structures is that



their first-order theory is decidable [10, 11, 3]. One line of research on automatic
structures concentrated on the extension of this result to more powerful logics.
One can, for instance, extend first-order logic by a modulo-counting quantifier
3" saying “modulo p, there are p’ elements satisfying ...”. The reason is that,
as in the case of Z and first-order logic, one can construct from a formula in
this extended logic a synchronous n-tape automaton that accepts all satisfying
assignments of the formula [12] (see [19] for more quantifiers with this property).3
Since Z is an automatic structure, this also holds here independent of whether we
code integers in base 2 or 3. Consequently, by the Cobham-Semenov theorem [4,
22], any relation in Z definable in this extended logic is effectively semilinear and
therefore definable in first-order logic not using the modulo-counting quantifier
(this claim also follows from [1] that presents a quantifier elimination for Hartig’s
quantifier “the number of witnesses for ¢ equals that for ¢”, see also [21]).

This paper determines the complexity of the set of all formulas in the ex-
tended logic that hold in Z. To this aim, we first present a procedure that
eliminates modulo-counting quantifiers. This procedure is inspired by the classi-
cal one by Reddy and Loveland [18]. As in [18], we do not analyse the complexity
of this procedure, but the resulting quantifier-free formula. We obtain that every
formula in the extended logic has an equivalent quantifier-free formula that uses
coefficients and moduli of doubly-exponential size and constants of three-fold
exponential size. Based on this finding and classical results on solutions of linear
Diophantine equations [23], we show that the theory of the structure Z in the ex-
tended logic can be decided in doubly exponential space. Based on the quantifier
elimination, we can also show that the construction of automata from formulas
using the algorithms known from the theory of automatic structures can be done
in triply-exponential time. Thus, the theory of the structure Z in the extended
logic can be decided in triply exponential time using automata-theoretic meth-
ods. In summary, we obtain that adding modulo-counting quantifiers does not
increase the complexity of the theory of integer addition.

2 Preliminaries

The structure The universe of the structure Z is the set of integers Z. On this
set, we consider the constants ¢ € Z, the binary function +, the binary relation <
and the binary relations = for k > 2.

The language We will use a sequence v = (v;);en of variables. A term is an
expression av + ¢ where a = (a;);en is a sequence of integers with a; # 0 for
finitely many ¢ € N and ¢ € Z. Let P be an arbitrary but fixed natural number.
Then formulas of Lp, Presburger’s logic with modulo-counting quantifiers, are
defined by recursion:

— If s and ¢ are terms, then s < ¢t and s =, t are (atomic) formulas (for & > 2).

3 Theorem A.1 shows that the theory of an automatic structure using only counting
quantifiers can be non-elementary.



— If ¢ and 9 are formulas, then so are =, @ A, ¢ V1, and ¢ <> 1.
— If ¢ is a formula, z is a variable, and 0 < p’ < p, 2 < p < P* are natural
numbers, then 3z: ¢ and I®P)z: ¢ are formulas.

An evaluation is a function f that assigns integers to variables. For z a
variable and a € Z, we let f[z/a] be the evaluation with f[z/a](z) = a and
flz/al(y) = f(y) for all variables y # x. We can extend in a standard way
an evaluation f to a function (also denoted f) that maps terms into Z and
formulas to the truth values tt and ff. In particular, if s and t are terms, then
f(s =k t) =t iff f(s) — f(¢) is a multiple of k. Furthermore, if ¢ and 1 are
formulas, x a variable, and 0 < p’ < p natural numbers, then f(EI(pl*p)x: p) =1t
iff the set {a € Z | flz/a](p) = tt} is finite and {a € Z | flz/a](p) = tt}| =, p'.

A formula ¢ is valid if for all evaluations f, f(¢) = tt. Presburger arithmetic
with modulo-counting quantifiers is the set of all valid formulas of Lp. For two
formulas F' and G, we abbreviate ” f(F) = f(G) for all evaluations f” by F <
G. We define as usual addition of terms as well as multiplication of a term with
an integer.

For a term ¢t = a v + ¢ and a variable v;, we call a; the coefficient of v; in t.
If the coefficient of v; in t is 0, then we call t a v;-free term.

Let = be a variable. Then an atomic formula ¢ is x-separated if there are
an x-free term ¢ and a non-negative integer a € N such that ¢ is of the form
ar < t,t < ax,or ax = t. If t is an x-free term, then, e.g., the formula 0 = ¢
is x-separated since we identified the terms Ox and 0.

An atomic formula is constant separated if it is of the form s > c or s = ¢
where s is a term and c a constant.

A formula ¢ with a vector of k free variables @ = (1, ..., k) is also written
as o(x). Then we define [p(x)] = {(f(z1),..., f(zr)) | f is an evaluation such
that f(y) = tt}. We also write a.x > ¢ (resp. a.x =i, ¢) for constant separated
formulas with free variables .

Next, let ¢ be a formula. Then COEFF(yp) C Z is the set of integers —1,0,1
and +a such that there is an atomic formula s < ¢ in ¢ such that a is a coefficient
appearing in the term s—¢. Similarly, CONST(p) C Z is the set of integers —1, 0, 1
and £c such that there is an atomic formula s < ¢ in ¢ such that c is the constant
term in s—t. The set MOD(p) C N contains all integers k& > 2 such that an atomic
formula of the form s = t appears in ¢. Finally, P(¢) = COEFF(p) UMOD(y).

Note that COEFF(p) and CONST(y) depend on subformulas of the form s < t,
but not on subformulas of the form s = t. On the other hand, MoD(y) only
depends on subformulas of the form s = t.

3 Quantifier elimination and a decision procedure

3.1 Elimination of 3

In this section, we will eliminate the quantifier from a formula of the form Jz:
where 3 is a Boolean combination of atomic formulas. Our main concern is the

4 this insures that we have only finitely many quantifiers.



“size” of the resulting formula, more precisely, the sets of coefficients, constants,
and moduli appearing in it. To this aim, we define the following sets:

£}

(B)
ooy ay,as € COEFF(f), c1,co € CONST(f)
ConsT'(B) = { aicr — as(ca +c) |Cl| ngax COEFF () : 1Cfn Mob(B) }

Mob'(B) = {ajazkp | ajaz € COEFF(B),k € MoD(B),1 < p < P}

CoOEFF'(B) = {a1as — azay | a1, az, a3, a; € COEFF

Using these sets, we formulate the following condition on the pair of formulas

(8,7):
COEFF(y) C CorFF'(3), ConsT(y) C ConsT'(8),Mon(y) € Mop'(8) (1)

Lemma 3.1. Let 8 be a Boolean combination of x-separated atomic formulas,
ax <t ort < axr some atomic formula from B with a > 0 and —aN < ¢ < alN
where N = lem MoD(5). There exists a Boolean combination g iyc of x-free
atomic formulas such that (8, Bait+c) satisfies (1) and, for all evaluations f,

flaz) = f(t+c) = f(B) = f(Ba+e) -

Proof. The formula B, t1. is obtained from S by the following replacements
(where z is some z-free term and k > 2):
a'r < sis replaced by a’'t +a’c < as
s < a'z is replaced by as < a't +ad’c
o'z =j, s is replaced by a't + a’c =, as a

Lemma 3.2. Let x be a variable and 8 a Boolean combination of x-separated
atomic formulas. Then there exists a Boolean combination v of x-free atomic
formulas such that (8,7) satisfies (1) and (3z: ) < .

Proof. Let T be the set of all pairs (a,t) such that 5 contains an atomic formula
of the form az < t or t < ax with a > 0 (in the pathological case that no such
atomic formula exists, set T = {(1,0)}). Let furthermore N = lem(MoD(S)).
In particular, N is a multiple of every integer k such that the atomic formula
ax =j t appears in § for some term ¢ and some a € Z. Then we set

v = \/ \/ (Bajg+e NO=4t+¢).

(a,t)eT —aN<c<aN
We prove (3z: 8) < v in the appendix. O

Proposition 3.3. Let = be a variable and o a Boolean combination of atomic
formulas. Then there exists a Boolean combination v of x-free atomic formulas
such that (5,~) satisfies (1) and (3z: a) < .

Proof. Without changing the sets COEFF etc., we can transform « into an equiv-
alent Boolean combination S of x-separated atomic formulas. Then + is the for-
mula obtained from Lemma 3.2. a



3.2 Elimination of 3(®"P)

In this section, we want to prove a proposition analogous to Prop. 3.3, where
Jz: « is replaced by 3@ P)z: o. The crucial point is to prove the analogue of
Lemma 3.2.

Lemma 3.4. Let x be a variable, 8 a Boolean combination of x-separated atomic
formulas, and 0 < p’ < p < P be natural numbers. Then there exists a Boolean
combination of atomic formulas y such that (3,~) satisfies (1) and (3¥'Pz: B) <
5.

The proof of this lemma requires several claims and definitions that we
demonstrate first, the actual proof of Lemma 3.4 can be found on page 7.
Let T be the set of all pairs (a,t) such that § contains an atomic formula of
the form az < t or t < ax with a > 0 (if no such formula exists, set T' = {(1,0)}).
Let S be some non-empty subset of T" and let < be a strict linear order on S.
We call an evaluation f consistent with < if the following hold:
B A N (a1,81) < (ag, s2) for all (a1, s1), (az,s2) € S

al az
— for all (a1,t1) € T, there exists (az, s2) € S with &11) = fls2)

a as

In the following, let S = {(a1, $1), (a2, $2), ..., (an, $n)} with (a1, s1) < (ag, $2) <
-+« < (ap, $n). Consider the following formulas for 0 < r <pand 1 <i < n:

Bor = Py (a1 < 51 AB) Bnr = Py (s < anx A B)
Bir= JrP) g (8i < @& Najp12 < Si41 A B) 52’,, =3Py, (x=s5;NPB)

If f is an evaluation, then [y, expresses that (modulo p) there are r integers
b with f[z/b](8) = &t and b < %‘?) Similarly, 3;, holds under f if and only

Si
i

if there are (modulo p) r integers b in the open interval (%, fi%:ll)) with
flz/b](B) = tt etc. Now consider the formula

=V A Boan A Bl

0<i<n 1<ign

where the disjunction extends over all tuples (rg,71,...,7n, 71,75 ..., 7)) of in-
tegers from {0, 1,...,p— 1} that, modulo p, sum up to p’. For any evaluation f,
we therefore get

FEY P B) = f(7).
In order to construct v as claimed in Lemma 3.4, it therefore suffices to eliminate
the counting quantifiers from the formulas ;. and f;,. In this elimination
procedure, we will assume the evaluation to be consistent with <. This is the
topic of the following claims.

Claim 3.4.1 Let 0 < r < p. There exist Boolean combinations 'y(fr and %f’r of

atomic formulas such that (8,75',.) and (8,7, ) satisfy (1) and f(Bor) = f(75,)
as well as f(Bn,r) = f(vmr) for all evaluations f that are consistent with <.



We next want to eliminate the quantifier from f3;, for 1 < i < n, ie., we
f(si) f(sit1)

o . It turns out to be
3 i+1

consider the integers in the open interval (

convenient to split the set of these integers b according to (a;b— f(s;)) mod a;N.
Claim 3.4.2 For1<i<n,1<c<a;N, and 0 <r <p, set
ﬁiﬂﬁc = H(T’p)CZ (51 < a;x N\ A 1T < Sjt1 N a;x =a;N Si +cA 6) .

There exists a Boolean combination 'yfmc of atomic formulas such that (3, ’yifr,c)
satisfies (1) and f(Bir.c) = f(Viy..) for all evaluations f consistent with <.

Proof. Let f be any evaluation that is consistent with <. We consider the fol-
lowing two sets:

f(s4) cbe f(siq1)
a; Qi1

Y ={be X[ flz/b](B) = tt}

Our aim is to construct a formula ’yf’r’c that holds under the evaluation f if and
only if |Y'| =, r. Since the formula we construct is independent from f, this will
prove the claim.

Let b be an integer from the open interval (M, M) Then b € X if

[e23 Aj41

X—{bEZ‘ 7aib:aiNf(si)—i—c} and

and only if a;b =4,n f(s;) + c¢. But this is the case if and only if b =x %
(which, in particular, means % € Z). Hence X is the set of integers of the

form f(s )*¢ | N .k for some k € N from the above open interval.

Next let by €Y C X and by € X. Then by =5 be and f[z/b1](8) = tt. Since
N is a multiple of all moduli appearmg in B, we get f[z/bs]() = t and therefore
by € Y. Hence Y € {0, X}. Since £ )+C € X if and only if X # 0, we have

v X ey
10 otherwise.

Note that the first case occurs if and only if f(f) = tt where
0 =3z(ax =8 +cNaj12 < si41 Af).

Now assume M

Then the size | X| of the set X is the maximal natural number £ with f(s‘)+c +
N k< fgsi:ll), i.e., |X| =k if and only if

€ Y which in particular implies that a; divides f(s;)+c.

ait1(f(si) + e+ aiN - k) <aif(si+1) < aip1(f(si) +c+aiN - (k+1)).

Consequently, we have in this case |Y'| =, r if and only if |X| =, r if and only
if the following formula v holds under f:

a;a;+1 Ny < aiSi41 — Qi+15; — Qiq1C
vV = E'y AN A;Si+1 — Aj4+1S; — Aj41C — aiai+1N < aiaiHNy
NYy=pr



So far, we showed that f(8;,.) =t if and only if
f@Av)=tor (r=0and f(v) =1f). (2)

Now, we can construct quantifier-free formulas @ and 7 that are equivalent
to 6 and v, respectively. This and condition (1) is shown in the appendix. d

Claim 3.4.3 Let 1 < i < n and 0 < r < p. There exists a Boolean combina-
tion ;% of atomic formulas such that (8,~;%.) satisfies (1) and f(Bir) = f(v;)
for all evaluations f consistent with <.

Proof. Note that the formulas s; < a;z A a;412 < s;41 A S and

\/ (8i < @& N aig1Z < Si41 N aiX =q,N Si + A P)
1<ce<La; N

are equivalent and the disjunction in this formula is exclusive (i.e., every x
satisfies at most one conjunct). Therefore, we can set

we=\ N\

1<eLa; N
where the disjunction extends over all tuples (r1,79,...,74,n) of integers from
{0,1,...,p—1} with >, . <.,y "¢ =p 7. Now the claim follows from Claim 3.4.2.

O

Claim 3.4.4 Let 1 <i<n and 0 <r <p. There exists a Boolean combination
675, of atomic formulas such that (8,067,) satisfies (1) and, for all evaluations f
(even those that are not consistent with <),

f(Bi) = f(035)-
Proof. By Lemma 3.1, the formulas a;z = s; A 8 and a;x = s; A Bq,.s; are
equivalent. Hence the formula
“Ba;s; ir=0
53 = Ba;.si ifr=1
0<0 ifr>1
is equivalent with 3] .. Since d;7. is a Boolean combination of the formulas 8, s,
and 0 < 0, the pair (6,(5%) satisfies (1) by Lemma 3.1. O

Having shown all these claims, we can now use them to finally prove Lemma 3.4.

Proof (of Lemma 3.4). Let S C T be some non-empty subset of T and let <
be a strict linear order on S. As above, we let S = {(a1,51),..., (an,s,)} with
(a1,$1) < (az,82) < -+ < (an, $,). Then set

=V A A N 6

0<i<n+1 1<isn



where the disjunction extends over all tuples (rg,71,...,7n41,71,75...,75) of

T
natural numbers from {0,1,...,p—1} with 20<i<n+1 Ti+21<i<n 7l =, p'. Then
f(@™) = (™) for all evaluations f that are consistent with <. Furthermore,
~~ is a Boolean combination of atomic formulas and (3,7~) satisfies (1).

Next consider the formla

o~ = /\ air15; < a;iSip1 A /\ \/ a;t = as; .

1<i<n (a,t)eT 1<i<n

Then, for any evaluation f, we have f(a~) = t if and only if f is consistent
with <. Since o~ is a Boolean combination of formulas of the form a’s < at with
(a,s),(a',t) € T, the pair (3, a™) satisfies (1).

Finally, let

v= N\ =7%)
)

where the conjunction (x) extends over all strict linear orders < on some non-
empty subset of T. ad

Proposition 3.5. Let x be a variable and « a Boolean combination of atomic

formulas. Let furthermore E =3 or £ = 3@ p) for some 0 < p’ <p < P. Then

there exists a Boolean combination v of atomic formulas such that (Ex: o) < 7.
Furthermore, we have the following:

max P(y) < maxP(a)® - P

max CONST(7) < max CONST(q) - 2™ P(a)?

3.3 An efficient decision procedure
Now, by induction on the quantifier depth we can obtain the following theorem.

Theorem 3.6. Let ¢ € Lp be a formula of quantifier-depth d. There exists an
equivalent Boolean combination v of atomic formulas with

max P(v) < (P- maxP(<p))4d and
d
max CONST(7y) < 9(PmaxP(e)™ . oy CONST(p) .

Let ¢(x) be a Boolean combination of atomic formulas (note that  is the only
free variable) and A = max(P(p)U{6}). If ¢ is satisfiable, then results from [23]
imply that ¢ has a witness of absolute value at most A" ‘max ConsT(p). Using
Theorem 3.6, we can infer a similar result for arbitrary formulas ¢(x) with one
free variable. If ¢ has ¢ additional variables, instantiated by integers of absolute
value < N, we can prove the following:

Corollary 3.7. There exists k > 1 with the following property. Let ¢ = ¢(z,y1,. ..

Lp be a formula of quantifier-depth d, let ny,...,ng € Z with |n;| < N. Then
the formula Jx: p(x,n1,...,n¢) is true if and only if there exists n € Z such
that (n,ny,...,ne) is true with

wd
In| < 2P maxPED™ . max CoNsT(¢) - N - max(1, £).

Ye) €



Next, we want to prove a similar result for the modulo-counting quantifier.
Recall that 3®"P) g ©(x) can only be true if ¢ has only finitely many witnesses,
i.e., if the formula FyVz: (p(z) — |z| < y) is true. Applying the above corollary,
one finds a finite interval such that ¢ has infinitely many witnesses iff it has at
least one witness in this interval. In case ¢ has only finitely many witnesses, then
all of them are of bounded absolute value. More precisely, we get the following

Corollary 3.8. Let k be the constant from Corollary 3.7 and C = Z(P'maXP(W))Hd+1~
max CONST(y¢) - N - max(1,£). Let ¢ = o(x,y1,...,y¢) € Lp be a formula of
quantifier-depth d, let ny,...,ng € Z with |n;| < N. Then B[P olx,ny,...,ng)
is true if and only if the following hold:

(1) mno integer n with C' < |n| < C% makes ¢(n,nq,...,ng) true and
(2) {n € Z | |n| < C and p(n,nq,...,ng) is true}| =, p’.

Corollaries 3.7 and 3.8 allow to evaluate the truth value of a sentence ¢ by,
recursively, evaluating the truth value of subformulas ¢ of ¢ with arguments of
bounded size. Analysing this size carefully, one obtains

Theorem 3.9. Presburger arithmetic with modulo-counting quantifiers is decid-
able in doubly exponential space.

Note that this complexity matches the best known upper bound for Presburger
arithmetic without modulo-counting quantifiers from [7].

4 Automata based decision procedure

In this section we show that an automaton accepting all solutions of a formula
of Lp can be constructed in triple-exponential time. We follow the same ideas
as in [6] where the same result was given for Presburger’s logic.

4.1 Encoding

We represent integer vectors as finite words. We use a vectorial least significant
bit first coding. For h > 0 we define ), = {0, 1}". Moreover we use the separate
sign alphabet S}, = {4+, —}" (indicating if the corresponding integer is positive
or negative). Given any letter a in X}, or S}, we write m;(a) with 1 < ¢ < h for
its i-th component. Similarly, the i-th component of a h dimensional vector x
is denoted by m;(x). The symbol + corresponds to 0 and — corresponds to 1.
In this way, to each letter a € X} corresponds a letter s(a) € Sp. Similarly to
each letter s € S corresponds a letter a(s) € Xj,. Words of X} S}, represent
h-dimensional integer vectors. A word wy ...wps € X} S, represents the integer
vector denoted by (wq ...w,s) whose components are computed as: If s; = +,
then m;((wo ... wys)) = 37, 29.m;(wj) and if s; = —, then m;((wp ... wys)) =
—2m 37 27 (w;y). For example, ((0,1)(1,1)(1,0)(+, —)) = ((0,1)(1,1)(1,0)
(0,1)(+, —)) = (6, —5). In particular, (+) = 0 and (—) = —1. We also define the
notation (.)4 over X} as (w); = (w(+,...,+)).



Remark 4.1. Let w',w € 5%, 5 € Sy. We have (w'ws) = (w') 4 + 21*"|(ws).

Each vector has an infinite number of representations. Indeed for each word
Wo ... wps € XiS,, any word in wp ... wp(a(s))*s represents the same vector.
To get a unique representation for each vector, we can take the shortest word
representing it.

Given a Presburger formula ¢(x) with h free variables, we say that it defines
the language L, = {w € X}Sy| (w) € [e(x)]}. Such languages are regular,
called Presburger-definable and meet the following saturation property: If a rep-
resentation of a vector is in the language then any other representation of that
vector is also in the language. Our coding satisfies the following property [15].

Property 4.2. Any residual of a Presburger-definable language is either a Presburger-
definable language, or the empty word language.

A deterministic automaton (DFA) is a tuple (X, Q, qo, Qf, ) where X is the
finite alphabet, @ the set of states, go the initial state, Q¢ C @ the set of final
states and 0 the transition function from Q x X' to ). We suppose DFA to be
complete (containing a sink state, if necessary). In a DFA accepting all solutions
of a Presburger formula () with h free variables, a word w € X} leads from
the initial state to a state accepting exactly all solutions of p(2!"lx + (w),).
Therefore, we can consider states (except final ones) of such automata as being
Presburger formulas.

Given any Presburger-definable language L, the corresponding uniformised
Presburger-definable language is defined by taking only one word (the shortest)
representing the given vector. We obtain it by intersecting L (or the correspond-
ing automaton) with a regular language (C X7 S;,) which forbids that words end
with a(s)s € X, Sy, for some s € Sy,. We call this operation uniformisation.

4.2 Complexity of the automata based decision procedure

The well-known decision procedure for Presburger arithmetic using automata is
based on recursively constructing an automaton accepting solutions of a Pres-
burger formula by using automata constructions for handling logical connec-
tives and quantifiers. Automata for constant separated formulas can be easily
constructed. The following lemmas are from [6]. Let |lal|; = Y| 4,50} @i and
lal|- = X¢i| a,<0y | ai]- Let L be the formula 0 < 0.

Lemma 4.3. The minimal DFA accepting the Presburger definable language
corresponding to the formula a.x > ¢ has at most 2 - mazx(||a||,|c|]) + 1 states.
Each non-final state accepts languages corresponding to formulas of the form L
or a.x > ¢ with ¢ = ¢ or min(e, —|ja]|+) < ¢ < max(c, ||la]|-)

Lemma 4.4. The minimal DFA accepting the Presburger definable language
corresponding to the formula a.x =am2p41) ¢ with 0 < ¢ < 2™(2n 4+ 1) and
m,n > 0 has at most 2™ (2n+1)+1 states. Fach non-final state accepts languages
corresponding to formulas of the form a.@ =9,/ 41 with ¢ € [0,2n'] and n’ < n
(this type of states is reached after at most n transitions) and a.x =gm(2n/41) ¢
where (m=nAvy=c)V(m<nAyel0,2™(2n +1)—1] and n’ < n.

10



Each logical connective (A,V,<>, —) corresponds then naturally to opera-
tions on automata (For — it is of course crucial to have a deterministic automa-
ton). Furthermore to get an automaton for Jy: ¢(y, x) given an automaton for
©(y, ) one projects away ® the component for y and obtains a non-deterministic
automaton. Then, to be able to continue the recursive construction, the au-
tomaton is determinised, uniformised and minimised Starting from an automa-
ton of triple-exponential size, determinisation might lead to an automaton of
quadruple-exponential size. However, in [6] we show that for Presburger’s logic
the size of the automata during the construction is at most triple-exponential in
the size of the formula.

Here, we refine this analysis to get the same upper bound for formula contain-
ing also 3®"P) quantifiers. In order to do that we first detail the corresponding
automata construction before analysing the size of the (intermediate) automata.

Automata construction for the modulo-counting quantifier We adapt
the construction of [12,19] for our particular encoding. Here it is crucial to have
uniformised automata.

Lemma 4.5. Given a DFA A, accepting the uniformised Presburger language
L, defined by a formula ¢(y, ) of Lp one can construct a DFA Ay accepting the
uniformised Presburger definable language Ly, defined by ¢ = 3(p,’p)y: o(y, ).

Proof. Without loss of generality we suppose that the value of y is given by
the first component of letters of A,. We need first some definitions. A max-V
multiset wrt. a natural number max > 1 and a set V is a multiset of elements
of V such that each element appears at most maz times. We denote all of these
multisets by Mz (V). A maz-V multiset can be seen as a multiplicity function
mapping elements from V to {0,1,2,...,maz}. For positive natural numbers x
and y with y > 1, we define x mod; y = x mod y if x mod y # 0, x mod; y = 0
if x =0 and = mod; y = y else. Given two maz-V multisets my, mo their union
m1 Umg is defined as (mq Umg)(v) = (mq(v) +ma(v)) mody max for allv € V.

Since A, is uniformised, we can suppose that A, has exactly one accepting
state which has outgoing transitions only to the sink state. Let A, = (X} U
Sh, QU{F},qo,{F},0) with L(A) C X}S),. We construct a DFA Ay, = (X},_1 U
Sh—1,Q"U{F"}, qy,{F'},0") with L(Ay) C Xy _,Sp_1 as follows: The idea is to
count modulo p how often a state can be reached from the initial state using
transitions where the first component of letters is arbitrary. Formally, we have
Q' C M,(Q). Furthermore, we construct @’ starting from the multiset ¢ =
{qo} with a modified on the fly subset construction. That means that @’ only
contains reachable p-Q) multisets of states. Let m be a p-Q) multiset. For each
letter a € X},_1 and each state m of Q" we define a successor state m’ = §(m, a)
by setting for all ¢ € Q, m/(q) = (3_y,com(@1) - {(41,0) | 6(q1, (b,a)) = ¢ and
b € {0,1}}|) mod; p. Now, we describe how to determine the transitions going

5 As the automaton should accept shortest encodings, additional transitions with a
sign letter going to the final state have to be added before uniformisation.

11



to the final state F’. Here we have to take into account the number of times
(which can be infinite) a vector corresponding to a word from X} _; obtained
by projection from a word w of L(A,) can be obtained by projection from
other longer words of L(A,) with same prefix w. Since the automaton A, is
uniformised each such word is only counted once. For each sign letter s € Sy, with
s = (s1,...,5p) we first define sT = (+,52,...,5,) and s~ = (—,82,...,5p).
For each sign letter s € S}, and each state ¢ € ), we compute then m, 4, the
(possible infinite) number of paths from ¢ in A to the final state F' labeled by
a word from the language (a(s™) + a(s™))*s. Then, for each sign letter s €
Sh—1 there is a transition from a state m € Q' to the final state F’ iff (1)
M(4,5),q a0d m(_ 4) 4 are both not infinite for all ¢ € Q with m(q) # 0 and (2)
(X ge0ns(a.(+.s)=F TDM(+.5).0 + 2geqns(q,(—s)=F MM (- s)q) mod p = .
The obtained automaton is then uniformised and completed to obtain Ay. O

Our analysis relies on building automata for Boolean combinations of con-
stant separated formulas. A Boolean combination of formulas ¢1,...,¢, is a
formula generated by T, L, ¢1,...,©n, 7, V, A or <>. We denote by C(p1, ..., ¢n)
such a Boolean combination. We build (on the fly) a product automaton whose
states are Presburger formulas (not tuples of formulas).

Definition 4.6. Given a Boolean combination of constant separated formulas
Clp1(x),...,on(x)) containing h free variables we define the product automa-
ton Ac(py(@),....on @) = (Zn U Sk, QU {F},q0,{F},0) by: Q is the set of Pres-
burger formulas, F the designated final state, qo = C(p1(x),. .., pn(x)) and for
all a € Xy, 5(C(Y1(x),. .., Yn(x)),a) = C(Yi(x),..., ¢, (x)) each ;(x) being
a state, possibly L (equivalent to 0 < 0), of A,, (the automaton of ¢;), and
vi(x) = 0y, (Vi(x),a). If s € Sp, then 6(C(Y1(x),...,Yn(x)), s) = F, when
(s) € [C(Y1(x), ..., n(x))] and 6(C(1(x),. .., Yn(x)),s) = L otherwise.

The following theorem gives a bound on the automata size for a formula in
Presburger’s logic with modulo-counting quantifiers. A corresponding theorem
for classical Presburger’s logic was given in [6] (using results from [13] where a
most significant digit first encoding is used). Its proof is basically the same, as we
can also eliminate all quantifiers and construct an automaton from the resulting
atomic formulas. We will need the construction of the automaton later to handle
the 3" ») quantifier. We use the abbreviations exp2(z) = 22° and exp3(z) =

22*" Notice that in [6] the size of the DFA was bounded by exp3(xnlogn).

Theorem 4.7. The size of the minimal DFA accepting solutions of a formula
o(x) from Lp with h free variables and length n is at most exp3(kn) for some
constant K.

Proof. Let d < n be the quantifier depth of ¢. Let v(x) be the equivalent quan-
tifier free formula obtained from ¢ using Theorem 3.6. We have maxP(y) <

d
(P - maxP(p))* and max ConsT(y) < 2P maxP(@)* . max CoNsT(¢). Clearly,
max CONST(y) < exp3(rin) for some constant 1. If we build the product au-
tomaton for « according to Definition 4.6, a naive analysis of its size gives a
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quadruple-exponential, as there are possibly a quadruple exponential number
of distinct inequations in . We give a slightly different construction of the au-
tomaton A, accepting solutions of 7. Let ay,...,a;, be an enumeration of all
different vectors a corresponding to coefficients of variables of © = (x1,...,xp)
appearing in constant separated inequations of v. Let 1, ... Ve be an enumer-
ation of all atomic formulas of the form a;.x > ¢; with 1 < i < ¢, and ¢; such
that |c;| € [~[lai|+ — 1,]la:]|-]. Clearly, ¢!, < exp2(k2n) for some constant .

Let (b1,k1),...,(bd,,kq,) be an enumeration of all different vectors b corre-
sponding to coefficients of variables of € = (z1, ..., z)) together with its modulus
appearing in constant separated modulo constraints of . Each k; can be writ-
ten as k; = k} - k!’ where k] is the biggest possible power of 2 and k' odd. Let
o1, -, Par be an enumeration of all modulo constraints of the form b;x =/ c;
with 1 <i <d, and ¢; < k. Clearly, d’, < exp2(r3n) for some constant 3.

Let BC be the set of Boolean combinations of the form C(~q, . .. Y DLy gbd;).
For each member of BC an automaton can be built with the product construc-
tion of Definition 4.6. All these automata are the same except for transitions
leading to the final and sink states.

We describe now informally the automaton A, which we construct from +.
It has first the form of a complete tree starting at the initial state. Its branching
factor is the size of the alphabet X}, and its depth is exp2(k1n). Each of the states
in the tree recognises the solutions of the formula v(2!"!z + (w) ) where w € DIy
with |w| < exp2(k1n) is the word leading to the state from the initial state. Then,
at level exp2(kin) there are separate automata accepting solutions of the corre-
sponding formulas reached after reading the word leading to them. All these au-
tomata correspond to Boolean combinations of BC'. Indeed, for any constant sep-
arated formula ((x) = a.x > c of v and any word w € X} with |w| = exp2(kin)
we have ¢(2!"lz + (w) ;) & a.x > ¢ for some ¢’ € [—|al|+ — 1, ||a||_]. Therefore,
for any atomic inequation ¢ () of v, ¢(2/"*lz+(w), ) is equivalent to some 7;. The
same is true for modulo constraints, i.e. each modulo constraint reached after w
is equivalent to some ¢;. So, y(2!"*lx + (w),) is equivalent to a formula of BC.
Notice that in any member of BC' all atomic formulas of a given form appear.
That is not a restriction, since we can just expand each Boolean combination
to be of this form. Let W = {w € X} | |w| = exp2(kin)}. For any w € W, let
C. € BC be the Boolean combination equivalent to v(2/“lz 4 (w), ). For each
Cw we can construct an automaton Ac, = (Xn U S, Quw U{F}, quw.o,{F},w)
according to Definition 4.6. Notice that the automata Ac, only differ in the
transitions going to the final state, since the atomic formulas composing them
are all the same. The final state F' is the same in each automaton.

We can now give the definition of the automaton for the formula ~ formally,
ie. Ay = (X USh, Q,qe, {F},0) where Q = Q1 UQ2U{F} with Q1 = {qu, | w €
Xy A |lw] < exp2(kin)} and Q2 = U,cw Q- Furthermore, §(qw,b) = {qus}
for all b € X, and |w| < exp2(kin) — 1, §(gw,b) = {quso} for all b € X}, and
|w| = exp2(kin) — 1 and §(g,b) = (g, b) for all b € X}, and ¢ € Qa. Clearly,
the number of states (and also the size) of the automaton A, is smaller than
exp3(rn) for some constant . O
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When applying the construction of Lemma 4.5 to eliminate a modulo-counting
quantifier, one could have a potential exponential blow-up which could lead to
a quadruple exponential automaton. In the appendix we show that this is not
the case by analysing the structure of the constructed automaton and obtain the
following theorem.

Theorem 4.8. Let Ely(p/’p): ©(y, x) be a formula from Lp of size n, A the min-
imal DFA accepting the uniform Presburger definable language corresponding to
o(y,x) and A’ the automaton obtained for Iy®'?): o(y, &) using the construc-
tion of Lemma 4.5. Then A’ is of size at most exp3(kn) for some constant k.

Corollary 4.9. The automata based decision procedure for Presburger arith-
metic with modulo-counting quantifiers takes triple-exponential time in the size
of the formula.

In [5] the complexity of the automata based construction for Presburger’s
logic is analysed using Ehrenfeucht-Fraissé relations. There a most significant
bit first encoding is used. An open question is to know if this approach can be
also applied for modulo-counting quantifiers.
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A Complexity of modulo-counting quantifiers

For general automatic structures, modulo-counting quantifiers have a high com-
plexity.

Theorem A.1. There is an automatic structure such that the validity of formu-
las containing modulo-counting quantifiers 3 P) | but no existential quantifiers 3
s mon-elementary.

Proof. Let ¥ = {0,1} and U = X*. On this set, we consider the following

relations:

— the prefix relation <

— the relations Ly = X*0 and L; = X*1 of words ending in 0 and in 1, resp.

— the binary equal-length relation el consisting of all pairs of words v and v
with |u| = |v].

The first-order theory of this structure 7 is known to be non-elementary.
Now we build a new structure 7' as follows:

— The universe is the set {0,1}*2*.

— the binary relation eq’ consists of all pairs of words (u2™,v2") with © = v
and u,v € X*.

— The binary relation <’ contains all pairs (u2™,v2") with v < v for u,v €
{0,1}.

— The unary relations Ly and L} contain all words u02™ and u12™, respec-
tively, for u € {0,1}*.

— the binary relation el’ consists of all pairs of words (u2™,v2") with |u| = |v|
and u,v € X*.

Intuitively, we replaced in 7 every element u by infinitely many elements u2™.
Now let ¢ be a first-order formula in the language of 7. In this formula, make
the following replacements:

— equality « = y is replaced by eq’(x, y)
— the relations <, el, Lo, and L; are replaced by <’, el’, L{), and L/, respectively
— existential quantification 3z : ¢ is replaced by =312 z: 4.

Call the resulting formula ¢’ and note that ¢’ does not contain the equality =
nor existential quantification. One now shows by induction on the construction
of ¢: Let uy,...,u, € X* and mq,...,m, € N. Then

TEY(u,...,uy) <= T EY (u12™, ... u,2™).

The only nontrivial argument in this induction concerns existential quantifica-
tion. Note that the formulas 3x: ¢’ and 3°*°z: 1)’ are equivalent on 7'. Conse-
quently, 3%z : ¢’ and -3z o are equivalent on 7.

Thus, we found a polynomial-time reduction of the first-order theory of 7
to the set of formulas using only modulo-counting quantifiers that hold true in
T, i.e., this theory of 7’ is non-elementary. Finally, we only remark that the
structure 77 is automatic. a
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B Missing proofs

B.1 Proof of Lemma 3.1

The formula B, 4. is obtained from S by the following replacements (where z
is some a-free term and k > 2):

a’z < sis replaced by a’t +a’c < as
s < a'z is replaced by as < a't +d’c
a'r =p, s is replaced by a't + a’c =, as

Let f be some evaluation with f(az) = f(t + ¢). Then we have

fld'z < s) = f(dax < as) since a > 0
= f(d'(t + ¢) < as) since f(az) = f(t + ¢)
= f(a't +d'c < as)

and similarly
f(s<dz)= flas < d't+dc)
as well as

fld'x =i 5) = f(dax =41 as)
= f(d' (t + ¢) =ak as)
= f(d't+ d'c =ar as)

This completes the proof of f(az) = f(t+¢) = f(B8) = f(Ba,i+c)-

It remains to verify condition (1). First note that a € COEFF(f) since az < ¢
or ax > t appears in 8 and since t is z-free.

Now, let b € COEFF(f, 41c). If b € COEFF(S), we get b = 1b — 0b implying
b € CoEFF'(3) since 1,0 € COEFF(3). So let b ¢ COEFF(3). Then there exists
some atomic formula o’z < s or s < a’z in B such that b is some coefficient in
the term as — a/(t + ¢). Consequently, there exists a variable y with coefficient
as in s and with coefficient a4 in t such that b = aas — a’as4. Since a’z < s or
s < d'z is an atomic formula in 8 and since s is a-free, we have o’ € COEFF(f).
Hence, also in this case, b € COEFF'(3).

Next let d € CONST(B4,14¢). If d € CONST(S), we have d = 1d — 0(0 + ¢) €
CoNsT' (). So suppose d ¢ CONST(/3). Then, as above, there exists some atomic
formula o’z < s or s < @’z in 8 such that +d is the constant term in as—a’(t+c).
Consequently, +d = ac; — a’(ca + ¢) where ¢; and ¢y are the constant terms of
s and t, resp. Since a,a’ € COEFF(B) (see above), we get d € CONST'(33).

Finally, let £ € MOD(By 14.). If £ € MoOD(B), then £ =1-1-¢-1 € Mon'(5)
since 1 € COEFF(3). Otherwise, there exists an atomic formula a’z =5 s in 8
with ¢ = ak. Hence, also in this case, ¢ =1-ak -1 € MoD'(B). O
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B.2 Proof of Lemma 3.2

Let T be the set of all pairs (a,t) such that 8 contains an atomic formula of
the form ax < t or t < ax with a > 0 (in the pathological case that no such
atomic formula exists, set 7 = {(1,0)}). Let furthermore N = lem(MoD(5)).
In particular, N is a multiple of every integer k such that the atomic formula
ax =j t appears in  for some term ¢ and some a € Z. Then we set

v i= \/ \/ (Ba,t+c A0 =, t+ C) .

(a,t)€ET —aN<c<aN

We prove (3z: ) < ~. So let f be an evaluation with f(3z: ) = tt. Then there
is b € Z with f[z/b](5) = tt. Let g = f[x/b]. There exists (a,t) € T such that

Lb=11 o
2. th) < b and for all (a/,t') € T with fff,,) < b, we have fgt/’)
®)

3. b < L% and for all (a/,t') € T with b < %t,,), we have + =

a

—~

< fgt)
< [

a’

or

Assume the first case. Then g(az) = ab = f(t) = g(t) where the last equality
holds since ¢ is z-free. Hence, by Lemma 3.1, we get tt = g(8) = ¢(8a,1) = f(Ba,t)
and, since %t) =beZ, also f(0 =, t) = tt. Hence, using the triple (a,t,0), we
have f(vy) = tt.

Next consider the second case. There exists k € N with 0 < (b—kN) — @ <
N or, equivalently, 0 < a(b— kN) — f(t) < aN. We set ¢ = a(b — kN) — f(t)
such that —aN <c < al.

Since N is a multiple of all moduli appearing in 3, we get f[z/b—EkN](5) = tt
from f[z/b](8) = tt and the choice of (a,t) and of k. Set ¢’ = f[z/b— kN]. Then
g (ax) = a(b—kN) = f(t+c) = g'(t + ¢) since the term ¢ + ¢ is z-free. Hence,
by Lemma 3.1, we get tt = f[z/b— kN|(8) = ¢'(8) = ¢/ (Busse) = f(Busse).
Furthermore, f(t) 4+ ¢ = a(b— kN) is divisible by a such that f(0 =, ¢t + ¢) = tt.
Using the triple (a,t, c), we obtain f(v) = t also in the second case.

The third case is symmetric to the second, i.e., we showed f(Jz: §) =1 =
f)=1.

For the converse implication, suppose f(v) = 1. Then there is a triple (a, t, ¢)
with (a,t) € T and —aN < ¢ < alN such that f(8q,14c A0 =4 t+¢) = tt. From
0 =, f(t) + ¢, there exists b € Z with ab = f(t + ¢). Let ¢ = f[x/b]. Then
glax) = ab= f(t+¢c) = g(t +c) since t is z-free. Hence, by Lemma 3.1, we have
9(B) = g(ﬁa,ﬂrc) = f(ﬂa,tJrc) = tt. Since g = f[‘r/b}v this implies f(Jz: 8) = t
and therefore the remaining implication.

Finally, we have to verify (1). Recall that (a,t) € T means that ax < t or
t < ax is a subformula of 3. Hence COEFF(y) C COEFF'(3) and CONST(y) C
ConsT(3) follow immediately from Lemma 3.1 since they only refer to atomic
formulas of the form a’x < s or a’x > s. Next let £ € MoD(y). Then ¢ €
MoD(B4,14c) or £ = a for some (a,t) € T and |c| < aN. In the first case, £ €
Mob'(8) follows from Lemma 3.1, in the latter case note that a,1 € COEFF(3)
and 1 € MoD(B) such that /=a=1-a-1-1 € Mon/(B). O
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B.3 Proof of Claim 3.4.1

Let f be an evaluation that is consistent with <. Let b € Z with a1b < f(s1).
For all (a,t) € T, we have %511) < @ and therefore ab < f(t). Since N is a
multiple of all moduli appearing in 3, we obtain

flz/b](B) = tt <= flz/b— N](B) = tt.

Consequently, there are infinitely many b € Z satistying f[z/b](ax < s1A8) =t
or none. In other words, we can set ’y(f,, = (0 < 0) for r # 0. It remains to
consider the case » = 0. But then

f(Boo) = f(m3x: (a1 < 51 A B)).

Since a1z < s1 or s1 < ajx is an atomic formula from B, we get COEFF(f) =
CoEFF(a1z < s1 A ) and similarly for CoNsT and Mob. Hence the existence
of 5%y as claimed follows from Lemma 3.2. O

B.4 Second part of the proof of Claim 3.4.2

We construct quantifier-free formulas  and o that are equivalent to # and v,
respectively. First, consider the formula 6. Using Lemma 3.1, it is equivalent to
the formula

Az(a;x = 8i + c A air1T < Six1 A Baysite) -

Since Bq,,s;4c is z-free, this formula is equivalent to the Boolean combination of
atomic formulas

0= ((Li+181‘ + ajy1c < a;siy1 N0 =4, s; +CcA /Bai’siJrC) .

Next we construct 7 from v. To this aim, we write ¢ for the term a;s;41 —
a;4+15; — a;+1¢ and b for a;a;41 N such that the formula v becomes

Jy: by <tAt—-b<byAy=p,r)
or, written alternatively,
Jy: t-b<by<tAny=,r).
Substituting z for by, we get the equivalent formula
Fe: (t—b<z<tAz=pbrN0=, 2).

Note that we can restrict quantification to those values z of the form ¢ — d with
0 < d < b. Hence the above formula is equivalent to

\V t—b<t—d<trt—d=,brA0=,t—d).
0<d<b
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The first conjunct ¢t — b < t —d < t is true for all possible values of d and
can therefore be omitted. Hence, the formula v is equivalent to the Boolean
combination of atomic formulas

\/ (t—d=aa,Np r NO=g,q,, , Nt —d).
0<d<b
Since N = lem MoD(/3), this is equivalent to
\/ /\ (t —d =aiai01kp P N0 =q,0, 0 t —d) .
0<d<b keMon(B)

Written explicitely, this formula equals
b= \/ /\ ( @;Siy1 — Qi415; — Qip1C—d =asa;41kp aiai+1NT>

o N0 =g, iSit1 — Qi118; — @jp1¢—d ’

0<d<ajai+1 N keMobp(3) 0 aidiprk GiSit1 = Git15i = Ait1C

Now we can finally define

. [@rn)v-s fr=0
Yirc (é A D) otherwise.

Since v < v and 0 < 0, we get f(Bir.c) = f(vi5..0) from (2).

It remains to verify that (3,7;7, ) satisfies (1). This is immediate for 6 since
Bai,s;+c satisfies (1), |¢| < max COEFF(S)lem MoD(8), and 1 € MoD(5). Re-
garding 7, note that COEFF(7) = CONST(7) = {—1,0, 1} since these two sets
refer to atomic formulas of the form s < ¢ that do no occur in 7. Further-
more, it is obvious that any modulus appearing in 7 is of the form ajaskp with
ay,as € COEFF(S), k € MoD(3), and 1 < p < P. O

B.5 Proof of Proposition 3.5

Without changing the sets COEFF etc., we can transform « into an equivalent
Boolean combination 8 of z-separated atomic formulas. By Lemma 3.2 or 3.4,
there exists a Boolean combination « of atomic formulas with (Qx: «) < + such
that (a,y) satisfies (1).

From CoEFF(y) C COEFF' (o) and Mob(y) € Mob'(«), we infer

max COEFF(y) < 2 - max COEFF(a)? < max COEFF(a)® and

max MoD(v) < max COEFF(a)? - max Mob(a) - P.
Since max P(y) < max COEFF(v), max MoOD(y) and similarly for a, we get

max P(y) < maxP(a)? - P.

To estimate max CONST(7y), we first show an estimate for lem MoD(/5):

lem Mob(«r) < max Mo (a)MOP@! < max Mop (a)maxMop(a)  gmax Mon(a)*
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since MoD(3) C N. Hence, from CoNST(y) C CONST'(c), we can infer

2 - max COEFF(a) - max CONST(a) + max COEFF(a)? - lem MoD()

max P(a)? - (max CONST(a) + QmaXP(Q)Q)

a)?

max CONST(7y)

NN N

max CONST(a) - 202 P(

B.6 Proofs from Section 3.3

Lemma B.1. Let A > 6 and B > 0. Let x© be a variable and v a Boolean
combination of atomic formulas of the form ax > b and cx =, d with |a|,h < A
and |b| < B. Then 3x: v is equivalent to 3x: (jz| < A4 - BA~).

Proof. Since h < A, we can assume that 0 < ¢,d < A for all formulas of the
form cx =;, d. We can also assume that v is in negation normal form, i.e., only
atomic formulas are negated. We make the following replacements:

—(az > b) is replaced by ax < b+ 1
—(cx =, d) is replaced by Vo g op, grar €T =n d’
ax > b is replaced by —az < b

As aresult, we can assume -y to be in disjunctive normal form, without negations,
and with atomic formulas of the form ax < b and cx =5, d with 0 < ¢, d, |al,h < A
and |b] < B. Hence v =/, ¢, ,, &; where each of the formulas 4; is a conjunction
of atomic formulas of the allowed form. Consequently, Jx: v is equivalent to
Vlgign dz: 51

Consider one such conjunction §;. Note that it contains at most A% many
atomic formulas of the form cz =y, d since 0 < ¢,d, h < A. For any such atomic
formula, introduce a new variable y and replace cx =p, d by cx—hy = d. Then §; is
equivalent to 3g: ¢, where 4/ is a conjunction of formulas of the form cx —hy = d
and ax < b with 0 < ¢, h,d,|a| < A and |b] < B and § is a sequence of at most
A3 variables.

Let M be the maximal absolute value of the determinant of an (n x n)-matrix
with n < A3+ 2, where the first n — 1 columns contains entries of absolute value
at most A and the entries in the last column have absolute value at most B.
Then it is not hard to determine that

M < (A% 4+2)1. AN . B

Now [23] implies that the formula Jz,y: ¢’ is equivalent to the existence of a
solution (z,7) of ¢’ where the absolute value of every entry is at most

<A (A 4M B
§A4'(A4)A4~AA4-B
<A

4 5
445-A B<AA . B.

(A +2)- M
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In summary, we get
Jr: vy & \/ Jx: 6
& \/ 323y 4
& \/33:: (lz| < A% A 3g: 8))
& 3o (2] < AT A\ 6)
< Jz: (2] < AY A7)
where all disjunctions extend over 1 <1 < n. O

Corollary 3.7 There exists £ > 1 with the following property. Let ¢ =
o(z,y1,...,y¢) € Lp be a formula of quantifier-depth d, let ny,...,ng € Z with
|n;| < N. Then the formula 3z: o(x,n1,...,n¢) is true if and only if there exists
n € Z with

d
In| < 2P maxPD™ . max ConsT(¢) - N - max(1, £)

such that (n,ny,...,ng) is true.

Proof. The implication “<” is trivial since, if there is a small n making p(n,n1, ..., ny)
true, then Jz: p(x,nq,...,np) is true.

Conversely suppose 3z: ¢(x,nq,...,ng) is true. Let ¢z = @z (x) be the for-
mula obtained from ¢ by substituting n; for y;. Then we get

max P(¢5) = maxP(y) and
max CONST(p5) < max CONST(¢) + N - £ - max P(yp) .

By Theorem 3.6, there exists an equivalent Boolean combination 7 of atomic
formulas with

max P(y5) < (P - maxP(go))4d =: A and

d
max CONST(y5) < g(PmaxP(e)" . (max CONST(p) + N - £ - maxP(p))

o(P-max P())""

N

-max CONST(p) - N - max(1,¢) =: B

From Lemma B.1, we obtain that there is some n € Z with |n| < 44" - B such
that vz (n) is true. Hence, for this n, also ¢(n,n1,...,ns) is true. Note that we
have (with p = P - maxP(y))

44\ 5
AA5 < (p4d) (p ) — p4d'P5'4d < pp5'4d+d < 2pcld = Q(P‘maxp(ﬁp))cld
for some ¢; > 1 and therefore
c d d
In| < 2P maxPle)™ 2(PmaxP(e)” . ax CoNST(p) - N - max(1,¥)

Hd'
< 2P maxP@)™ . max CoNsT(¢) - N - max(1, /)

for some ¢ > 1. O
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Lemma B.2. Letc > 1 be the constant from Corollary 3.7. Let o = p(z,y1,...,Ye) €
Lp be a formula of quantifier-depth d, let ny, ... ,ne € Z with |n;| < N. Suppose
there exist only finitely many n € Z such that ¢(n,ny,...,ng) is true. Then all

n € Z such that p(n,ny,...,ng) is true satisfy

+1

d
In| < 2(FmaxP(e) -max CONST(¢p) - N - max(1,£) .

Proof. Since there are only finitely many n € Z such that ¢(n,nq,...,ng) is
true, the formula

Ve (e(x,ny,...,ne) — |z| < y) (3)
is true. Note that d+1 is the quantifier-depth of the formula ¢’ starting with Vz,

that P(¢) = P(¢’) and that CoNsT(¢) = CoNST(¢'). Hence, by Corollary 3.7,
the above formula (3) is equivalent to

Ldt1
Jy: (Jy| < 2P maxP(e) -max CONST(p) - N - max(1,£) A ¢')

and therefore to
wdt1
Ve (o(z,ny,...,ng) — |z| < 2P maxP) -max CONST(¢p) - N - max(1,£)).

Now the claim follows since the formula from (3) and therefore this formula is
true. a

rdt+1

Corollary 3.8 Let k be the constant from Corollary 3.7 and C' = 2(PmaxP(¥)
max CONST(p) « N - max(1,£). Let ¢ = p(z,y1,...,y¢) € Lp be a formula of
quantifier-depth d, let ny,...,ng € Z with |n;| < N. Then 3@y o(z,n1,...,ny)
1s true if and only if the following hold:

(1) mo integer n with C < |n| < C% makes ¢(n,n1,...,ne) true and
(2) {n € Z | |n| < C and p(n,nq,...,ng) is true}| =, p’.

Proof. We first show that 3PPy o(z,n1,...,ng) is true if and only if

(1) Vz: (p(z,n1,...,n¢) — |2| < C) is true and
(2) {n € Z | |n] < C and p(n,nq,...,ne) is true}| =, p’ .

Suppose there are infinitely many integers n making the formula o(n, ny, ..., ng)
true. Then the formula 3®"P)z: ¢ is false. Furthermore, statement (1) is false
since there are only finitely many integers « with |z| < C. Hence, in this case,
the equivalence holds.

So it remains to consider the case that there are only finitely many integers n
making the formula ¢(n, ny,...,ne) true. Then, by Lemma B.2, all these integers
satisfy |n| < C. Consequently, statement (1) is true and

{neZleonmng,...,n)istrue} ={n € Z||n| <C and ¢(n,ni,...,ne) is true}.
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Hence, in this case, 37 P)z: ¢ is equivalent to statement (2). Since (1) is true
in this case, we have the equivalence.

We complete the proof of this corollary by showing that (1) and (1) are
equivalent. Consider the formula

/

¢ = ((x,n1,...,n0) Alz| > C).
Then P(¢') = P() and ConsT(¢') = CoNST(p)U{C} implying max CONST(¢') =

C. Hence, by Corollary 3.7, 3z: ¢ is equivalent to the existence of n € Z making
o(n,n,...,ng) true with C < |n| and

’ K/d
In| < 2P maxPE)™ . max ConsT(¢') - N - max(1, £)

o dt1
< 2PmaxP(e)" . (g(P-maxP(e) -max CONST(p) - N - max(1,¢)) - N - max(1,¢)
<C?.

Hence, statement (1’), i.e., =3x: ¢, is equivalent to statement (1). O

B.7 Proof of Theorem 3.9

Corollaries 3.7 and 3.8 allow to evaluate the truth value of a sentence ¢ by,
recursively, evaluating the truth value of subformulas ¢ of ¢ with arguments of
bounded size. More precisely, let d be the quantifier depth of ¢ and set

LA+l
D = 2(PmaxP(p)) - max CONST(¢p) .

Now suppose Fz: ¢(z,y1,...,y¢) is a subformula of ¢, d’ is the quanti-
fier depth of v, and ny,...,ny are integers. Then to determine the truth of
Jx: Y(x,ny,...,ne), it suffices to verify the truth of ¢¥)(n,nq,...,ne) for all in-
tegers n with

I‘Ed,
In| < 2P maxPWD™ . max ConsT(1) - max(|nyl, . . ., [ng|) - max(1, £)
rd
< 2P maxP@)™ . max ConsT(y) - max(|nyl, ..., |ng) - d
< D? -max(|nyl, ..., |ne|)?%.
Similarly, suppose 3P z: (2,41, ..., ye) is a subformula of ¢, d’ is the quan-

tifier depth of ¢, and nq,...,n, are integers. Then to determine the truth of
Jx: YP(x,n,...,ng), it suffices to verify the truth of ¥(n,ny,...,ne) for all in-
tegers n with

Ld +1
In| < (2P maxPW) -max CONST(¢)) - max(|ny|, . .., |ne|) - max(1, £))?
Ld+1
< (2(PmaxP(e) -max CONST(p) - max(|ni,...,|ng|) - d)?
< D? -max(|nyl, ..., |ne)?.
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By induction, we obtain that all recursive calls of the evaluation procedure use
integers of size at most

dt+1

Dd(d+1) _ (2(P-maxP(<p)) . max CONST(QD))d(dJrl)

DY d(d+1)

g gPmaxP(e - max CONST(¢p)
where p is a polynomial. To store any such integer, doubly exponential space

suffices (in the size of the sentence ¢). Hence we get

Theorem B.3. Presburger arithmetic with modulo-counting quantifiers is de-
cidable in doubly exponential space.

B.8 Proof of Theorem 3.6

The proof proceeds by induction on d. For d = 0, the claim is trivial since then,
we can set 7 = . Now suppose the theorem has been shown for formulas of
quantifier-depth < d.

So let o = Ex: v where E = 3 or E = 3®) for some 0 < p/ < p and
the formula v has quantifier-rank < d. Then, by the induction hypothesis, there
exists a Boolean combination « of atomic formulas such that ¥ < «,

4d—1

max P(a) < (P - maxP(p)) and

P-max P(Lp))‘ldi1

max CONST(ar) < 2¢ -max CONST(¢p) .

By Prop. 3.5, we find a Boolean combination  of atomic formulas such that
the following hold:

-y Exias Ex: =9
— maxP(y) < maxP(a)3 - P
— max CONST(v) < max CONST(q) - 2maxP(e)®

Hence
max P(y) < maxP(a)® - P
< (P-maxP(g)"")* - P
_ maxP(cp)4d . p3atTi
< max P(gp)4d P = (P - maxP(g@))‘ld
and

max CONST(7y) < gmaxP(@)® oy ConsT(a)
< 2(P-maxP(<,0))40l?1'3 . 2(P~maXP(SP))4d71 . max CONST((p)

d
= 9(PmaxP(e)™ . 1ax CONST(p)
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B.9 Proof of Theorem 4.8

Let d < n the quantifier depth of Hy(p/m).(p(y,a:) and h the number of free
variables in ¢(y,x). Theorem 3.6 yields a quantifier free formula ~ equiva-
lent to ¢(y,x). We have maxP(y) < (P - max P(go))‘ld and max CONST(7y) <

d
2(PmaxP(@)" . ax CONST(p). There is a constant r; such that max CONST(7) <

exp3(k1n), t., < exp2(k1n) and d), < exp2(kin) where t. and d, are defined as
in the proof of Theorem 4.7. For ~y, according to the proof of Theorem 4.7, there
is an automaton A, = (X} U S, @, qo, {F},d) of triple-exponential size (not
necessarily minimal) accepting the solutions of 7. We use the same notation as
in the proof of Theorem 4.7 for the parts of the automaton. A is the minimal
automaton corresponding to A,. Obviously, A, might be bigger than A. We
show that the size of the automaton A, obtained by the construction for the

Ey(pl’p) quantifier of Lemma 4.5 is bounded by exp3(xn). Then the bound on A’
(whose states are multi-sets of states of A) follows, as two different states in A’
correspond to two different states in A’

We first introduce some notations. For any word w € X} we denote by wl, €
X}, the word obtained from w by projecting away the first component and by
wl2€ {0,1}* the word obtained from w by projecting on the first component.
For any w € X} _, we define wt= {w’ € X} | w'|l1= w}. For any w € X} _; and
z € [0,21"1 — 1] we define wt*= w’ € I}, if (w']2); = z and w'}1= w. For a
word w € X and a state ¢ € Q, 6*(w, ¢) is defined inductively by ¢*(¢,¢) = ¢
and ¢*(aw) = 6(6*(w, q), a). For a set of words W C X} we define ;3\(VV7 m) as
the p-@Q multiset reached from the p-Q multiset m following the words w € W.
Formally, for a word w, a state ¢ and a p” < p we define first the multiset

m'(quyg,,) by m’(w’q’p,,)(é* (w,q)) =p" Emd m’(w_’q,p,,)(q’) = 0 for all ¢’ # &*(w, q).
Then 6(w,m) = Uyeq My g.m(q) 20d 6(W,m) = U, en 0(w, m).

Let S = {§(wh,{qo}) | w € X}_,}. Our goal is to show that the size of S is
bounded by a triple-exponential. This implies that the number of states of Afy

has the same bound. We split .S into two sets S< and S> where S. = {g(wT

o) | w € Sj_y Aluw| < eap2(in)} and Ss = {5t {ao}) | w € Tj_y Alwl >
exp2(kin)}. It is obvious that |S<| < eaxp3(kan) for some constant ko. We now
show a bound on |S>|. We first enumerate all words w € X} _, of size exactly
exp2(kin) as wy,. .., Wy, where m < exp3(kzn) for some constant x3. We have
Ss = U™, S; where S; = {0(w;wt,{q}) | w € ¥;_,}. We will show that
|Si| < exp3(kan) for some constant k4 which implies that S> is bounded by
a triple-exponential as well. We have Si = U, ¢(o, (capa(nin)—1)] {S\(wT, {6%(w; 1*

o)} | w € Tp_i}. Let 8¢ = (3w, {5 (w0, q0)}) | w € Tj_,}. We have
ISi| = |S?], as 6*(w; 1%, qo) = Cuyp0 and for all 0 < z < exp3(kin) — 1 we
have ¢*(w;1%) = Cu,1- and all automata corresponding to Cy,4- for 0 < z <
exp3(kin) — 1 are the same except for the transitions leading to the final and
sink states. That means that there is a one-to-one correspondence between each
state in multisets of states of SY and each state in multisets of states of the other

Sz,
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Now, we derive a bound of |S?|. The word w;1° leads to the state C,0 in A,
which is the initial state of an automaton, call it Ag, recognising all solutions of
Cuw;10. A is obtained as a product of automata for atomic constant separated in-
equations and modulo constraints. Let 1, ... Ve be the atomic formulas which
are inequations and ¢q,.. .,gbul/W the atomic formulas which are modulo con-
straints of the Boolean combination C,,t0. In the following it is convenient to
consider states of Ag to be (&, + d.,)-tuples of states instead of considering them
as formulas. That is, a state C(v], ... ,yg,v,¢’1, ol (bél;) is considered to be the
tuple (71, .. ,7{;,(1)'1, .. 'a¢’2t;)- For 1 <i <t let vi(y,z) = aly+a'.x > ¢; and
for 1 <i<dl let ¢5(y, x) = by + b'.x =, Bi.

Let us fix aw € X} _, and let w’ € wt. Let ¢y = (w'ls)4 and | = |w| = |w'].
It is clear that 0 <y’ < 2'. For each 1 < < ¢/, the state reached in Adiytaiz>e;
by w’ is the state semantically equivalent to a}(2'y +v') +a’.(2'x + (w)y) > ¢
which is equivalent to aly + a’.x > (¢; — aly’ — a.(w)y)/2!.

Therefore, the first ¢, components of the states reached in Ay by words w’ €

wt are semantically equivalent to (aly+al.x > (c;—aly'—a.(w);)/2%, ..., atfy+
ab x> (c;— atf y' —a' (w),)/2L). There are 2! different values for /. However

there are at most Zzll (laj|+1) semantically different corresponding ¢/ -tuples of
formulas, since 0 < 3/ < 2! and therefore the semantics of the i-th atomic formula
changes at most a’ times in a monotone fashion for increasing 3’. Therefore if we
consider the first t’7 components of states reached by words of wT in Ag, we get

only Zfll(mﬂ + 1) semantically different ones, since the automata for atomic
formulas are minimal.

Now we consider the set of words V' C {w’ € X} | w']1= w} which lead to
the same first ¢/ components of states in Ay and consider the other components
(corresponding to the modulo constraints) they can reach. The words in V' differ
only in the component corresponding to y. Clearly, the set {y' | v = (w']2)+
and w’ € V'} is an interval of the form [I1,1}] where 0 < ; <1} < 2.

A state (formula) reached in Ay, +biw=, g after reading a word w' of V
with ¢/ = (w']2), is semantically equivalent to 2'(bly + b'.@¢) =5, B; — bly' —
bi.(w');. Tt is clear that there are at most k; semantically different formulas of
this kind. Furthermore, we can order them starting from 3’ = 0 until ¢y = k; — 1.
Then it is clear that the set of states (formulas) reached by words of V' (whose
corresponding 3’ form intervals) must be an interval of states respecting this
order. There are at most k? such intervals. We can extend this reasoning to the

product of all d, automata Ab§y+bi_mzki5i. There are at most Hj;lkf different
intervals in this case. Turning to the multiplicities, the tuples of states inside
an interval can be reached multiple times. In this case, the multiplicities can
differ from tuple to tuple. However, not all combinations are possible. There is
a gy < 2! such that the corresponding tuples between 3’ = 0 and 3’ = y are
reached f times and the tuples between ' = ¢y” +1 and ¢/ = 2! —1 f+ 1 times.

Finally, we can give an upper bound on the number of multisets of states
of S? = {6(w?t,{qu: 0} | w € X;_,} which are multisets of states of Ag. Given
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any word w € X} _; we know from the above that words of wt lead to at most

s = Zzll(\aﬂ + 1) < exp2(ksn) (for some constant xs5) different tuples of the
first ¢, components of Ay.

Furthermore, we know that the number of subsets of tuples of states of
Agyyoo s Aaﬁd; which can be reached simultaneously by words of subsets V' of

w? such that all w’ € V lead to the same tuples of the first tfy components is at
d’ ey e1egs .

most I1,2,k?. There are the same number of possibilities to cut these intervals

into two and p different multiplicities.

. d!
Therefore overall, SY has at most size |Ao|*(II,2,k2)*-p < exp3(kn) for some
constant k and |Ap| being the number of states of Ag. From this follows in turn
a triple-exponential bound on [S;|, [S>| and the number of states of A’. O
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