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ABSTRACT. This paper introduces a generic framework that provides sufficient conditions
for guaranteeing polynomial-time decidability of fixed-negation fragments of first-order
theories that adhere to certain fixed-parameter tractability requirements. It enables deciding
sentences of such theories with arbitrary existential quantification, conjunction and a fixed
number of negation symbols in polynomial time.

It was recently shown by Nguyen and Pak [SIAM J. Comput. 51(2): 1-31 (2022)] that
an even more restricted such fragment of Presburger arithmetic, the first-order theory of
the structure (Z,0, 1, +, <), is NP-hard. In contrast, by application of our framework, we
show that the fixed negation fragment of weak Presburger arithmetic, which drops the order
relation < from Presburger arithmetic in favor of the equality relation =, is decidable in
polynomial time. We give two further examples of instantiations of our framework, showing
polynomial-time decidability of the fixed negation fragments of weak linear real arithmetic
(the first-order theory of the structure (R, 0,1,+,=)) and of the restriction of Presburger
arithmetic in which each inequality contains at most one variable.

1. INTRODUCTION

It is well-known that even the simplest first-order theories are computationally difficult
to decide [Gra91]. In particular, it follows from a result of Stockmeyer that every theory
with a non-trivial predicate such as equality is PSPACE-hard to decide [Sto76|. Even when
restricting to existential fragments or fragments with a fixed number of quantifier alternations,
deciding such fragments is NP-hard at best. There are two further kinds of restrictions that
may lead to tractability. First, restricting the Boolean structure of the matrix of formulae
in prenex form yields tractable fragments of, e.g., the Boolean satisfiability problem. For
instance, the Horn and XOR-fragments of propositional logic are decidable in polynomial
time, and this even applies to quantified Boolean Horn formulae, see e.g. [Che09]. Second,
restricting the number of variables can also lead to tractable fragments of a first-order
theory, especially for structures over infinite domains such as Presburger arithmetic, the
first-order theory of the structure (Z,0, 1,4+, <). While the existential fragment of Presburger
arithmetic is NP-complete in general [BT76, vzGS78], it becomes polynomial-time decidable
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when additionally fixing the number of variables [Sca84]; this is a consequence of polynomial-
time decidability of integer programming in fixed dimension |Len83|. Already when moving
to an 3V quantifier prefix, Presburger arithmetic becomes NP-hard [Sch97]. On the first sight,
this result seems to preclude any possibility of further restrictions that may lead to tractable
fragments of Presburger arithmetic. However, another tractable fragment was identified
in the context of investigating the complexity of the classical Frobenius problem. Given
ai,--.,an € N, this problem asks to determine the largest integer that cannot be obtained as
a non-negative linear combination of the a;, which is called the Frobenius number. For n > 0
fixed, deciding whether the Frobenius number exceeds a given threshold can be reduced to
the so-called short fragment of Presburger arithmetic, a highly restricted fragment in which
everything, the number of atomic formulae and the number of variables (and a fortiori the
number of quantifier alternations), is fixed — except for the coefficients of variables appearing
in linear terms of atomic inequalities. Kannan [Kan90| showed that the V*3‘-fragment of
short Presburger arithmetic is decidable in polynomial time for all fixed k, ¢, which implies
that the decision version of the Frobenius problem is in polynomial time for fixed n. However,
in a recent breakthrough, Nguyen and Pak showed that there are fixed k, ¢, m such that the
3™ fragment of short Presburger arithmetic is NP-hard, and by adding further (fixed)
quantifier alternations the logic climbs the polynomial hierarchy [NP22].

The main contribution of this paper is to develop an algorithmic framework that enables
us to show that fized negation fragments of certain first-order theories are decidable in
polynomial time. Formulae in this fragment are generated by the following grammar, where
U are atomic formulae of the underlying first-order theory, and an arbitrary but a priori
fixed number of negation symbols is allowed to occur:

Q=20 |- |PAND| V.

We give sufficient conditions for the fixed negation fragment of a first-order theory to be
decidable in polynomial time. We highlight that this fragment is more permissive than the
“short fragment” of Kannan, as it allows for an unbounded number of quantified variables
and an unbounded number of conjunctions. However, it also implicitly fixes the number of
quantifier alternations as well as the number of disjunctions.

Our algorithmic framework is parametric on a concrete representation of the sets definable
within the first-order theory 7 under consideration and only requires a sensible representation
of solution sets for conjunctions of atomic formulae. From this representation, the framework
guides us to the definition of a companion structure R for the theory 7 in which function
symbols and relations in R are interpreted as reductions from parametrized complexity
theory, such as UXP reductions, see e.g. [DF99, Chapter 15|. By requiring mild conditions on
the types of reductions and parameters that the functions and relations in R must obey, we
are able to give a general theorem for the tractability of the fixed negation satisfiability and
entailment problems for 7. One technical issue we show how to overcome in a general way is
how to treat negation, which is especially challenging when the initial representation provided
to the framework is not closed under complementation. Our main source of inspiration here is
the notion of the so-called difference normal form of propositional logic, a rather unorthodox
normal form introduced by Hausdorff [Haul4, Ch. 1§5].

As one of the main application of our framework, we show that the fixed negation
fragment of weak Presburger arithmetic (weak PA) is polynomial-time decidable. Weak PA
is the first-order theory of the structure (Z,0, 1,4+, =), which is strictly less expressive than
standard Presburger arithmetic. It was recently shown that unrestricted weak PA has the same
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complexity as standard Presburger arithmetic [CHHM22]. In contrast, Bodirsky et al. showed
that the weak PA fragment of existential linear Horn equations A, ;(A;-x = b;) — (C;-x = d;)
over Z with || unbounded can be decided in PTIME [BMMM18|. It follows from the generic
results in this paper that the quantified versions of those formulae with the number of
quantifier alternations and |I| fixed is also polynomial-time decidable. In fact, our framework
not only allows for deciding satisfiability and validity of fixed negation formulae of Weak PA
in PTIME, but also to compute a representation of the set of solutions of a given formula.
This is the best possible such result, since we can show that, for I unbounded, the 3V
fragment of linear Horn equations in two variables is NP-hard.

Proposition 1.1. Deciding two-variables IV weak PA Horn sentences is NP-hard.

Proof. The 9V Horn sentences of weak PA are of the form JxVy /\,’f:1 ¥i(x,y), where each 1;
is a Horn clause, i.e., a disjunction of literals in which at most one literal occurs positively.
NP-hardness for deciding these sentences follows by a straightforward reduction from the
problem of deciding a univariate system of non-congruences /\f:1 x # r; (mod m;), where
m; > 2 and r; € [0,m;—1] for every i € [1, k]. This problem is NP-hard [BS96, Theorem 5.5.7.
For the reduction, simply apply the following equivalence: for every x € Z,

/\lexgéri (mod m;) <— Vy:/\jzl—'(x—n:mi~y). []

An extended abstract of this paper appeared in the proceedings of the 48th International
Symposium on Mathematical Foundations of Computer Science (MFCS 2023) [HMP23|.

1.1. Structure of this paper. The goals of this paper are twofold, and consequently
the paper consists of two parts. In the first part, after recalling and introducing some
basic definitions concerning first-order logic in Section 2 as well as concepts underlying
representations of objects and concepts from parametrized complexity in Section 3, we
present our general algorithmic framework in Section 4. This framework is parametrized by
a first-order theory 7, and we develop sufficient conditions on 7 for its k-negations fragment
to be decidable in polynomial time, for every fixed k& > 0. Section 4 is intended to enable a
reader to easily apply the framework to determine whether a given first-order theory has a
polynomial-time decidable k-negations fragment. For that reason, all proofs are relegated
to Sections 5 and 6, and the section’s concepts are illustrated using a simple fragment of
Presburger arithmetic with one variable per inequality as a running example.

In the second part of the paper, Sections 7 and 8, we instantiate the framework to
weak linear real arithmetic and weak Presburger arithmetic, proving that their k-negations
fragments are decidable in polynomial-time.

1.2. Related work. There is a long history of research on identifying syntactic fragments
of first-order logic with the goal of obtaining decidable fragments, possibly of low complexity.
Specifically, restrictions on the use of negation have been widely studied. For instance,
Kozen [Koz81] showed that deciding positive sentences in which no negation symbol occurs
is NP-complete. Voronkov [Vor99| generalized this fragment and showed that the ground-
negative fragment of first-order logic, where any negated atomic formula is required to
be a ground term, is II5-complete. Barany, Ten Cate and Segoufin [BCS15] identified
guarded-negation first-order logic which requires all occurrences of negation to be of the
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form a A —¢ such that « is an atomic formula containing all free variables of ¢. Guarded-
negation first-order logic is 2EXPTIME-complete and unified various previously identified
decidable fragments of first-order logic such as the unary negation [TCS13| and guarded
fragment [ANVBOS| of first-order logic. More recent work explores restrictions on features
other than negation. Jonsson, Lagerkvist and Osipov [JLO24]|, investigated constraint
satisfaction problems (CSPs) over two signatures, A4 and B, where at most k constraints
from B are allowed. Under further assumptions on the CSPs over A, and on the definability
of B within A4, they showed that these CSPs can be solved in polynomial time for fixed k.

2. PRELIMINARIES

This section focuses on notation and simple definitions that might be non-standard to some
readers. We assume familiarity with basic concepts from logic and abstract algebra.

2.1. Sets and functions. We write seq(A) for the set of all finite tuples over a set A, and
denote by () the empty tuple. This definition corresponds to the standard notion of Kleene
star A* of a set A. The discrepancy in notation is introduced to avoid writing (¥*)* for the
domain of all tuples of finite words over an alphabet ¥, as in formal language theory the
Kleene star comes equipped with the axiom (X*)* = ¥*. We denote this domain by seq(%*).

We write f:C X — Y (resp. f: X — Y) to denote a partial (resp. total) function from X
to Y. The domain of f is denoted by dom(f). We write id4: A — A for the identity function
on A. Given f:CA— B, g:CB— Cand h:C D — E, we denote by (go f):C A — C and
(f xh):C Ax D — B x E the composition and the Cartesian product of functions.

2.2. Structures with indexed families of functions. We consider a generalization of the
traditional definition of structure from universal algebra that accommodates for a potentially
infinite number of functions. As usual, a structure A = (A, o,I) consists of a domain A
(a set), a signature o, and an interpretation function I. In this paper, the signature is a
quadruple o = (F, G, R, ar) containing not only a set of function symbols F, a set of relation
symbols R, and the arity function ar: FYRWG — N, but also a set of (indexed) families
of function symbols G. Each element in the finite set G is a pair (g, X) where ¢ is a function
symbol and X is a countable set of indices. The interpretation function I associates to every
f € Famap fA: A 5 A to every (g, X) € G amap gt: X x A2(9X) 5 A and to
every R € R arelation R4 C A%() which we often view as a function RA: A(F) 5 (T 11,

Example 2.1. Consider the structure A = (Z,0,I) in which the signature o contains a
single family of functions (mul, N) of arity one, and the interpretation function I associates
to mul the map mul(n,z) = n -z for all n € N and z € Z. Here, the family of functions
(mul, N) uniformly defines multiplication by a non-negative integer constant n. o

The standard notions (see, e.g., [BS81]) of homomorphism, embedding and isomorphism
of structures, as well as the notions of congruence for a structure and quotient structure
extend naturally to structures having families of functions. For instance, a homomorphism
from A = (A,o0,I) into B=(B,o,J) is a map h: A — B that preserves all functions,
families of functions and relations; so in particular given (g, X) € G, the map h satisfies
Bz, hiay),..., h(@ar(g))) = h(g(z, a1, ..., Qar(g))) for every z € X and ay, ..., a4y € A.

We denote structures in calligraphic letters A, B, ... and their domains in capital let-
ters A, B,.... When the arity function ar and the interpretation I are clear from the
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context, we write (4, f{', .. ,fA (g%, X1), ...,(gz“,Xg),Rf,...,Rﬁ) for A = (A, o,I) with
o= {fi, fit {(g1, X1), .. (gg,Xg)} {R1,..., R}, ar), and often drop the superscript A.
For instance, the structure from Example 2.1 can be denoted as (Z, (mul, N)).

2.3. First-order theories (finite tuples semantics). The first-order (FO) language of
the signature o = (F, G, R, ar) is the set of all formulae ®, ¥, ... built from the grammar

QW = r(ty,...,tep)) | 2P [PAV | 32D

ti= x ’ f(t17-"7tar(f)) | g(i,tl,.. . 7ta7“(g)>7

where z € V is a first-order variable, r € R, f € F, (¢9,X) € G and i € X (more precisely, i
belongs to a representation of X, more details are given in Section 3 below). Lexemes of the
form r(ty,... star(r)) are the atomic formulae of the language. Throughout this paper, we
implicitly assume an order on the variables in V, and write «; for the j-th variable (indexed
from 1). We write CQ(o) for the set of all conjunctive queries of the first-order language
of o, that is the set of all (quantifier-free) conjunctions of atomic formulae in the language.

(2.1)

Consider a structure A = (A,0,1). Given an atomic formula 7(t1,...,t4,) from
the grammar in Equation (2.1) having x,, as the largest appearing variable, we write
[r(t1, s tarm)] e A" for the set of n-tuples, corresponding to values of the first n variables,

that makeb the formula 7(t1, ..., t4r)) true under the given interpretation /. Furthermore,
let us define I := {(i1,...,ix) € seq(N) : iy,..., i all distinct}. We denote by FO(A) the
structure all first-order sets definable in A, which is the structure

FO(A) = ([Algo, L, T, V, A, —, (7, 1), (Wv, I), <), where

(1) [Alpo is the least set containing [r(t1, ..., tar(r))] 4, for each atomic formula r(ty, ..., tarr) ),

and that is closed under the functions L, T,V, A, —, (7,I) and (77, 1), defined below.
(2) The functions | and T are interpreted as () and {()}, respectively.
(3) Given X C A" Y C A™ and i = (41,...,4) € I, and defining M := max(n,m),

X VY ={(a,...,apn) : (a1,...,an) € X or (a1,...,am,) € Y},
XANY ={(a1,...,an) : (a1,...,an) € X and (ai,...,am) € Y},
X -Y ={(a1,...,an) : (a1,...,a,) € X and (ay,...,am) € Y},
7(i, X) = {y € A" : there is a € A¥ s.t. 7[i < a] € X},
(i, X) == {y € A" : for every a € AF ~]i + a] € X},
X <Yifandonlyif X x A™ CY x A",
where 7[i <— a] is the tuple obtained from « € A™ by replacing its i;-th component with

the j-th component of a, for every j € [1, min(k,n)].

The semantics [.] 4 of the FO language of o is extended to non-atomic formulae via FO(A).
As usual, [®] o =T = [®] 4, [P A V] 4 == [®] 4 A [®] 4, and [Fz;. @] 4 = 7((3), [®] 4). We
omit the subscript A from [-] , when it is clear from context, writing simply [-]. We remark
that FO(A) contains operators whose syntactic counterpart is absent from the FO language
of o, such as the universal projection 7. This is done for algorithmic purposes, as the

framework we introduce in Section 4 treats these operators as first-class citizens.
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2.4. Fixed negations fragments. Let k € N be fixed. The k-negations fragment of the FO
language of a signature o is the set of all formulae having at most k£ negations —. Note that,
following the grammar provided in Equation (2.1), this restriction also bounds the number
of disjunctions and alternations between existential and universal quantifiers that formulae
can have. Given a structure A = (A, o, 1), we study the following problem:

k negations satisfiability problem: Given a formula ® with at most k negations,
decide whether [®] # 0.

3. REPRESENTATIONS AND PARAMETRISED COMPLEXITY OF SIGNATURES

Per se, a structure A cannot be analysed algorithmically, in particular because the elements of
A do not have a notion of size. A standard way to resolve this issue is defining computability
via the notion of representations (as it is done for instance in computable analysis [Wei00]).

3.1. Representations. A representation for a set A is a surjective partial map p:C¥X* — A,
where ¥ is a finite alphabet. Words w € ¥* are naturally equipped with a notion of size,
that is their length, denoted by |w|. Observe that not all words are valid representations for
elements of A (p is partial) and each element from A may be represented in several ways
(p is not assumed to be injective). We write (~,) C X* x 3* for the equivalence relation
{(wy,w2) : w1, wz € dom(p) and p(w1) = p(w2)} and define h,: dom(p)/~, — A to be the
bijection satisfying h,([w]~,) = p(w), for every w € dom(p). Here, dom(p)/~, is the set of
all equivalence classes [w]x, of words w € dom(p).

Example 3.1. The two’s complement least significant digit first representation of Z is given by
the map p:C{0,1}* — Z mapping every non-empty word of binary digits dy . . . d,,, € {0, 1}™+1
to the integer —d,, - 2" + Z:‘i?)l d; - 2'. This representation is not defined on the empty
word. A property of this representation is that padding each word to the right by repeating
its most significant digit does not change the encoded number, that is, (do...dm) =,
(do...dndm . ..dp), where d,, is repeated an arbitrary number of times. o

It is often more practical to represent elements of A by objects that are more sophisticated
than words in ¥*, such as tuples, automata, graphs, etc. Taking these representations does
not change the notion of computability or complexity, because they can be easily encoded
as words (over a bigger alphabet, if necessary). In our setting, of particular interest are
representations as tuples of words. The notion of size for words trivially extends to tuples:
|(wi,...,wn)| ==n+ Y1, |w;|. Given representations p:C X* — A and p' :CII* — A, we
rely on the following operations on representations:

e The Cartesian product p x p’ of representations, defined as in Section 2.

e The representation seq(p) :C seq(X*) — seq(A) that, for every n € N, given a tuple
(w1, ..., wy) € dom(p)™ returns (p(wq), ..., p(wy)).

We also require representations for basic objects such as N, Z and so on. Specifically, we

assume to have canonical representations vx for the following countable domains X:

e X =Nor X =7, so that vx is a representation of N or Z, respectively. We assume this
representation to be any standard binary encoding of natural numbers or integers that
allows arithmetic operations such as addition, multiplication and integer division to be
implemented in polynomial time, as for instance the representation in Example 3.1.
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e X is any finite set, e.g., we assume to have a representation v for the Booleans B = {T, L}.
Note that, since X is finite, operations on this set are constant time.
e X = 3Y* where X is any finite alphabet. In this case, vy« = idy-.

For a canonical representation vy and n € N, we write vxn for the Cartesian product (vx)™.

3.2. Implementations and computability. Let p :C II* — A and pq,...,p, be rep-
resentations, with p; :C Y — A;. A function f: A; x --- x A4, — A is said to be
(p1 X=X pp, p)-computable if there is a function F': dom(p;) X --- x dom(p,) — dom(p) that
is computable (by a Turing machine) and satisfies p(F (w1, ..., wy)) = f(p1(w1), ..., pn(wy))
for all w; € dom(p;), @ € [1,n]. The function F is said to be a (p1 X . .. X pp, p)-implementation
of f. For simplicity, we do not mention the representations of a computable function when it
operates on canonical types: for sets A, Ay, ..., A, admitting canonical representations, a
function f: Ay x -+ x A, = A is said to be computable whenever it is (v4, X ... X va,,vA)-
computable (the v4, and v4 are the canonical representations of A; and A).

Example 3.2. The addition function +: Z X Z — Z is (vz X vz, vz)-computable. Since vy is
a canonical representation, we simply say that + is computable. This is the standard notion
of computability over Z, with respect to a binary encoding of integers. o

Let A = (A,0,I) be a structure and p :C ¥*—A be a representation. Let M =
(dom(p), o, J) be a structure where the interpretation .J associates computable functions to
each function, family of functions and relations in o, and makes ~, a congruence for M.
Then, M is said to be a p-implementation of A whenever p is a homomorphism between
M and A. We highlight the fact that, compared to a standard homomorphism between
structures, an implementation is always surjective (since p is surjective) and forces J to give
an interpretation to functions and relations in ¢ in terms of computable functions.

Example 3.3. The structure (dom(vz),+) is a vz-implementation of (Z,+). For a further
example, consider the structure A = (L,U,N, (-)¢) where L is the set of all regular languages
over a fixed finite alphabet ¥, and U, N, and (-)¢ are the canonical operations of union, inter-
section and complementation of languages, respectively. As a representation, one can consider
the map p taking as input a deterministic finite automaton (DFA) over ¥, and returning the
language the automaton accepts. We obtain the structure M = (dom(p), U, N, (-)¢) in which
the functions U, N, and ()¢ can be implemented by Turing machines manipulating DFAs;
and M is a p-implementation of A. o

3.3. Parametrised complexity of signatures. The framework we define in the next
section requires the introduction of a notion of parametrised complexity for the signature of
a structure (which we call a UXP signature) which we now formulate. First, let us recall the
standard notion of UXP reduction from parametrised complexity theory [DF99, Chapter 15].
Let T" and II be two finite alphabets, and D C I'*. A parameter function is a map n: I'* - N
such that n(w) > 1 for every w € I'*. A computable function F': D — II* is said to be a
uniform slicewise polynomial reduction for two parameter functions n and 6, or (7, 8)-UXP
reduction for short, whenever there is an increasing map G: N — N such that for every
w € D, F(w) runs in time |w|¢"®) (w.lo.g. assume |w| > 2), and 8(F(w)) < G(n(w)).
As usual in computability theory, functions F' with multiple arguments are handled by
introducing a special symbol to the alphabet I', say #, to separate the arguments, thus
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viewing F' as a function in one input. For instance, an operator @: X7 x X5 — X* can be
interpreted by a computable function taking as inputs words wi#ws with (w1, ws) € X7 x 5.
The product (11 - n2)(wi#w2) = n1(w1) - n2(w2) of parameter functions 7;: £7 — N and
12: 25 — N can be used to refine the complexity analysis of @ to each of its two arguments.
We write 1 for the trivial parameter function defined as 1(w) =1 for all w € ¥*.

Let A= (A,o,I) be a structure, o = (F,G, R, ar), p:C¥* — A be a representation, and
n: 3* — N be a parameter function. We say that A has a (p,n)-UXP signature whenever
there is an interpretation function J such that (i) (dom(p),o,J) is a p-implementation
of A and (ii) J associates a (n/), n)-UXP reduction to every f € F, a (1-7n*) n)-UXP
reduction to every (g, X) € G, and a (n®(®) 1)-UXP reduction to every R € R. Note that
for n = 1, all those reductions become polynomial time functions. In this case we say that A
has a (p-)tractable signature.

Example 3.4. Consider the structures of regular languages A and of deterministic finite
automata M in Example 3.3. The functions U, N, and (-)¢ can be implemented in polynomial
time on DFAs, therefore A has a p-tractable signature. However, A does not have a tractable
signature for the representation of regular languages as non-deterministic finite automata
(NFAs), because computing ()¢ on NFAs requires first to determinise the automaton.  ©

As in the case of representations, it is often more practical to have parameter functions
from objects other than words. Given a parameter function 6: ¥>* — N, we consider the
operations len(f): seq(X*) — N, max(): seq(X*) — N and dep(€): seq(seq(X*)) — N on
parameter functions. For w = (wy,...,w,), they are defined as

len(0)(w) == > i, 0(w;); max(f)(w) :=max?, 0(w;); dep(h) := len(len(9)).

4. A FRAMEWORK FOR THE FIXED NEGATION FRAGMENT OF FIRST-ORDER THEORIES
Fix a structure A = (A, 0,I) and consider the structure FO(A) from Section 2.3:
FO(A) = ([[A]]FO7 J—u T7 \/, /\7 B (7T7 I)) (ﬂ.V’ I)a S)

In this section, we describe a framework that can be employed to show that the k negation
satisfiability problem for FO(A) is in PTIME. Part of our framework is generic, i.e., it applies
to any first-order theory, while other parts are specific to the theory under consideration. To
keep the presentation of the framework concise, we postpone detailed proofs of the formal
statements to the subsequent Sections 5 and 6. The current section is best regarded as a
blueprint intended to guide the instantiation of the framework.

4.1. Ideas underlying the framework. To understand the framework, we first discuss
how we can exploit the fact that our formulae only have a fixed number of negations.
For simplicity, let us focus for the time being on quantified Boolean formulae (QBF) in
prenex form. These are formulae of the form J¢1Vqo ... g, P, where ® is a formula from
propositional logic, and ¢, ..., q, are some Boolean variables occurring in it. A first key
question is whether bringing the quantifier-free part ® of a QBF formula into a particular
normal form can be computationally beneficial. Of course, due to ® having a fixed number
of negations, ® could be translated into DNF in PTIME. However, because of quantifier
alternation together with the unbounded number of conjunctions, choosing this normal
form comes with several intricacies. Another option we might try is to put ® into a form
where all but a fixed amount of constraints are in Horn form, and then try to rely on the
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algorithm to solve quantified Horn Boolean satisfiability in PTIME [KKS87|. This works
for the Boolean case, but not for an arbitrary theory. For instance, as shown in Section 1,
the quantified Horn satisfiability problem for the FO theory of Z = (Z,0,1, +, =), i.e. weak
PA, is already NP-hard for the alternation prefix 3V and 2 variables (and NEXPTIME-hard
in general [CHHM22]). It turns out that a suitable normal form for ® is given by formulae
of the form ®; — (g — (--- — (Pr—1 — Px))), where each ®; is a negation-free formula in
disjunctive normal form (DNF), and ¥; — Uy is the relative complementation W; A =Wy, As
we will see in Section 4.3, this atypical normal form (introduced by Hausdorff in [Haul4]
and called difference normal form in [Jun00]) not only fully makes use of our restriction on
the number of negations, but also exhibits nice properties in relation to quantification.

Example 4.1. Consider the propositional formula ®(a,b,c) :== (aVb) A (=aV ¢) A (=bV —c).
This formula is satisfied by the assignments (a = T,b= 1L,¢c=T)and (a = L,b=T,c= 1),
so in particular the QBF formula Va3b3dc ® is valid. The difference normal form of & is:

U:=(aVvb)—((aV(bAc)— ((aAhc)—(aAbAc))).

All propositional formulae can be converted into difference normal form, as we will see
in Section 5. In Example 4.7, we will discuss how to eliminate the quantifiers from Va3b3c ¥. ¢

A second key question is what representation of the domain [A]y, works best for our
purposes, as formulae might not be the right “data structures”. Though the difference normal
form already sets how to treat disjunctions and negations, we have the flexibility to vary the
representation of conjunctions of atomic formulae. Let us be a bit more precise. Consider a
domain D C [A]p containing at least all the sets [¥], for every ¥ € CQ(co). We define un(D)
to be the smallest set contaning D and being closed under the disjunction Vv, and dfnf(D) to
be the smallest set containing un(D) and being closed under relative complements X —Y, with
X € un(D) and Y € dfnf(D). From the fact that all propositional formulae can be converted
into difference normal form, we conclude that {[®] : & quantifier free} C dfnf(D). Then, for
a representation p :C ¥* — D, the difference normal form gives a straightforward way of
representing dfnf(D). First, we define the representation un(p) :C seq(¥*) — un(D), given
by un(p)(ci,...,cn) == (p(c1) V-V p(cy)), where each ¢; belongs to ¥*. A representation
for dfnf(D) is then given by the map dfnf(p) :C seq(seq(X*)) — dfnf(D) defined as

dfnf(p)(u1, ..., um) = un(p)(u1) — (un(p)(uz) — (- = (un(p)(um-1) — un(p)(um))));

where each u; belongs to seq(X*). The key point is that the representation p can be selected
so that the elements in D are encoded as something other than formulae. For instance, for
linear arithmetic theories, alternative representations are given by finite automata [Biic60]
or geometric objects [CHM22|. In the instantiations of the framework provided in Sections 7
and 8 we will use the geometric objects. Of course, relying on representations other than
formulae requires an efficient way of changing representation. This is stressed in the forth-
coming Proposition 4.2. One last observation: above, we defined the domain D to be a
superset of {[¥] 4 : ¥ € CQ(o)}. This is because more general sets might be required to
make dfnf(D) closed under (universal) projection. For instance, in weak integer arithmetic,
the formula 3y : x = 2 - y, stating that z is even, cannot be expressed with a quantifier-free
formula, hence [Jy : x = 2 - y] ; must be added to D.
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4.2. What the framework achieves. The following proposition formalises the observations
in Section 4.1. Recall that an algorithm is in y-UXP, for a parameter y: ¥* — N, if it runs
in time |w|“X") for every w € %*, for some function G: N — N not depending on w. A
decision problem is in x-UXP if there is a xy-UXP algorithm solving that problem.

Proposition 4.2. Fiz k € N. Assume the following objects to be defined:
(1) A representation p of D := J,,cyy Dn, where, for alln € N, D,, € P(A") is s.t. [¥] 4 € Dy
for every ¥ € CQ(o) having maximum variable ,,.

(2) A (£,0)-UXP reduction F: CQ(c) — dom(p) s.t. (po F)(¥) = [¥] 4 for all ¥ € CQ(0).

If D == (dfnf(D), L, T,V, A, —, (7, 1), (77,1), <) has a (dfnf(p),dep(#))-UXP signature,

e the k negations satisfiability problem for FO(A) is in (-UXP (in PTIME, if £ = 1), and

e there is a §-UXP (polynomial time, if £ = 1) algorithm that, given a formula ® of FO(A)
having at most k negations, returns X in dom(dfnf(p)) such that dfnf(p)(X) = [®] 4.

By virtue of the discussion in Section 4.1, establishing Proposition 4.2 is straightforward: the
reduction F' enables an efficient conversion from CQ(o) to elements in dom(p), and, since
D is a structure, dfnf(D) is closed under all the operations in the signature and thus it is
equal to [A]pg. Consequently, FO(A) has a (dfnf(p), dep(#))-UXP signature, and one can
efficiently use dfnf(p) as a data structure to carry out the algorithm to decide satisfiability:
it suffices invoking the various UXP reductions implementing the functions and relations
in D. We remark that the sole purpose of the parameter 6 is to factor in the parameter &,
and one can set # := 1 in the case of £ := 1 (i.e., the case yielding PTIME algorithms).

4.3. The framework. To apply Proposition 4.2, one has to provide the required repre-
sentation p and the reduction F' from Items 1 and 2, and show that the structure D has
the desired UXP signature. Whereas the choice of p and F' depends on the FO theory at
hand, we show that a significant portion of the work required to prove that D has an UXP
signature can be treated in a general way, thanks to the notion of difference normal form.
This “automation” is the core of our framework, which provides a minimal set of subproblems
that are sufficient to conclude that D has a (dfnf(p),dep(0))-UXP signature. Below, we
divide those subproblems into two requirements, one for Boolean connectives and one for
quantification. One significant result in this context is that negation can be treated in a
general way. As a running example, we sketch the instantiation of our framework on the
fragment of Presburger arithmetic having one variable per inequality.

Requirement 4.3 (Boolean connectives). Establish the following properties:

(F1) The structure (D, A, <) has a (p,0)-UXP signature.
(F2) The structure (un(D), <) has a (un(p),len(d))-UXP signature.

Requirement 4.3 asks to provide algorithms for solving typical computational problems that
are highly domain-specific: Item (F1) considers the intersection and inclusion problems
for elements of D, with respect to the representation p, whereas Item (F2) deals with the
inclusion problem for unions of elements in D, with respect to the representation un(p). In
the case of unions, we highlight the parameter len(6) which fixes the length of the union.

Example 4.4 (PA with one variable per inequality). Consider the fragment of Presburger
arithmetic in which formulae follow the grammar in Equation (2.1), and atomic formulae are
of the form x < k or «x > k, where x is a variable ranging over the integers, and k& € Z. We
start by defining the objects in Items 1 and 2 of Proposition 4.2:
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e Define D = {[¥] : ¥ € CQ(0)}, and 0 := 1.

e We set p to be a map taking as inputs T, L, or systems of constraints ¥ of the form
Nty @i € [li,u;], where ¢; € Z U {—o0} and u; € Z U {400}, for every i € [1,m]. The
definition of p is given by p(.L) = [L], p(T) = [T] and p(¥) := [A[L;({; < x5 Awy < uy)],
where —oo < z; and x; < +o0 are interpreted as T.

e For a given ® € CQ(o) the function F returns the element of dom(p) computed (in
polynomial time) as follows: Let x, be the maximum variable occurring in ®. For every

€ [1,n], find the largest ¢; € Z and the smallest u; € Z such that ¢; < x; and z; < u;

occur in ®. If one of these inequalities does not appear, take the corresponding bound to
be oo instead. Return A, z; € [4;, u;].

Let us now consider Item (F1) of Requirement 4.3. To establish this item, we must provide

UXP reductions for computing, given ®, ¥ € dom(p), (1) an element in dom(p) representing

p(®)Ap(¥), and (2) whether p(®) < p(¥). Both problems can in fact be solved in polynomial

time. Let ® = A7, z; € [(;,u;] and ¥ = A/_, 2; € [¢},u;]. (Similar arguments hold when
at least one among ® or ¥ is T or L.) For the first problem, the algorithm simply returns

/\?;alx(n’m) z; € [max(l;,}), min(uj, u})], where the values ¢; or ¢; (resp. u; or ) not

occurring in ® or ¥ are defined as —oo (resp. +00). For the second problem, the algorithm

returns true whenever either u; < ¢; for some i € [1,m] (in this case, ® is unsatisfiable), or

0 < t; < wu; <l for every i € [1, max(n,m)].

To establish Ttem (F2), we must provide a (len(1)2,1)-UXP reduction for testing the
inclusion un(p)(®1,...,®;) < un(p)(Vy,...,¥), where each ®; and ¥; belongs to dom(p).
By definition of un(p), an algorithm for deciding p(®) < un(p)(¥y,..., V), with ® in
dom(p), suffices. Viewing elements of dom(p) as formulae in CQ(co), this is equivalent to
testing the unsatisfiability of ® A (=W1) A -+ A (=¥). The parameter of the UXP reduction
is len(1), and so it suffices to provide a nPY(*) procedure. One such procedure consists of
converting ® A (~¥;) A--- A (=Vy) into DNF, which can be done in nP°Y(*) time, to then test
the unsatisfiability of each disjunct. Since —(z < k) <= x > k + 1, every disjunct belongs
to CQ(o), and its unsatisfiability can be decided in polynomial time. (Note: taking k =1
provides another argument for solving the inclusion p(®) A p(¥) required in Item (F1).) <

Establishing Requirement 4.3 implies that the full Boolean algebra (including relative
complementation) of dfnf(D) has the UXP signature that is required in Proposition 4.2.

Lemma 4.5 (Outcome of Requirement 4.3). Suppose that:

(F1) The structure (D, A, <) has a (p,0)-UXP signature.
(F2) The structure (un(D), <) has a (un(p),len(d))-UXP signature.

Then, the structure (dfnf(D), L, T,V, A, —, <) has a (dfnf(p),dep(0))-UXP signature.

The proof of this lemma boils down to the definition of suitable UXP reductions implementing
the binary operations A, V and —. We postpone this proof to Section 5, where we study in
depth algorithmic aspects of the difference normal form.

Moving forward, we now consider projections and universal projections. Again, the
goal is to minimise the efforts needed to add support for these operations. In this sense,
the decision to adopt the difference normal form now becomes crucial. First, we need to
introduce a variant of universal projection which we call relative universal projection. Given
Z CA™ X C A" and i = (i1,...,1;) € I, the relative universal projection ﬂ'vZ(i,X) of X
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Toay(y, X) 1

m(y, Z)

Figure 1: Illustration of the relative universal projection 7% (y, X).

with respect to Z is defined as follows, where M = max(m,n):

7y (i, X) = {(a1,...,apn) € AM :a = (ay,...,an,) € 7(i, Z) and for all b € A*
if afi - b] € Z then (a1, ...,a,)[i + b] € X}.

Informally speaking, and illustrated in Figure 1, the set Tr\é(i, X) acts as a universal projection
for the part of X that lies inside Z. Note that 7" (i, X) = 7%(i, X).

The lemma below outlines a key “mutual distribution” property of projection and relative
universal projection over relative complement. In the context of the difference normal form,
this property allows us to disregard complementation when adding support for quantification.

Lemma 4.6. Consider X C A", Y CA™, Z C A", andi€ 1. Then,
L, X -Y)=7(,X)—7%{,Y) and 751, X -Y) =751 X) —n(1,Y).

Example 4.7 (QBF). Consider the formula ¥ from Example 4.1. Let i = (b, ¢). Following
the equivalences in Lemma 4.6, we have

71, [9]) = =i, [aVb]) — <7rEavb]](i, lav (b A)]) - (x(, [[aAc]])—w\[{aAcﬂ(i[[aAbAc]]))).

It is easy to see that:

e 7(i,[a Vv b]) corresponds to [T]. In other words, 3b,c : a V b is a valid formula.

. ﬂfavbﬂ(i, [aV (b Ac)]) corresponds to [a]; i.e., a < (Vb,c:aVb=aV (bAc)) is valid.
e 7(i,[a A c]) corresponds to [a], whereas WE@AC}] (i,[a Ab A c]) corresponds to [L].

Therefore 7 (i, [¥]) = [T] — ([a] — ([a] — [L])) = [T]. Moreover, since 7" (a, [T]) = [T], it
follows that the formula Va3bdc ® from Example 4.1 is valid. o

We postpone the proof of Lemma 4.6 and of the forthcoming Lemma 4.9 to Section 6.
Below, let us write 7 for the restriction of the projection operator 7 on inputs (i, X) where
X € D, and write 7" for the restriction of the relativised universal projection 7% on inputs
(Z,i,X) where Z € D and X € un(D). Thanks to Lemma 4.6, adding to Requirement 4.3
the following requirement is sufficient to conclude that D has the UXP signature required
by Proposition 4.2.
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Requirement 4.8 (Projection and universal projection). Establish the following properties:

(F3) For every X € D andie€ I, (i, X) belongs to dinf(D).

(F4) For every Z € D, i€ T and X € un(D), 75(i, X) belongs to dfnf(D).

(F5) There is a (1 -60,dep(0))-UXP reduction (v x p,dfnf(p))-implementing 7.

(F6) Thereis a (-1-len(d), dep())-UXP reduction (px vy x un(p), dfnf(p))-implementing 7".

Lemma 4.9 (Outcome of Requirement 4.3 and 4.8). Assume (F1)-(F6) to hold. Then, the
structure D from Proposition 4.2 has a (dfnf(p),dep(0))-UXP signature.

Example 4.10 (PA with one variable per inequality, cont.). We show how to implement
Requirement 4.8 on the fragment of Presburger arithmetic introduced in Example 4.4. Recall
that D = {[¥] : ¥ € CQ(0)}, and dom(p) is the set of systems of constraints of the form
Nty zi € [6;,w;], where ¢; € Z U {—oo} and u; € Z U {400}, for every i € [1,m], plus two
elements T and L.

Establishing Items (F3) and (F5) is straightforward. Let ® be an element of dom(p),
and consider a vector of variables x. Item (F3) asks to show that the set of solutions to Ix ®
is an element S € dfnf(D). The next item asks for an algorithm to compute an element of
dom(dfnf(p)) that represent S. In fact, we can compute in polynomial time an element of
dom(p) that represents S. If @ is T or L, we simply return ®. Let ® = A, z; € [6;, u;]. If
u; < £; for some z; in x, then Ix ® is unsatisfiable, and we can simply return L. Otherwise,
remove x; € [¢;,u;] from the constraints in ®. After repeating this step for all the variables
in x, the algorithm returns the resulting system.

Let us move to Items (F4) and (F6). These items ask for an algorithm that given in input
® € dom(p), a vector of variables x, and (¥1,...,¥;) € dom(un(p)), returns an element of
dom(dfnf(p)) representing the set of solutions S to (IxP) A Vx(P = ¥; V-V Uy). For sim-
plicity, let us suppose X = (Zp41,...,2m), = AjL; 2 € [l u) and W5 = A 2 € [Uji, uji).
We first present an algorithm that does not yield the correct UXP reduction, to illustrate
potential pitfalls when instantiating the framework, and then provide the correct algorithm.
The “flawed” algorithm tries to perform quantifier elimination on Vx in a naive way:

rewrite Vx(® = Wy V-V U) as 23x(P A =(¥1) A ... (Ty))
bring (& A (V1) A...=(¥g)) in DNF, obtaining a formula \/]j\i1 D

for every j € [1, M] compute a system <I>;- in dom(p), equivalent to Ix ®;
compute a system ® in dom(p), equivalent to Ix

return &' — (\/j]\i1 %)

The problem with this algorithm is that, in the worst case, the number of disjuncts M is
Q(n*); and so the parameter dep(1) of the output is not bounded by any function in the
parameter 1 -1 -len(1) of the input. In particular, the number of disjuncts must not depend
on n. Note, however, that the running time mP°Y*) of the algorithm is unproblematic. Our
main mistake in designing this algorithm is not using any property of the theory at hand.
We now provide a correct algorithm. Let y := (z1,...,z,) denote the variables we are
not projecting away. A vector v = (v1,...,v,) € Z" is in the set of solutions S whenever
it satisfies 3x® and the sentence obtained from Vx(® = ¥, V ---V Uy) by replacing every
variable in y with the corresponding value in v is a tautology. If v satisfies 3x®, then the
latter sentence is equivalent to Vx(®' = W) V.-V W) where ® = A% | 2; € [¢;,u;] and
each W’ is either L (if v is not a solution to 3x¥;) or it is A2, ,; #; € [¢j;,u;i]. Crucially,

there are only 2% such sentences. This observation yields the following algorithm:
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: T < the empty list

: for J C[1,k] do

if Vx((A\iZ, 11 @i € [, wi]) = vjeJ Nitri1 i € [Uji, uzi]) is a tautology then
let ¢ .= max{l;,¢;; : j € J} and w} := min{u;,uj; : j € J}, for all i € [1,n]
append A, z; € [(;,u}] to the list T'

1)

SN A

6: return T > T is an element of dom(un(p))

Intuitively, Lines 4 and 5 construct a formula whose solutions satisfy Idx® and ensure
the sentence in Line 3 is a tautology. The for loop enumerates all such tautologies.
The output 7' therefore contains 2 systems of constraints; in other words, dep(1)(T) <
2(1-1len(1))(®,x,(¥1,-.¥k)) - Checking that the sentences in Line 3 are tautologies can be done
using our “flawed” algorithm, which runs in (m — n)P°Y(*) time. Hence, the overall running
time is bounded by mP°Y®*) (assuming m > 2). We conclude that this algorithm achieves
the UXP reduction required in Items (F3) and (F5). o

5. THE DIFFERENCE NORMAL FORM OF PROPOSITIONAL LOGIC

In this section, we explore computational aspects of the difference normal form. As a result
of this exploration, we will establish Lemma 4.5 from Section 4. To simplify the presentation,
we first focus our study on propositional logic, to then extend it to first-order theories. Recall
that formulae in propositional logic are from the following grammar:

SV =1|T|p|-®| OAV|DVVT

where p is an atomic proposition from a countable set AP. We write [®] for the set of
valuations v: AP — {1, T} making ® true. Recall that (& — ¥) := & A =V,

We study the problem of bringing formulae in propositional logic into strict difference
normal form (SDF). A formula ¥ := ®&; — (®3 — (--- — (Px_1 — Pi))) in difference normal
form is said to be strict whenever [®x] = 0 and [®;41] € [®;], for every i € [1,k — 1]. Note
that [¥] = 0 if and only if k = 1. Every ®; is a negation-free DNF formula, and so checking
the strict entailment [®;] C [®;] can be done in polynomial time in the size of ®; and ®;: it
suffices to iterate through the disjuncts of ®;, and check that each of them is syntactically
contained in a disjunct of ®;, modulo associativity and commutativity of A (e.g., a A b is
syntactically contained in b A ¢ A a). We write SDF(X) for the set of all formulae in SDF
having atomic propositions from a finite set ¥ C AP. We write DNF_ (X) for the set of all
formulae in negation-free DNF having atomic propositions from 3.

5.1. Operations on formulae in strict difference normal form. We first study the
cons operation (:): DNF(X) x SDF(X) — SDF(X) that on an input (®, V) returns an SDF

representing ® — V. Given ¥ = & — (- -- — &), this operator is recursively defined as follows:
1 if [] =0
o1 if [@1] = 0
d:U— Q= (P1— (- — D)) else if [®1] € [?]
' - (2@ P1): (P2~ (- —Pp))) elseif [2® 1] C [@]
(PP Pg) : (P — (--- — Dg)) else if k >3
€L otherwise
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where, given ® = \/I_, ¢; and ®” = \/7_, ¢/ in DNF_(X) and having r and s disjuncts
respectively, ® @ ®” is short for the negation-free DNF formula \/[_; \/j_; ¢; A ¢]. A simple
induction on k shows that (:) is well-defined.

Lemma 5.1. The operator (:) respects the type DNF,(X) x SDF(X) — SDF(X). Consider
a formula ® in DNF (¥), and ¥ = &1 —(---—Py) in SDF(X). Then, @ : ¥ = &) — (--- — )
with £ < k+1, [®1] C [®] and, for each j € [1,€], ' = QY for some Y; C{L, &, ®q,..., Py}
Furthermore, [® : ¥] = [®] \ [¥].

Proof. The proof is by induction on the length k of V.

base case: k= 1: We have U = ®; and [V] = (). By definition of (:), either ® : ¥ = L or
®: ¥ =7 — 1, depending on whether [®] = . In both cases, the lemma is satisfied.
induction step: k # 1: In this case, [®1] # 0. If [®] = () then ® : ¥ = (), and again the

lemma is trivially satisfied. Below, assume [®] # (. We divide the proof following the

last three cases in the definition of (:):

case: [®;] C [®]: By definition, ® : ¥ = & — (&7 — (--- — Py)), which belongs to
SDF () and respects all properties of the lemma.

case: [ (® @] € [?] and not [@;] C [P]: Let ¥ := &g — (- — Py). By definition,
Q0 =0 (2@ Py) : ¥'). Since ¥’ has length k£ — 1, by the induction
hypothesis, (2 @® @) : ¥ = &} — (--- — ®}) where ¢ <k, [®]] C [® D 4],
and for every j € [1,{], @ = QY] for some Y; C {L,(®® P1),P2,..., Pk}
Moreover, [(P@® @1) : U] = [ @ 1] \ [¥']. Since [®]] C [ ® 1] C [P],
the formula ® — (®] — (--- — ®)) is in SDF(X), and all properties required by
the lemma are satisfied.

case: not [P ® ¢;] C [®] and k > 3: Let ¥ := &3 — (.- — &). By definition,
OV = (PQ@ Py) : V. Since ¥ has length k£ — 2, by the induction hy-
pothesis, (2 ® ®2) : ¥ = &) — (- — ®)) with £ < k — 1, [®]] C [® D D],
[(@ D P2) : V] =[2@ 2] \ [V'], and for every j € [1,£], ) = ®Y; for some
Y; C{L,(2® P2),P3,...,P;}. Since [@: ¥] = [(2 @ P2) : ¥'], to conclude
the proof of this case it suffices to show that [® @ P2 \ [¥'] = [@] \ [¥].
By definition of @, [® ® ®1] C [®], and since [ @ P;] is not strictly included
in [®], we have [® ® ®;] = [®], which implies [®] C [®1]. From the valid-
ity “A C B implies A\ (B\ C) = AN C” we get [®] \ [¥] = [®] N ([®2] \ [¥']).
Then, from the validity AN (B \ C) = (AN B) \ C together with the definition
of @®, we conclude that [®] \ [¥] =[® ® 2] \ [¥'].

case: not [ ® ®1] C [®] and k = 2: In this case ¥ = ®; — L. By definition P :
¥ = 1, and to conclude the proof it suffices to show that [®] \ [¥] = 0. This
follows from the fact that, as in the previous case, we have [®] C [®4]. ]

We introduce the operations of union Y, intersection A and difference ~, with type
SDF(X) x SDF(X) — SDF(X), that given a pair of SDFs (®, ¥) compute an SDF representing
OVU, DAV and & — U, respectively. These three operators have mutually recursive definitions.
Below, whenever their length is not one (i.e., [®] # 0 or [¥] # (), we assume ® and ¥ to be
respectively ® = &1 — & and ¥ = ¥y — ¥/, with &1, ¥; € DNF,(X) and ', ¥’ € SDF(X).

O AV = if [@] =0 or [¥] =90,
o (&1 D Ty) : (9 Y ) otherwise.
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q),\q/:{q) i [#] = 0 or [9] =0,
Dy : (DY ) otherwise.
o if [] =0,

K else if [¥] = 0,
= Dy : (O~ W) else if [W1] C [®4],
(@1 VT): (Y U)~ (21D Ty): (9 X T))) otherwise.

We show that the operators A, — and Y always yield an element of SDF(X). In particular,
the computation of such an element always terminates.

Lemma 5.2. The operators Y, A, ~ are of type SDF(X) x SDF(X) — SDF(X). Given two
formulae ® and ¥ in SDF(X), we have [® Y U] = [®] U [V], [® A ¥] = [®] N [¥], and
[ ~ V] =[®]\[¥]. Consider ® € {Y, A, ~}, P=C; —(---—P;) and ¥V =V — (--- — V)
and @BV = @) — (- —®)), and let k € [1,£]. We have [®)] = [\ Gi] where Gy, is a subset
of formulae from {@, ¥, o AN @ € {Pr,..., P}, ¥ € {Uq,...,¥;}}.

Proof. We show the statement by well-founded induction. The domain of the induction is
(SDF(X) x SDF(X), <), whose elements correspond to inputs of the operators Y, A, ~, where
the order < is defined as follows: for every (X,Y) and (W, Z) in SDF(X) x SDF(X), with
X=X1—( X)), Y=Y 1—(=Y) W=W—(--—Wy,)and Z = Z1—(---— Zy,),

(X,)Y)< (W,Z2) ifand only if (1) [Y1] € [Z1], or
(i) ¢x <ty and [Y1] C [Z4].

According to <, the only (required) base case corresponds to (X,Y’) such that £x = 1 and
[Y] = 0. For simplicity, we treat as base cases all pairs (X,Y’) where £x =1 or [Y] = 0.
Below, we refer to the objects in the statement of the lemma.

base case: ¢ = 1: In this case, [P] =0. Wehave @Y U =V, @ A ¥ = | and & ~ U = .
In all cases, the statement of the lemma is satisfied.

base case: [¥] =0: Wehave ® Y ¥ =&, ® A ¥ = | and ® ~¥ = &. Again, the statement
of the lemma is trivially satisfied.

For the induction step, assume i > 2 and [¥] # 0. Note that then [®] # () and j > 2,
by definition of SDF. For brevity, let & := @y — (- — ®;) and V' := Uy — (--- — ¥;). We
analyse all operators separately.

induction step: case ® A U: By definition, ® A U = (&1 ® ¥y) : (¥’ ¥ ¥'). From the fact
that [Wa] C [¥1], and by the induction hypothesis, we conclude that the statement of
the lemma holds for ® Y ¥'. In particular, this means that
(1) [ v ¥ =[eTu[¥T],
(2) @ YV = (9] — (--- — ®))) where, for every k € [1,], [®;] = [V G] with
Gk’ - {907 %ZJ’ QD/\UJ:SOE {(1)27"'aq)i}7 17[) € {\11277\I]J}}
By Lemma 5.1, (&1 ® ¥1) : (P} — (--- — @})) = (V] — (--- — ¥})) where
(3) [(21 @ W1): (P) — (- = ®)))] = [®1 O V1] \ [(} — (- = 29))],
(4) for all k € [1,7], ¥}, = QY with Y, C {L, (21 ® V), P,..., D)}
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From Items 1 and 3, together with identities of set theory, we get [® A U] = [®] N [¥]:

[®@ A U] =[®: B U]\ ([®TU[Y]) by Items 1 and 3
= ([@1] N [¥1]) \ ([@] U [¥']) definition of ®
= ([®]\ [®] N ([¥]\ [¥']) set-theoretical validity

(A\B)N(C\D)=(ANnC)\ (BUD)
= [®] N [¥] definition of ® and W.

From Items 2 and 4 and by definition of @, for every k € [1,7], [¥},.] = [V Dx] where
Dy, is a set of formulae of the form p; A--- A ¢y, with ¢, € {®1,..., D, ¥y,..., ¥ }
for every p € [1,n] (recall here that [¥;] = [®;] = [L] = 0, by definition of SDF).
Since ® and ¥ are in SDF, it is not necessary for ¢ A --- A ¢, to contain distinct
formulae among ®1,...,®;, as one of them will imply the others. The same is true for
formulae among V1, ..., ¥;. Therefore, o1 A--- A, can be simplified into a formula
of the form 1, 9 or ¥ Ao, with ¥y € {(1)1, .. .,(I)Z‘} and 19 € {\Ill, e \Ifj}. This
completes the proof for the case A.

induction step: case ® ~ U: By definition, ® ~ ¥ = &; : (&’ ¥ ¥). Since ¢’ has length
i—1, by the induction hypothesis the statement of the lemma holds for ® Y . The rest
of the proof follows similarly to the previous case. In particular, [® ~ U] = [®] \ [¥]
is established thanks to the set-theoretical validity (A\ B)\ C = A\ (B U C) together
with [®1 : (@' ¥ U)] = [®4] \ ([®'] U [¥]), which follows by the induction hypothesis
and Lemma 5.1.

induction step: case ® Y U, and [¥;] C [®;]: By definition, ® Y ¥ = ®; : (d' ~ ¥).
Once more, since ' has length ¢ — 1, by the induction hypothesis the statement of
the lemma holds for ® ~ W. The rest of the proof follows similarly to the previous
cases. In particular, [® Y U] = [®] U [¥] follows from the validity “C' C A implies
(A\B)UC = (A\ (B\ O))".

induction step: case ® Y ¥, and [¥;] Z [®;]: This case is a bit more involved, so we
give full details. By definition,

YT = ((I)l V \Ifl) : ((Q)/ Y \I/I) ~ (((I)l D \Ill) : (‘I’/ A \Il’)))

We proceed with a series of applications of Lemma 5.1 and the induction hypothesis.
Since [¥2] € [¥1], by the induction hypothesis,
(1) [® A W= [T,
(2) ® AW =) —(--- — P}) where, for all k € [1,4], [®,] = [V Gk]
with G, C {(p, P, NP € {‘I’Q,...,(I)Z'}, Y € {\Ifg,...,q/j}},
(3) [@ v W] = [&'] U[¥]
(4) ® ¥ W' =] — (--- — ) where, for all k € [1,s], [®}] = [V Dx]
with Dy, C {(p, v, N € {‘I’Q,...,@Z‘}, Y e {\PQ,...,\I/J‘}}.
By Lemma 5.1, (&1 ® Uq) : (&' A W) = U] — (--- — U) where
(5) [(®1 @ U1) : (B L W) = [B, @ U]\ [& 1 V],
(6) for all k € [1,7], U} = @Y}, where Y3, C{L,(®1 D V1), d),..., P},
(7) [¥1] € [@1 @O ¥4].
Since [V1] € [®1] we have [&1 ® ¥;1] € [V1]. Because of Item 7, by induction
hypothesis we get (] — (- = @) ~ (V) — (- =V )) = V) — (--- — U/), where
8) [(®f = (=) ~ (¥ = (- =T = ([2] — (- = POIN[W) = (- = ¥)]),
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(9) for every k € [1,4], [®.] = [V Ek]
with E, C{p, ¥, p Ao e {P],..., 0V}, e {V],..., U }}.

By Lemma 5.1, (&, V 1) : (W) = (--- = /) = &) — (--- — ®,,) where
(10) [(@1V W)= (U] = (- = U))] = [®1 VUL ]\ W] — (- = W),
(11) for all k € [1,u], ¥, = ®Zk where Zj, C {L,(P1V Uq), WY, ..., T/}

Now, by Items 1, 3, 5, 8 and 10 and by definition of @, we have

[@ W] =[(®1 vV ¥1): (&Y )~ (21O ¥) : (2" A W)))]
= ([2] U [w D\ (AT U D\ (2] N [T\ ([T ET))
= ([@]\ [ U ([T]\ ['D)
=[] U],

where the second to last equivalence follows from the validity “B C A and D C C
imply (A\ B)U (C\D)=(AUC)\ (BUD)\ ((ANC)\ (BND)))" _

From Items 2, 4, 6, 9 and 11, we conclude that, for every k € [1,u], [Yi] = [V Fx]
where F}, is a set of formulae of the form 1 A---Apy, with ¢, € {®1,...,P;, ¥q,..., ¥}
for every p € [1,n]. As explained in the first of the induction steps we considered,
©1 A -+ A @, can be simplified into a formula of the form 1, ¥9 or ¥ A g, with
P €{P1,...,®;} and o2 € {¥y,...,¥;}; concluding the proof. L]

5.2. Complexity of union, intersection and difference. We now study the complexity
of performing the various operations we have introduced.

Lemma 5.3. Let &1 — (--- — ®;), ¥y — (- — U;) and @} — (--- — ®}) be formulae in
SDF(X). Suppose that, for every k € [1,€], [®,.] = [V Gi], where G, C {¢, ¥, o A1 :
p e {‘I)l,...,q)i}, P € {\Ifl,...,\I/j}}. Then, £ <1i-j.

Proof. Define ®g := Wy :=T. Foru € [1,i] and v € [1, j|, set ay . = (Py—i— P )A(Yy—1—Ty).
Every element of Gy, and thus every @/, can be represented as a union of elements from
{aw,p : (u,v) # (1,1)}. Indeed, let £ € [0,] and r € [0, j]. Then, ®, A ¥, is equivalent to
(\/Z_:le(fl)u —DPyt1)) A (\/fj;ln(\lfv — WUyt1)). (Note that for £ = ¢ the left disjunction simplifies
as L, as expected since [®x] = 0.) Expanding this formula into DNF yields a union of
elements of the form . Since @1 — (--- — ®;), ¥ — (--- — ¥;) belong to SDF(X), the
sets [ou,] are pairwise disjoint: [ovu] N [ouy /] = O whenever (u,v) # (v/,v'). Finally,
because ®| — (--- — ®}) belongs to SDF(X), and each ®} is a union of elements from
{auw : (u,v) # (1,1)}, we conclude that k < i - j. ]

Lemma 5.4. There is an algorithm that given & € {Y, A,~}, and ® = &1 — (--- — D;) and
U= — (- —¥;) in SDF(X), computes ® & ¥ in time 2°°YE9) . poly(n, |X|), where n is
the mazimum number of disjuncts in some of the DNF_(X) formulae ®q,...,®;, Vy,...,¥;.

Proof. The algorithm, whose pseudocode is given in Figure 2 (function APPLY), is simple. It
starts by computing the set G of all G C {¢, ¥, oY : p € {P1,..., i}, € {¥y,...,V;}}
representing formulae that might be needed in order to compute ®HW, according to Lemma 5.2.
Afterwards (function AppLY’), the algorithm simply follows the definitions of the opera-
tions A, ~ and Y given in Section 5.1, making sure at each step to “normalise” the computed
formula ®] — (--- — ®}) so that ®7,...,®, are formulae given by elements in G. This
normalisation is done by the function NORMALISE. In this function, the sentence “Let @] be
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function ArprLY (P, @, V)
input: @: operation among A, ~ and Y; ® and ¥: two formulae in SDF.
output: A formula in SDF equivalent to ® & V.

Let (I):(Plf(*q)l) and\I/:(\Ifl—(---—\Ilj)).

Compute the set G containing all sets G such that

° GQ {(p, w, w@zﬂ:ape {‘I’l,...,q)i},w S {\Ifl,...,\I/j}},

e for every k € [1,1], @ occurs at most once in a formula of G

(we consider ¢ and ¢ to be both occurring in ¢ @ 1), and

o for every k € [1, j], ¥} occurs at most once in a formula of G.

7: return ArrPLY’ (B, @, ¥, G)

8: function AprrPLY'(®, @, ¥, G)

9: if [®] =0 or [¥] =0 then

10: switch & do

11: case A : return a representative of 1 in G

12: case ~ : return ¢

13: case Y : return ([®] =07 ¥ : )

14: Let ® =®; — @ and ¥ = ¥y — ¥’

15: var result

16: switch @ do

17: case A : result < (1 ® ¥q) : AprLY’(Y,d, ¥/ G)

18: case ~ : result « @ : ApPLY’(Y,®, U, G)

19: case Y :

20: if [U1] C [®@;] then result <+ ®; : ApPLY’(~, ?', U, G)
21: else

22: result <~ NORMALISE((®1 ® U1) : ApPLY' (A, ", ¥/, G), G)
23: result < APPLY’(~, APPLY (Y, ', ¥/ G), result, G)
24: result < (®; V ¥y) : result

25: return NORMALISE(result, G)

26: function NORMALISE(®, G)

27: if [®] = 0 then return a representative of L in G
28: Let ® = &) — &/

29: Let @] be a representative of ®; in G

30 return ®} — NORMALISE(®', G)

Figure 2: Computing Boolean operations on SDFs.

the representative of ®; in G” indicates that ®} = \/ G for some G € G, and [®]] = [®4].
This normalisation is required for the DNF, (3) formulae to stay of polynomial size during
the procedure. The pseudocode of the cons function (:) follows exactly its mathematical
definition given at the beginning of Section 5.1, and is thus omitted from Figure 2.

Since the algorithm simply follows the recursive definitions of the various operations,
and by Lemma 5.2 we can restrict the formulae of the output to be given by elements in G,
its correctness is immediate.
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Let us discuss the runtime of APPLY. First, note that computing G requires 2P0 (i:1)
time: to construct the sets in G, we first iterate through the subsets A C {®q,...,®;} and
B C {¥y,...,¥;}. Every such pair (A, B) indicates what formulae appear in the set of G
we are constructing. Afterwards, we iterate through all possible injections f: A’ — B such
that A’ C A and |A’| < |B|, and for a choice of f construct the set {¢: o € A\ A }U{pAY:
pe A and f(o) =y} U{y:¢ € B\ f(A)}. The total number of iterations (and hence of
sets in G) is bounded by

S (()6) S () ())

subsets A and B injecgi?)ns f
il ]' min(l,r) 1
<3 ( ) usin —<e
Z Z (=0 (—nr) & % d!

<3. (z + 1). (4 1) < 2Polv (),

Let us now move to the function NORMALISE, that given G computed as above, and a
formula ®” = &/ —(---—®/) in SDF(X) where each ®} (¢ € [1, k]) is a can be represented with
a set in G, returns a formula (\/ G1) — (--- — (\/ G)) in SDF(X) such that G1,...,G, € G
and [®}] = [V G/] for all £ € [1,k]. This function runs in time

k- 2p01y(i,j) : pOIy(Za .ju n,m, ‘E’)

——— ~-
iterate through ®”’ and G =~ comparison of DNF_ (X) formulae

where m is the maximum number of disjuncts in some DNF_ (X) formula ®. Note that an
upper bound to the number of disjuncts that formulae \/ G, with G € G, is given by i -n? + j.

Lastly, consider the function AppPLY’. Given G, an operation & € { A, ~, Y}, and two
formulae ® and ¥ in SDF(X) made of DNF(X) formulae of the form \/ G with G € G,
this function returns a formula in SDF(X) that is equivalent to ® @ ¥ and that is made of
DNF 4 (¥) formulae of the form \/ G with G € G. Because of Lemma 5.3, we know that all the
recursive calls done by APPLY’ return a formula ®] — (- - - — ®}) with £ < i-j. Because of this,
we can bound the time required to perform the various calls to (:) and NORMALISE throughout
the procedure. For example, in line 17, computing (&1 @® V1) : ApPLY (Y, ®’, ¥/ G) once
the result of ApPLY’(Y,®’, U/ G) is given takes time poly(i, j,n,|X|).

Below, given £ € [1,i-j] and r € [0,4- j], let us write R(¢, r) for the maximal running time
of APPLY’ on an input (¢, ®',¥',G) with & € {A,~, Y}, G as above, &' =@} — (--- — P)),
and ¥/ = ¥} — 0" with U” formula in SDF(X), such that there are r elements G € G
satisfying [\ G] € [¥}]. The fact that r can be restricted to be at most i - j follows
from Lemma 5.3. A simple inspection of APPLY’ yield the following inequalities:

R(1,7) < O(1) case: [0] =0
R(£,0) < O(1) cases [¥] =0
R(¢,7) + poly(i, j,n, |X]) case: line 17

R({,r + 1) + poly(s, 7, |2]) case: line 18 or line 20
2-R(4,7)+R(i-7,7)
+ 2pol(59) . poly(n, |2) case: lines 22-24.

R({+ 1,7 +1) <max
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Let us write C(i,7,n,|%|) for a function in 2P°Y(#3) . poly(n, |L|) that upper bounds all
functions O(1), poly(i, j, n, |%|) and 2P°Y () . poly(n, |X|) appearing in the inequalities above.
Note that, in giving an upper bound to R(¢, ), we can treat ¢, j,n and || as constants, hence
below we simply write C' instead of C(i,j,n,|X]). We have R(1,r) < C, R(¢,0) < C and
otherwise, given £ > 1 and r > 0, R(/+1,r+1) < C+max(R({,r+1),2-R(¢,r)+R(i-j,7)).
A simple check shows that R(£,r) < C - 377+, This inequality is clearly true for the base
cases R(1,7) and R(¥,0), and otherwise

RUU+1,r+1) <CH+max(R({,r+1),2-R(,7)+R(GE-j,7))
<O+ maX(C . ;;))(1"Jr1)-i-j+f7 2.0 . 3r-i-j+€ +C- 3r-i-j+i-j)
< O . 3T

We conclude that, on the formulae ® and ¥ of the statement of the lemma, AppLY’(®, ®, ¥, G)
runs in time 2P°%0J) . poly(n,|X|). Then, taking into account the computation of G,
APPLY (&, ®, ¥) runs in 2P°W () . poly(n, |3)). ]

5.3. Proof of Lemma 4.5. We now rely on the strict difference normal form for propositional
logic to establish Lemma 4.5. Let us fix a structure A = (A4, 0, I) and consider its first-order
theory FO(A). Moreover, let p be a representation of D := J,,cy D, where, for all n € N,
D,, € P(A™) is such that [¥] , € D, for every ¥ € CQ(0) having maximum variable z,,. In
order to establish Lemma 4.5, we assume that:

(1) The structure (D, A, <) has a (p,0)-UXP signature;

(2) The structure (un(D), <) has a (un(p), len(6))-UXP signature,

and show that, then, (dfnf(D), L, T,V, A, —, <) has a (dfnf(p),dep(0))-UXP signature.

The functions | and T are constants, and thus can be implemented with computable
functions running in constant time. Consider a binary function @ € {V, A, —}. The pseu-
docode of the (dep(#)?, dep(#))-UXP reduction that is a (dfnf(p)?, dfnf(p))-implementation
of @ is given in Figure 3. In a nutshell, given as input two sequences (ui,...,u;) and
(vi,...,v;) in dom(dfnf(p)), the procedure in Figure 3 computes a sequence (w1, ..., wy) rep-
resenting (dfnf(p)(u1,...,u;)) @ (dfnf(p)(vi,...,v;)) by translating the input sequences into
propositional formulae, computing ¢ with respect to propositional calculus, and translating
back into an element of dom(dfnf(p)).

Lemma 5.5. The function in Figure 3 respects its specification.

Proof. Let p1,...,p; and q1,...,q; be the fresh propositional symbols introduced in line 1,
and let ¥ = {p1,...,pi,q1,...,¢;}. Given £ € [1,i], the procedure associates to uy the
propositional symbol py. Similarly, given r € [1, j], it associates to v, the propositional symbol
gr- Recall that elements in dom(dfnf(p)) are tuples representing formulae in difference normal
form that might not be strict (which is instead required in the notion of SDF(X)). For example,
the sequence (uy, ..., u;) might be such that, for some k € [1,7— 1], un(p)(ug41) € un(p)(ug).
However, the following equivalence holds directly from set-theoretical validities:

dfnf(p)(uy, ..., u;) = dinf(p)(u1, ug Aug, ..., ug Aug A--- Ay, L).

At the propositional level, it suffices then to consider the formulae ® and W defined in
lines 3 and 4, which are in SDF(X) and correspond to (u1,...,u;) and (vi,...,v;), re-
spectively. By Lemma 5.4, the formula ®] — (—...®}) computed in line 5 corresponds
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Input: (u1,...,u;) and (vi,...,v;) in dom(dfnf(p)).
Output: (wq,...,wy) belonging to dom(dfnf(p)), and such that £ < (i +1)-(j + 1) and
(dfnf(p)(u1,...,u;)) ® (dfnf(p)(vi,...,v5)) = dinf(p) (w1, ..., wg).

1: Let p1,...,p; and q1,...,q; be ¢ + j fresh propositional symbols

2: Let @&p be equal to A, ~ or Y, depending on ¢ being A, — or V, respectively

3 @ (p1—(prAp2— (= (Npmipe — 1))

£ Ve (- (@Ahg— (= (N=1ar— 1))

5 @) — (—...®},) < ApPLY(®p, P, V) > Figure 2
6: (wi,...,wg) < (0),...,0) > to be populated
7. for ¢t in [1,k] do

8 Let @ =\ 0

9: for s in [1,d] such that L does not occur in ¥/, do

10: m < element of dom(un(p)) corresponding to T

11: for ¢ € [1,1] such that p; occurs in ¥/, do m < uy Am

12: for r € [1, j] such that ¢, occurs in ¥/, do m + v, A'm

13: wy <= m V wy

14: return (wy,...,wy)

Figure 3: Implementation of @ € {V, A, —} as a (dep(6)?, dep(f))-UXP reduction.

to ® @ W. Moreover, as described at the beginning of the proof of Lemma 5.4 (and ac-
cording to Lemma 5.2), for every ¢ € [1, k|, the formula @} is equal to \/ G for some G C
{o,, o OV : p € {P1,..., P, L},0p € {¥y,...,¥;, L}}. Note that, given p € {®y,...,D;}
and ¢ € {¥q,..., Y}, @ is a disjunction of formulae of the form p1 A---ApeAgi A---Agy,
for some ¢ € [1,i] and r € [1,j]. Then, lines 7-14 simply translate back the formulae p, and
¢r into uy and v,, respectively, and compute the necessary conjunction and disjunctions of
these elements of un(p). In particular, the operations A and V appearing in lines 11-13 are
the binary functions implementing conjunction and disjunction on elements of un(p). Then,
the fact that translating back from propositional calculus yield an element of representing
(dfnf(p)(u1,...,u;)) @ (dfnf(p)(v1,...,v;)) stems directly from the definitions of A, ~ and
Y, that only rely on set-theoretical tautologies. []

Lemma 5.6. The function in Figure 3 is a (dep(6)?,dep())-UXP reduction.

Proof. Directly from Lemma 5.4, the formula ®; — (—--- — ®}) of line 5 can be computed in
polynomial time when the lengths ¢ and j of (u1,...,u;) and (v1,...,v;) are considered fixed
(as it is the case for the parameter dep(f)). Note moreover that & <i-j, by Lemma 5.3, and
that d in line 9 is bounded in poly(4, j), as every ®} is equal to \/ G for some G C {¢, ¥, oD :
pe{P,...,P;, L}, € {Uy,...,¥;, L}} such that for every k € [1,4] @ :==p1 A--- Apg
occurs at most once in a formula of G, and for every k € [1,j], ¥ :=q1 A - A g occurs at
most once in a formula of G. Therefore, the for loops of lines 7-13 perform overall a constant
number of iteration, when taking into account the parameter dep(6). This implies a constant
number of calls to the functions computing A and V on elements of dom(un(p)). To conclude
the proof it suffices then to show that these functions are (len(f)2,1en(#))-UXP reductions.
For V, the analysis is simple: given v = (ai,...,a,) and v = (b1,...,by) in dom(un(p)),
uVv = (ay,...,an,b1,...,by), and therefore V is a constant time operation when the lengths
n and m are fixed. For A, u A v correspond to the sequence of all ay A b, with ¢ € [1,n] and
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Input: (u1,...,u;) and (vi,...,v;) in dom(dfnf(p)).
Output: true iff (dfnf(p)(u1,...,u;)) < (dfnf(p)(vi,...,v))).

L (wr, ..., wg) < (U1, ... u) — (v, ..., 05) > Figure 3
2:/4=1

3: while £ < k do

4: if wy < () then return true > ie., un(p)(we) =0
5 else if / < k and wy < wyyq1 then £+ (+ 2

6 else return false

7: return true

Figure 4: Implementation of < as a (dep(#)?,1)-UXP reduction.

r € [1,m]. Since n and m are considered fixed, this is a constant number of calls to the
function computing A on elements of dom(p), which from the properties of Requirement 4.3
runs in polynomial time when accounting for the parameter 6. L]

To conclude the proof of Lemma 4.5, it now suffices to provide a (dep(6)?,1)-UXP
reduction that implements <. Its pseudocode is given in Figure 4. Briefly, given (uq,...,u;)
and (v1,...,v;) in dom(dfnf(p)), this function establishes whether (dfnf(p)(u1,...,u;)) <
(dfnf(p)(v1,...,v;)) by checking if (dfnf(p)(u1,...,u;)) — (dfnf(p)(vi,...,v;)) = 0.

Lemma 5.7. The function in Figure 4 respects its specification.

Proof. By Lemma 5.5, the sequence (wq, ..., wy) computed in line 1 belongs to dom(dfnf(p))
and represents (dfnf(p)(u1,...,u;))—(dfnf(p)(v1,...,v;)). By definition, dfnf(p)(w1, ..., ws)
is equivalent to un(p)(wr) — (un(p)(ws) — (-- - — un(p)(wy))). Hence, dfnf(p)(wr, ..., wy) =
if and only if one of the following holds

e k=0,1ie., (wy,...,wg) is an empty sequence of elements in un(p),

e un(p)(wy) =0, or

e k> 2 un(p)(w1) < un(p)(ws) and dfnf(p)(ws,...,wg) = 0.

Lines 3-7 implement this check, leading to the correctness of the procedure. ]

Lemma 5.8. The function in Figure 4 is a (dep(#)?,1)-UXP reduction.

Proof. By Lemma 5.6, there is a (dep(6)?, dep(6))-UXP reduction computing the sequence
(wi,...,wg) in line 1. By Lemma 5.5, k < (i + 1) - (j + 1), and thus the while loop of line 3
iterates O(i - j) times. Following lines 4 and 5, each iteration might require a comparison
between two elements of dom(un(p)). Because of the properties required by Requirement 4.3,
this comparison can be implemented by a (len(6)?,1)-UXP reduction. Putting all together,
we conclude that the function in Figure 4 is a (dep(#)?, 1)-UXP reduction. []

6. PROOFS LEMMAS 4.6 AND 4.9 FROM SECTION 4

We present the proofs of Lemmas 4.6 and 4.9 deferred from Section 4. Given a set A, Z C A7
and k € N, we define Z¢ := A7\ Z and write

gtF 7 Amax(0k—j) _ {(v1, ... 7Umax(j,k)) € seq(A) : (v1,...,v;) € Z}
for the set of tuples obtained from Z by “appending” max(0, k — j) dimensions.
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Lemma 4.6. Consider X C A", Y CA™, Z C A", andi€ 1. Then,
1L, X -Y)=71,X)—7%({,Y) and 750, X -Y) =751 X) —7(1,Y).

Proof. Let M := max(m,n) and i = (41, ..., ). For the first equivalence:

(i, X -Y)={yecAM :Jac AF st. qlial e (X - Y)}
={yecAM . vac A st Hlial g (X —Y)}°
={yecAM .vac A st. Hlia] € (X°VY)}©
= <{7 Zr(i, X)) :Vaec A¥ st. 7li<al e (XVY)}V

{yeni,X)T™:Vae AF st. Afi < a] € (X°V Y)})C
= (7L, X)°Vr%i,Y))°
=7(i, X) — 7%, Y).

where in the second-last equality we have used the fact that if v ¢ 7 (i, X)T"" then for every
a € A* we have y[i «+ a] & (X)T.
The second equivalence is proven in a similar way. Let N := max(M,r).

(i, X —Y)
={yeni,zM) :Vaec A* v/ = 4fi « a] € 21" implies 7/ € (X — V)TV}
= {v e (i, ZTN) :VYaec A¥ and 4/ =~[i«a], (1 € 2 implies S XTN)
and (7 € ztN implies 7 € (YC)TN)}
= {v e (i, ZTN) :VYaec A¥ and ¢/ =~[i < a],7 € 2t implies 4/ € XTN}
Ay en(i,Z™) :Vae A% and v/ =i < a], v € 21" implies 7/ € Y1}
= )T ANye AN 1y ¢ n(i, ZTN), ory[i+ a] € (ZTN A YTN) for some a € AF}¢

= 731, Xt (( G, Z) Vi, Z AY)) )Y

=75(i, X) A (r(i,2)°vr(i, ZAY))" by definition of A and N
=my (i, X) A (7( )/\7rlZ/\Y))

=751, X) - 7r(1 ZNY) as m(i, Z) C n%(i, X) by def. of 7¥
=751, X) —n(i,Y) again from 7(i, Z) C wy(i, X) i]

Before moving to the proof of Lemma 4.9 we need the following intermediate result.

Lemma 6.1. Let X C A", Zy,...,Z, with Z; C A™, and i = (i1,...,i;) € 1. Let
Z=\'"_Z;. Then, 7%, X) = A\ 1(7TZ (i, X) V (W(i,Z)—ﬂ(i,Zﬂ)).



Vol. 22:1 ON PTIME DECIDABILITY OF k-NEGATIONS FRAGMENTS OF FO THEORIES 21:25

Proof. Let M = max]_,(n,m;). The lemma follows from a simple calculation:
(i, X)
= {yen(i,z1") :Vae A* and v/ == 4[i + a],7' € Z1" implies 7/ € XTM}
= 7(i, ZT") A {y € AM . for every j € [1,7], every a € AF and 4/ == 4[i  a,
v € ZjTM implies 7 € XTM}

= n(i, Z1") A /\{7 e AM : for every a € A* and 4/ := 4[i < a],
v € Z-TM implies 7' € XTM}

= /\( (G, Z1") A {y € AM :Va € AF and 4/ == 4[i + a],
J:

—_

v € Z; ™M implies = XTM}>

(Note: if v ¢ ©(i, Zﬂ ) then ~' ¢ ZjT for alla e A¥ and o' == 4[i « a].)

I
~-

(ﬂ(i, 21" A ((, Z)°V {y € 7(i, ZT) 1 Va € A% and o/ =i « a]

<
Il
—

= ZjTM implies ' € XTM})>

w(i, Z1") A (i, Z))° v 7%, (i, X)))

I
~-

<
Il
—-

(w0, Z1") A 5, (5, X)) V (w0, 217) A (i, Z)°) )

<.
Il
—
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==
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—~
-
X
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We recall Requirement 4.8 of the framework.

Requirement 4.8 (Projection and universal projection). Establish the following properties:
(F3) For every X € D andie€ I, w(i, X) belongs to dinf(D).

(F4) For every Z € D, i€ 1 and X € un(D), 75(i, X) belongs to dfnf(D).

(F5) There is a (1 -0,dep(0))-UXP reduction (v X p,dfnf(p))-implementing .

(F6) Thereis a (§-1-len(d), dep())-UXP reduction (px vy x un(p), dfnf(p))-implementing 7",

Lemma 4.9 (Outcome of Requirement 4.3 and 4.8). Assume (F1)-(F6) to hold. Then, the
structure D from Proposition 4.2 has a (dfnf(p),dep(0))-UXP signature.

Proof. By Lemma 4.5, the structure D’ := (dfnf(D), L, T,V, A, —, <) has a (dfnf(p), dep(0))-
UXP signature. It suffices to show that there are (1 dep( ),dep(0))-UXP reductions
implementing 7 and 7" with respect to the representation dfnf(p).

Consider the projection m. We describe a (1 - dep(f), dep())-UXP reduction that given
x € dom(dfnf(p)) computes y € dom(dfnf(p)) satisfying dfnf(p)(y) = = (i, dfnf(p)(x)). Let
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ielandx=(xi1,...,%x/7) € dom(dfnf(p)), where each x, is in dom(un(p)), and it is thus of

the form (a,1,..., 2, ) with every z, ; € dom(p). The reduction computes y as follows:
1: for r € [1,¢] do ‘
2. if ris odd then x| < \/7_, 7(i,z,)
3: else x/. «+ /\?::_11 (frvxr_hk(i,xr) vV (X;_l — ﬁ(i,xr,l,k))>
4: return x| — (x4 — ... (... — X))

Above, note that all calls to the projections 7 and 77 are with respect to elements in dom(p)
and dom(un(p)), respectively, and thus return elements of dom(dfnf(p)), accordingly to the
first two properties in Requirement 4.8. The correctness of the procedure stems directly
from Lemma 4.6 and Lemma 6.1. For its complexity, note that because of the parameter
dep(#), the lengths ¢, j1, ..., jo are to be considered constant. Hence, the procedure above
boils down to a constant number of calls to suitable UXP reductions with respect to the
parameter dep(€), and it is therefore a (1 - dep(€),dep(6))-UXP reduction.

The arguments are analogous for 7. In particular, given i € I and x = (x1,...,%y) €
dom(dfnf(p)), the procedure for ¥ simply computes 7" (i, x1) — 7(i, (x2,...,X)). ]

7. INSTANTIATION OF THE FRAMEWORK TO WEAK LINEAR REAL ARITHMETIC

In this section, we provide a first non-trivial instantiation of our framework. We consider weak
linear real arithmetic (weak LRA), the first-order theory of the structure (R,0,1,+,=), and
show that its k negations satisfiability problem lies in PTIME. In fact, since the first-order
theories of weak LRA over the reals and rationals are known be elementary equivalent, for
technical convenience this section considers the structure @ = (Q, 0,1, +, =) instead.

7.1. Setup. According to Proposition 4.2, instantiating the framework requires first to define
the domain D, its representation p and the change of representation F': CQ(c) — dom(p).
In weak LRA, conjunctions of atomic formulae are systems of affine equations, which over Q
are known to define affine subspaces (AS). We define D,, be the set of all affine subspaces
of Q". Then, D = |J,,cyy D is the set of all affine subspaces over Q", for some n.

Following our notation, let vg be the (canonical) representation of the rational numbers

as pairs (n,d) where n € dom(vz) and d € dom(vy), and vg(n,d) = Zi((gg Note that the

structure (Q, +, x, —, /,=, <) has a (vg, 1)-UXP signature since arithmetic operations on
Q are in PTIME. Vectors are simply represented as tuples: vgn := Yo for all n. To ease
the presentation, we do not make a distinction between Q™ and dom(vgn). We represent
the affine subspaces by an offset and a basis (i.e., a set of linearly independent vectors) of
the linear part. Formally, for every n € N, if vy represents a vector in Q™, and v1, ..., v
represent linearly independent vectors in Q", then we let

pas(n, vo, - -+, vg) = von(vo) + spang{vgn (v1), - - -, von (vk) }-

Here, + stands for the Minkowski sum, and given vi,...,vy € Q", spang{vi,...,vi} =
{AMvi+ -+ A Vit AL, A € Q) is a linear subspace. We call the vectors vy, . .., vg
above a V-representation of the affine subspace pas(n,vp,- - -,vx). The presence of the

dimension n as first argument of pag is required to map the vectors to a shifted lattice of
the right dimension. The definition of pag is surjective but not injective, as every affine
subspace admits an infinite number of V-representations. We also consider a constant symbol
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& to represent the empty set, i.e., pas(9) = 0, and assume () € D,, for every n € N. Note
that (0, ()) stands instead for the only vector space of dimension 0; hence in particular
pas(0,()) ={(0} # pas(@). The map pas is the map p required by Proposition 4.2.

Finally, as a preliminary step for instantiating the framework, we must provide a change
of representation F' from conjunctions of atomic formulae to elements in dom(pag). This
function is essentially given by the PTIME algorithm to compute the echelon form of a
matrix with rational entries:

Proposition 7.1 [EAdm67|. There is a PTIME algorithm computing the echelon form, along
with the transformation matrices, of a given matrix with rational entries.

Since F' runs in PTIME, the parameter £ from Proposition 4.2 equals 1. To instantiate
the framework, it now suffices to show that the structure D from Proposition 4.2 has a
(dfnf(psr.), dep(1))-UXP signature, by establishing Requirement 4.3 and 4.8.

7.2. Requirement 4.3: Boolean connectives. The next lemma establishes Item (F1)
of Requirement 4.3. Therein, 4+ stands for the Minkowski sum, which we later need to
implement subsequent parts of the framework.

Lemma 7.2. The structure (D, A, +, <) has a (pas,1)-UXP signature.

Proof. Observe that it suffices to show how to compute <, A and + on affine subspaces of
the same dimension: given (n,vo,...,vy) and (m,wy,...,w;) from dom(pag) with n > m,
we append n — m many zeros to each vector w; in order to obtain an affine subspace of
dimension n. (In the case of subspaces having same dimension, < and A correspond to
C and N, so we often use these symbols interchangeably.) Moreover, all operations are

straightforward when at least one of the two arguments is @. Below, let X = (n,vo,...,Vg)
and Y := (n,wy,...,w;). For brevity, we write V and W for the matrices having as columns
Vi,...,Vvi and wy,..., w;, respectively.

The algorithm for testing pas(X) C pas(Y') is simple: the inclusion holds if and only
if vo € wo + W - @/ and, for every i € [1,k], v; € W - Q7. These membership queries boil
down to solving systems of equations over Q, which can be done in polynomial time by, e.g.,
Gaussian elimination or by appealing to Proposition 7.1.

Computing the Minkowski sum is also simple: we have pag(X)+pas(Y) = (vo+wo)+U
with U = spang(v1, ..., Vg, Wi,...,w;). Hence, the algorithm consists in computing a basis
(of independent vectors) ti,...,t, for the vector space U, and return (n, (vo+wo), t1,...,t,).
The basis can be directly extracted from the echelon form of the matrix [V W], so the
algorithm runs in polynomial time (Proposition 7.1).

For the intersection pag(X) N pas(Y), we have:

pas(X)Npas(Y) = {vo+V -y:yeQ¥and vo+V -y = wog + W - z for some z € Q/}
:vo—i-{V-y:yer andV-y—W-z:wo—voforsomezEQj}
=vo+ V- -7n(U),

where 7(y,z) := y is the projection from Q¥*7 to Q*, and U = {(y,x) : V-y—W -z = wo—vg}
is an affine subspace whose representation (k+ j, up,...,us) € dom(pag) can be computed in
polynomial time by putting the matrix [VT —WT] " in echelon form with Proposition 7.1.
Let u} be the vector obtained from u; by projecting away the last j entries. We have

pas(X)Npas(Y) = (vo+V -up) + U, with U = spang((V - u}),...,(V-up)). The algorithm
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computes a basis ti,...,t, for the vector space U (as done for the Minkowski sum), and
returns (n, (vo+V - up), t1,...,t,). ]

Item (F2) requires an algorithm for inclusion testing of unions of affine subspaces
represented as un(pag). The algorithm relies on the following well-known result.

Lemma 7.3. Let X be an affine subspace and Y = J,c;Yi be a (finite) union of affine
subspaces. Then, X CY if and only if X CY; for some i € I.

Proof. This can be shown by induction on the size of I. If |[I| =1 then the result is trivial.
By induction, suppose the result to be true up to a certain size k and let I of size k 4+ 1. Let
ip € I and J = I\ {ip}. Assume that X C (J,;Y;. If X C Y, then the result is proven.
Otherwise, X ¢ Y;, and we will show that X C J ey Yj which will conclude by induction.
Pick x € X \ Y;, and let y € X be arbitrary. The case y € Uje 7 Yj is trivial. Otherwise,
it must be the case that y € Y;, since X C (J,c;Y;. In particular, z # y because = ¢ Y.
Since z,y € X and z # y, the affine line L that passes through = and y is contained in X
(X being an affine subspace) and contains infinitely many points. As a result, there exists
11 € I such that L NY;, contains at least two points. But Y;, is an affine subspace so Y;,
contains L. This implies that ig # ¢; because otherwise we would have x € L C Y}, =Y,
which is not possible. Therefore iy € J and y € L CY;, C UjeJ Y;. OJ

Lemma 7.3 allows reducing inclusion testing of union of affine subspaces to inclusion
testing on affine subspaces, which is in polynomial time by Lemma 7.2. Item (F2) follows.

Lemma 7.4. The structure (un(D), <) has a (un(pas), 1)-UXP signature.

7.3. Requirement 4.8: Projections and universal projections. We now move to the
second Requirement of the framework, which adds support for projections and universal
projections. Establishing the Items (F3) and (F5) of Requirement 4.8 is trivial; in V-
representation, (existential) projection is a simple operation. Indeed, given X € dom(pas)
and i € I, 7(i,X) can be computed by simply crossing out the entries of all vectors

of X corresponding to the indices in i. The resulting vectors vy, ..., v, are such that
7(i, pas(X)) = von(vo) +V with V= spang{vgn(v1), -+ ,vgn(ve)}. It then suffices to
compute, starting from vi,...,vy, a basis for V, which can be done in polynomial time

following Proposition 7.1. The following result is thus immediate.
Lemma 7.5. The structure (D, (7,1)) has a (pas, 1)-UXP signature.

On the contrary, universal projections are not a priori easy to compute. Our main
observation is that affine subspaces and their unions have very special properties that allow
us to express the universal projection in terms of projections. For simplicity, below we index
entries in vectors starting from one, and instead of considering projections over arbitrary
vectors of indices i, we assume i = [1,k] for some k € N so that 75 (i, X) projects over
the first k£ dimensions. This is w.l.o.g., as we can reorder components appropriately. So,
let 7% (k.X) = 75 ([1, k], X), and 7(k, X) = 7([1, k], X). Given a set X C Q" and k < n, it
will be useful to introduce the following set, for any p € Q" %:

Xp:={teQ": (p,t)c X}.

Note that the value of k is implicit in the notation, but it will always be clear from the
context. We start with an auxiliary lemma.
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Lemma 7.6. Let X C Q" be an affine subspace, and k < n. There is a linear subspace
V C QF such that for every p € w(k,X), thereisb € QF s.t. Xp = b+ V. Furthermore, there
is a polynomial time algorithm that given in input an element of dom(pag) representing X,
and k (encoded in unary), computes an element of dom(pag) representing V.

Proof. If w(k, X) = (), then the statement allows to take an arbitrary linear space V C QF.
Otherwise, consider pg € m(k, X). Then Xp, # 0 is an affine subspace, hence Xp, =to+ V
for some tg € QF and V C QF a linear subspace. We show that V is the linear subspace in
the statement of the lemma. Let p € 7(k, X), and t’ € Q¥ such that (p,t’) € X. Denote by
Lin(X) the linear part of X, i.e., X = v + Lin(X) for some vector v. The following chain of
equivalences shows that, for every x € QF, x € Xp if and only if x € t' + V.

xeXp e (p,x)eX
& (p,x) — (p,t') € Lin(X) since X is an affine subspace and (p,t’) € X
& (0,x —t') € Lin(X)
& (po,to) + (0,x —t') € X  since X is an affine subspace and (pg, to) € X
& (po,to+x—t) e X
Sty +x—t' € Xp,

ex—t eV since Xp, = to +V
sxct +V
Consider a representation (n,vo,...,vy) of X. In order to compute V', we first compute (an

arbitrary) po € 7(k, X), and then consider the quantified system of equalities

X
Y1,y [po} =Vo+Vi-y1+...VyYp.

Note that this is a formula fo weak LRA. Following Proposition 7.1 and Lemma 7.5, we already
know how to compute an affine subspace for the quantifier-free part of this formula (which has

variables x,y1, ..., ys), to then project away the coordinates corresponding to y1, ..., ys. The
result is a family of vectors wy, ..., w; such that Xy, = wo+V with V' := spang{w1, ..., w,}.
Therefore, it suffices to return (k,0,w1,...,w;) as a representation of V. []

Lemma 7.6 allows us to tackle relative universal projections 7% (k, X) in the cases where
both Z and X are affine subspaces.

Lemma 7.7. Let X and Z be affine subspaces, and let k € N. Then either w5 (k, X) =0 or
7y (k, X) = w(k, XAZ). Moreover, there is an algorithm that given in input X, Z € dom(pas)
and k € N in unary, returns Y € dom(pas) such that pas(Y') = WZAS(Z)(k’pAS(X))' The
algorithm runs in polynomial time.

Proof. Following the discussion at the beginning of the proof of Lemma 7.2, it is easy to
see that the only interesting case is when X and Z are affine subspaces having the same
dimension. First note that by definition, we must have 7% (k, X) C 7(k,X N Z). Indeed,
if x € 7% (k,X) then x € w(k,Z) so there is t such that (x,t) € Z and then (x,t) € X
so (x,t) € X N Z. Consider then the reverse inclusion. By Lemma 7.6, there are linear
subspaces V' and W such that

Vpen(k,Z),3bp € Q*, Xy =b,+V  and  Vpen(k,X),3gp € Q*, Z, = gp + W.
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It follows that
5k, X) = {xcn(k,Z):Vt € Q" (x,t) € Z = (x,t) € X}
={xen(k,2): Zx C Xx}
={xen(k,Z):gx—bx+WCV} (7.1)
We now distinguish two cases:

(1) If W € V then it cannot be the case that gx — bx + W C V. This is true for every
x € m(k, Z), and therefore w5 (k, X) = 0.

(2) If W C V, then consider x € w(k,X N Z). There is t such that (x,t) € X N Z, that
is, t € Xx N Zx. In particular, t = by + v = gx +w for some v € V and w € W.
But then gx —bx = v —w € V since W C V and W is a linear subspace. Therefore,
gx — bx + W C gx — bx + V = V. This shows that x € 7% (k, X) by Equation (7.1).

Algorithmically, given X, Z € dom(pag), one computes an element of dom(pag) representing

WZAS(Z)(k,pAS(X)) as follows. First, if one among X or Z is &, the algorithm simply

returns @. Otherwise, it computes representations of the linear subspaces V' and W above,

by using the algorithm from Lemma 7.6. By Lemma 7.2, testing W C V can be performed in
polynomial time. If the inclusion is not true, the algorithm returns (). Otherwise, it returns

m(k, X A Z), which can again be computed in polynomial time by Lemma 7.5. L]

We extend Lemma 7.7 to union of affine subspaces, completing Requirement 4.8:

Lemma 7.8. Let Z be an affine subspace, and X = \/;n:1 X, with X; affine subspace. Let
k € N. Then, 5% (k, X) = Vi, 7% (k, X;). Moreover, there is an algorithm that given in
input Z € dom(pas), X € dom(un(pag)) and k € N in unary, returns Y € dom(un(pag))

such that un(pag)(Y) = TrZAS(Z)(k:, un(pas)(X)). The algorithm runs in polynomial time.

Proof. Again, without loss of generality we assume Z and each X; to have the same dimension.
Note that

Tk, X) = {xen(k,Z): Zx C Xx} = {x€n(k, 2): Xx C | ()
]:
Recall that Zx and (X;)x are affine subspaces (Lemma 7.6). By Lemma 7.3, Zx C 7L (X;)x
if and only if Zx C (X;)x for some j € [1,m]. Hence,
5k, X)={xen(k,Z): Xy C (X-)x for some j € [1,m]}

_ U Az em(k, 2): Ze C (X))} = U;”:l w5k, X;)

Algorithmically, given Z € dom(pas) and (X1,...,X,,) € dom(un(pAs)) by Lemma 7.7 we
can compute in polynomial time a representation Y; € dom(pag) of 7Tp ns(Z )(k pas(Xj)), for

every j € [1,m]. Then, it suffices to return Y := (Y3,...,Yy). (]
The main result of the section follows:
Theorem 7.9. The k negations satisfiability problem for weak LRA is in PTIME.

Proof. Lemmas 7.2 and 7.4 imply Requirement 4.3, and Lemmas 7.5 and 7.8 imply Require-
ment 4.8. By Lemma 4.9, D has a (dfnf(p),dep(1))-UXP signature. Then, the theorem
follow from Proposition 4.2. []
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8. INSTANTIATION OF THE FRAMEWORK TO WEAK LINEAR INTEGER ARITHMETIC

In this section, we apply our framework to show that the k negations satisfiability problem for
weak Presburger arithmetic (weak PA), i.e. the FO theory of the structure Z = (Z,0, 1, +, =),
is in PTIME. Our presentation follows quite closely of Section 7, although the details are
now more intricate, particularly those involving universal projection.

8.1. Setup. We define the domain D, its representation p and the change of representation
F: CQ(o) — dom(p) required by Proposition 4.2. In weak PA, conjunctions of atomic
formulae are systems of affine equations, which over Z define shifted (integer) lattices (SL),
which are not necessarily fully dimensional. We let D,, be the set of all shifted lattices of Z™,
so that D is the set of all shifted lattices of Z™ for some n. We represent elements in D with
the standard representation of shifted lattice as a base point together with a collection of
linearly independent vectors (the periods of the lattice). Recall that we write vzn for the
canonical representation of Z™ (see Section 3). Formally, we define the representation pgy, for
shifted lattices as follows. For every n € N, if vy represents a vector in Z", and vy, ..., vk
represent linearly independent vectors in Z", then (n,vy,...,v;) € dom(psy,) and

psL(n,vo, - - -, v) = vgn(vo) + spang{vzn (v1), - - -, vzn(vg) },
which is a shifted lattice in D,,. As in Section 7, + stands for the Minkowski sum, and
given vi,...,vg € Z", spang{vi,..., v} = {1 - vi+ -+ X Ve 2 A, A € Z) IS
a (non-shifted) lattice. We use a constant symbol @ to represent the empty lattice, i.e.,
psL(9) == 0, and assume ) € D,, for every n € N.

Below, to ease the presentation, we do not make a distinction between elements of Z™
and elements of dom(vzn ), that is we assume Z to be the set of integers encoded in binary
(hence, all algorithm we give assume integers represented via vzn). Because of this (usual)
assumption, occurrences of the map vzn are often omitted, and pgr, is seen as a function
taking as input n € Z together with linearly independent vectors of Z™ (or &).

A polynomial time function F' allowing to change representation from conjunctions of
atomic formulae of FO(Z) to elements in dom(pgr,) can be obtained due to the Hermite
normal form of an integer matrix being computable in polynomial time. See [Sch99, Chapter 4]
for an introduction to the Hermite normal form. Briefly, recall that the Hermite normal form
H € 7Z"*? of a matrix A € Z"*? is unique and has (among others) the following properties:

e H is lower triangular (so, its non-zero columns are linearly independent) and every pivot
of a non-zero column is positive,

e H = A-U for some unimodular matrix U € Z¥? (i.e. a matrix with determinant +1),

e H generates the same (non-shifted) lattice as A, i.e., H-Z% = A-Z%.

Proposition 8.1 [KB79|. There is a polynomial time algorithm to compute the Hermite
normal form H, along with the transformation matriz U, of a given matriz A € Z"*<.

Lemma 8.2. There is a polynomial time function F' that given in input a system of equations
A -x = b in d variables, returns & if the system is unsatisfiable, and otherwise it returns a
tuple (d,vo, ..., vi) where vo € Z¢, vy, ...,vi € Z% are k linearly independent vectors, and
{x€Zl: A-x=Db}=vo+spang{vi,...,vg}.

Proof. The function F relies on the algorithm of Proposition 8.1 to compute H in Hermite nor-
mal form and the unimodular matrix U such that H = A-U. Wehave {x € Z¢: A-x =b} =
{U-y:yeZ?and H-y =b}, assetting x =U -y yields y =U"! -x and H- U~ = A.
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Let y = (y1,...,yq). Since H is triangular, we have H = [by | --- | b; | 0| --- | O] where the
columns by, ..., b; are non-zero. Moreover, if A-x = b has a solution, then there is a unique
way to generate b as a linear combination of by, ..., b;. Finding the values y7f,...,y; for
Y1,...,Yy; that generate b is trivial (briefly, y] is the only integer making the first non-zero
entry of b equal to the entry of by - ¢ in the same position; update then b to b — by - y] and
recursively find values for yo,...,y;). If yi,..., y; do not exist, then F' outputs @. Otherwise,

let U=[u |- |ug]. Weset vo:=muy-yj+---+u; yj. Note that, because of the shape
of H, the values assigned to the variables y;41,...,y4 do not influence the satisfaction of
H -y =b. Then, F returns (d, v, wjy1,...,uq). (]

Since the function F' runs in polynomial time, the parameter ¢ in Proposition 4.2 equals 1,
and to instantiate the framework we need to show that D has a (dfnf(psr,), dep(1))-UXP
signature, by establishing Requirement 4.3 and 4.8.

8.2. Requirement 4.3, Item (F1): the structure (D, A, <) has a (pgr,,1)-UXP sig-
nature. Briefly, both the problems of computing intersections and testing inclusions for
two shifted lattices represented as in pgr, reduces to solving systems of linear equations
over 7Z, which can be done in polynomial time again thanks to Proposition 8.1 (alterna-
tively, Lemma 8.2). We now formalise these reductions.

Lemma 8.3. (D, A, <) has a (psL, 1)-UXP signature.

Proof. First, note that in case one of the inputs given to A or < is &, computing the output
is trivial. Hence, we only consider the case of non-empty shifted lattices. Moreover, note that
we can restrict ourselves to shifted lattices having the same dimension. (As in the previous
section, this restriction means that A and < are equivalent to N and C.) Indeed, consider
elements X = (n,vo,...,vg) and Y = (m, wy, ..., w;) from dom(pgr,), with n < m. Recall
that, from the definition of FO theory given in Section 2.3, the shifted lattice psp,(X) can be
extended into a shifted lattice in Z™ as pg,(X) x Z™~™. At the level of representation, this
corresponds to adding m — n vectors vgi1,..., Vgrm—n such that, for ¢ € [1,m —n], v; has a
1 in position n + ¢ and zeros in all other position (i.e., essentially adding an identity matrix
for the last m — n dimensions). One can then consider X' = (m,vo,..., Vi, .., Vitm—n)
instead of X to compute A and <. Adding the new vectors can be done in polynomial time.

Consider X = (n,vq,...,Vvy) and Y = (n,wy,...,w;) from dom(pgr,). We show that
computing an element of dom(pgy,) representing psr,(X) N psr,(Y) can be done in polynomial
time. Let A == [vy | - | vi] and B := [wy | --- | w;] be the matrices whose columns
correspond to the periods of the shifted lattices represented by X and Y, respectively. Then,

veZm:v:vo+A-y:w0+B-z}

X)n Y)= ‘
psL(X) N psL(Y) { for some y € ZF and z € 7/

A-y:yeZFand Ay — Bz = wy — vg
for some z € 7/

:VO+AP(Z)7

where p: ZF x Z3 — 7ZF is the projection p(y,z) = y and Z = {(y,z) € ZF x 77 :
Ay — Bz = wy — vo}. In particular, Z is a shifted lattice given by the set of solutions
of the weak PA formula Ay — Bz = wgy — vo. By appealing to Lemma 8.2, we can
compute a representation (k + j,zog,...,2z¢) in dom(psy,) of Z. The projection p simply
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removes the last j components of z,...,zy, resulting in vectors z,...,z; € ZF. We
have psr,(X) N psr,(Y) = vo + A - z{ + spang{A -2z}, ..., A-z.}. A representation for
psL(X) N psi(Y) is then given by (n,vo + A - zj,uy,...,u,), where uy, ..., u, form a basis
for spany{A -z}, ..., A-z.}. To compute such a basis (in polynomial time) it suffices to
put the matrix [A -z} | --- | A-2]] in Hermite normal form and take as uy,...,u, all its
non-zero columns.

Consider now the case of establishing whether pgr,(X) C psp,(Y). It is easy to see that

this inclusion holds if and only if v € pgr,(Y') and for every i € [1, k], v; € spang{w1,...,w;}.
The right to left direction is trivial: as spanz{wi,...,w;} is closed under linear combinations,
we conclude spang{vy,...,vi} C spang{wi,...,w;} which, together with vy € pgr,(Y),

implies psr,(X) C ps,(Y). For the left to right direction, pgr,(X) C psi,(Y) directly implies
vo € psn(Y) and vo + v; € ps,(Y), for every i € [1,k]. Then,

vi = (vop+ Vi) — Vo
=wo+ B-z1 — (wog+ B-23) for some 21,29 € 77
= B - (z1 — z2) for some z1,2z9 € 7
€ spang{wi,...,w;}.

The various membership queries vg € pgr,(Y) and, for all i € [1, k|, v; € spang{w1,...,w;}
ask for the feasibility of some systems of linear equations. This problem can be solved in
polynomial time by Gaussian elimination (or by checking if F' in Lemma 8.2 returns &). [

8.3. Auxiliary lemmas on lattices. Before moving to Item (F2) of Requirement 4.3, a
few more notions and lemmas on lattices are required. Consider linearly independent vectors
Vi,...,Vi € Z% and the lattice L == spany{vi,...,Vv.}. The determinant of L is defined by
det(L) := /det(BTB) where B :=[v; | --- | vg]. When L is fully-dimensional (i.e., k = d),
we have det(L) = | det(B)|.

Proposition 8.4 [Mic12, Lecture 1, Theorem 16]. Let L C Z¢ be a fully-dimensional lattice.
Then, det(L) - Z¢ C L.

We let L+ denote the orthogonal lattice to L, given by Lt = {y € 7% . vx € L/(y,x) =0},
where (-, -) stands for the dot product. See e.g. [NS97|.

Lemma 8.5. Let L C Z% be a lattice of dimension k. Then, L' is a lattice of dimension
d—k, and L + L+ is a fully-dimensional lattice. Moreover, there is a polynomial time
algorithm that on input X = (d,0,vy,...,vk) € dom(psr,) returns a basis Viiqi,...,vq € 74
of L, where L = psp,(X); and the vectors vi,...,vq form a basis of L + L*.

Proof. For k =0, i.e., when L has dimension 0, L+ = Z% and the lemma is trivial. Below,
we show the result for £ = 1, and then generalise it to arbitrary k > 2.

Let L = Z-v1 where vi = (u, ..., uq) € Z4\{0}. Without loss of generality, since vi # 0,
we can permute the coordinates so that u; # 0. For j € [1,d], let g; = ged(uq, ..., u;),
which is non-zero as u; # 0. Note that gj11 = ged(gj,uj4+1) (for j < d). We rely on the
extended Euclidean algorithm for GCD to compute in polynomial time each g; and the
Bézout’s coefficients a1, ..., a; € Z such that g; = aju1 + - - + ajju;. For j € [1,d— 1], let

. gj . W
Vj+1 = (—ﬁja]”l, ey —Bjam, gjﬁ, 0, ey 0), Where Bj = gjii



21:34 C. Haasg, A. MansuTTi, AND A. PouLy Vol. 22:1

Note that both 8; and 9i_ belong to Z, by definition of g; and gj41.

9j+1
Observe that vo,..., vy is a family of d — 1 linearly independent vectors, as they form
an echelon family of vectors. Let L' := spany{va,...,v4}, which is a lattice of dimension

d—1. We claim that L' = L+.
First, we show that L' C Lt. Let j € {1,...,d— 1}, we need to show that (v, v;41) = 0.
This is simple to check:

(vi, Vi) = ur (=Bjan) + o +u (—Bjag) + w2
=B (9j —war; — - — uja;;) since uj41 - 7 = Bjg;
=0 by def. of g;.

Let us now show that L+ C L'. For any x = (21,...,24) € Z%, define k(x) =
max({0} U {i : 2; # 0}). We show that if x € L* then x € L/, for every x € Z% by induction
on k(x). If k(x) = 0 then x = 0 so the result is trivial. Otherwise, let ¢ := k(x) and observe
that (vi,x) = 0 since x € L+, that is

UILY + -+ F Up1Tp—1 = —UgTy.

By Bézout’s identity, ged(uy,...,up—1) = go—1 divides ugxy. Furthermore, note that g, =
ged(ge—1,ue) by definition. Note that, for all integers a, b, ¢, if a divides b - ¢ then a divides
ged(a, b) - c. Hence, go—1 divides gpzy, and N := % is an integer. Now consider the vector

x' = (z},...,2}) = x — Nvy. Recall that v, € L’ C L+ by the previous inclusion, so x’ € Lt
since L™ is a lattice. Furthermore, we claim that k(x’) < k(x). Indeed, the coordinates of x
above ¢ = k(x) are all zero, and the same is true for v, by definition. The ¢-th coordinate is

_gexe 9

/ ge—1
) = xy— N -=— = x
¢ £ 9 7 g g

This shows that k(x’) < ¢ = k(x) so by induction x’ € L. Since L' is a lattice and v/~ € L/,
we conclude that x = x' + Nvy, € L.

In summary, we have shown that L+ = L' when L = Zvy, and that dim(Lt) = d — 1.
It follows immediately by the orthogonality of the vectors that dim(L + L*) = dim(L) +

dim(L+) = d. Finally, computing vs, ...,V can be done in polynomial time. Hence, the
lemma is proven when k = 1.
For the case k > 2, observe that given L = spany{vy,..., vy}, we have L+ = ﬂle(Zvi)l.

It is clear then that dim(L*) > d — k since every (Zv;)* has dimension d — 1. On the other
hand, it is easy to see that the orthogonality yields dim(L + L*) = dim(L) + dim(L") and
therefore dim(L) + dim(LY) < d, so we conclude that dim(L*) = d — k and dim(L + L*) =
dim(L) 4+ dim(L*) = d. To compute a basis for L, we first compute a basis for each (Zv;)*
in polynomial time by relying on the argument used above for the case k = 1. Afterwards,
the intersection of the d resulting lattices can be computed in polynomial time by slightly
extending the arguments used in Lemma 8.3 to compute psr,(X) A psr,(Y). Given, for every
i € [1, k], the matrix A; € Z4(@=1 whose columns form a basis of (Zv;)*, we have

Il {Al'Y1¢Y1EZd_1 andAl'Yl=A2'Y2="'=Ad'Yd}

for some yo,...,yq € 297!
=A-n(2),
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where 7: (Z(4=1)4 — 79=1 is here the projection into the first vector of dimension d — 1, and
Z ={(y1,---,94) € (Z(d_l))d c A -y1=Ay-ya=---=Ag-yaq}. Then, the computation of
a basis for L proceeds as in Lemma 8.3, by appealing to Proposition 8.1. []

Below, given an assertion ®, we write 1[®] for the indicator function defined as 1[®] = 1
if ® is true and 1[®] = 0 otherwise.

Lemma 8.6. Let L = spany{vy,...,vi} C Z% and s > 1 such that s - Z¢ C L. For every

d
vo € Z%, |(vo+ L) N[0,s)%| = dei(L)'

Proof. Note that the hypotheses of the lemma imply s € N and that L is fully-dimensional.
Considering v = 0 suffices to show the lemma. Indeed, given w € Z¢, we have

(w+L)n[0,s) = Y  1lye(w+L)

y€[0,5)?
= ) 1y-wel]
y€[0.5)?
= Z 1[(y — w mod s) € L] since s- 24 C L
y€[0,5)?
since f: [0, s)4 — [O,S)d
= Z 1y € L] defined as f(y) =y — xmod s
y€[0,5)¢ is a bijection
=|LNJ0,s)%.
Let us show that |L N[0, )| = ﬁ&). Let H be the Hermite normal form of the matrix

A= [vy |-+ ]| vg], and U be the unimodular matrix such that H = A-U. Since L is
fully-dimensional, H is invertible and (from the fact that H is triangular and has positive
pivots), we conclude that

1 0 0 --- 0
a1 P2 0 -0
H=|as1 a3z p3 -+ O
|@d,1 Qd2 Q43 - DPd|

Here, p; is strictly positive, for every i € [1,d]. We claim that p; divides s. Indeed, since
s-7Z% C L, we have s - e; € L, where e; is the ith unit vector of the canonical basis of Z<.
Let x = (21,...,24) € Z% such that H - x = s - e;. Because of the shape of H, it must be the
case that z; = 0 for every j € [1,7 — 1]. This implies p; - x; = s, i.e., p; divides s. Since U is
unimodular, the function f(u) := U - u is a bijection on Z?, that is, U - Z¢ = Z¢. We get:

ILN[0,s) = [{y €[0,9)*: Ix € 2%y = A-x}|
=|{ye€l[0,5)?:3Ixezly=H-x}|
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Let us denote with (H - x); the ith entry of H - x. We have,

i1
o s o
0<(H-x);<s < 0< g Qij Tj+pi-x;<$ & B T g—_y
= Di bi P
—_———
o

Note that % is a positive integer, since p;, s > 1 and p; divides s. Therefore, the rightmost
inequality above is of the form 5 < z; < N 4 g for some positive integer N and rational 3.
This system of inequalities has always N integer solutions for x;, independently of the value
of B. It therefore follows that the cardinality of the set {y € [0,5)?: 3x € Z%y = H - x} is

s 5@ 5@

P pe |det(H)|  det(L)

[

The following two lemmas are related to the problem of testing inclusion of union of
lattices, but will also play a role when considering the universal projection in Requirement 4.8.

Lemma 8.7. Consider ¢ lattices Ly, ...,Ly C Z% and vectors vo,...,ve € Z%. Suppose
s-72% C Lg,...,Ly for some s > 1. Then, vo + Lo = Ule(vi + L;) if and only if
(Vo + Lo) N [0,8)¢ = U, (vi + Li) N [0, 5).

Proof. The left to right direction is immediate. For the other direction, suppose (vo + Lg) N
[0,5)% = Ule(vi + L;) N [0,5)% We prove the two inclusions.

(C): We consider v € Ly and show vy + v € Ule(vi + L;). Since s-Z¢ C Ly,
there is u € Z¢ such that vo + v + s-u € (vo + Lo) N [0,5)%. Then, by hypothesis,
vo+Vv+s-uc Ule(vi + L;)N[0,s)% Since s-Z* C L; for every i € [1,£], we conclude
that vo + v € U_,(vi + Li) N [0, s)%.

(2): This inclusion is similar to the previous one. Consider i € [1,¢] and v € L;. We
show that v; + v € vg + Lg. Since s-Z% C L;, there is u € Z% such that v; + v+ s-u €
(v; + L;) N[0, 5)%. Then, v; +v+s-u € (vo+ Lo)N[0,5)%, and since s-Z¢ C Ly we conclude
that v; +v € vo + Lyg. L]

Lemma 8.8. Consider ¢ lattices Ly, ...,Ly € Z% and vectors vy,...,vy € Z%, with Lo
fully-dimensional. Then,

4
vo+ Lo C Uz‘:lvi +L; & vo+ Lo C Uielvi + L,
where I == {i € [1,{] : L; is fully-dimensional}.

Proof. The lemma is trivial for d = 0, hence assume d > 1. The right to left direction is
straightforward. For the left to right direction, ad absurdum suppose vg+ Lg C Ule v, + L;
but vo + Lo € ;e Vi + Li. Since, for every i € I, L; is fully-dimensional, by Proposition 8.4
we can find s; € N such that s; - Z% C L;. Similarly, we can find sg € N such that sq - Z% C Ly.
Let s :=lem{s; : i € T U{0}}, so that s-Z? C L; for every i € I U{0}. By properties of
lattices, this means that for every i € I U {0} there is a (finite) set U; C [0, s)? such that
v; + L; = U; + s - Z%. Now, on the one hand,

V4
V0+L0gUizlvi+Li:(U+S-Zd)UUj (Vj—l-Lj),

€[\
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U;. On the other hand, we have

v0+L0,@UiE[vi+Li:U+s-Zd.

where U = [ J;¢;

Recall that vo + Lo = Uy + s - Z%, so we must have Uy € U. Since Lyg is fully-dimensional,
Uy # 0. Then, take z € Uy \ U. Note Uy, U C [0,5)% and z € [0,5)?, and therefore
z+5-2¢C (Up+s-2%\ (U+s-Z%. This means z+s-Z¢ C Ujep, g\ (vi + Lj). We claim
that this is not possible by a dimension argument. To see that, fix an integer M. The last
inclusion implies that

. d . d
(z+s-Z) N[0, M - s) \ngeM\I
However, observe that |(v + s-Z%) N[0,M -s)¢ = (M — 1) € Q(M?) whereas, since
dim(L;) < d — 1 for every i € [L,0]\ I, |[(vj + L;) N[0, M - 8)¥| = Opryoo(M*71). As

M — oo, we can see that the left hand-side of the above equation grows much faster than
the right-hand side, and so we have reached a contradiction. []

|(vj+ Lj) N[0, M - s)d\.

8.4. Requirement 4.3, Item (F2): (un(D), <) has a (un(psr,),len(1))-UXP signature.
We are ready to present an algorithm to solve inclusion between union of shifted lattices that
runs in polynomial time when the length of the union is considered fixed (as it is the case
when taking into account the parameter len(1)).

Lemma 8.9. The structure (un(D), <) has a (un(psr,),len(1))-UXP signature.

Proof. As in Lemma 8.3, without loss of generality we assume all shifted lattices to be
non-empty and have the same dimension. We describe an algorithm that given X :=
(X1,...,Xp) and Y = (Y1,...,Y,,) in dom(un(pst,)), with X; = (d,vi0,...,Vik,) and
Y; = (d,wjp,...,Wjy,), checks if un(p)(X) < un(p)(Y). The algorithm runs in time
2™ . poly(|X|,|Y]). The inclusion is checked by verifying that, for every i € [1,n|, psp(X;) <
un(p)(Y).

For every ¢ € [1,n], the algorithm first computes the following objects:

(1) Using Lemma 8.3, for all j € [1,m], we compute v/, € Z% and a basis for the lattice
L C Z¢ such that psp(Y; A X;) = v+ L. This step only requires polynomial time.

(2) A basis for the lattice L+ orthogonal to L := spang(v;1,...,V;,), using Lemma 8.5.
This step only requires polynomial time.

(3) The set I :== {j € [1,m] : Lt + psp.(Y; A X;) is fully-dimensional}. To check whether
L+ + pgr, (Y; A X;) is fully-dimensional, it suffices to check that ¥; A X; and X; have the
same dimension, i.e., the same number of periods. This can be done in polynomial time.

(4) The positive integer s := det(L + L*) - [1er det(L; + L+). Since we have bases for all
these lattices, computing the determinant only requires polynomial time (e.g., bring the
matrix in Hermite normal form and multiply all the elements in the diagonal).

By Proposition 8.4, we have s - Z¢* C L+ L' and s-Z¢ C L;- + Lt for every j € I. At this

stage, observe the following equivalences that stem from the previous lemmas on lattices:

psi(X;) < un(p)(Y)

& psr(X. U psL(Y; A X))
j=1



21:38 C. Haasg, A. MansuTTi, AND A. PouLy Vol. 22:1

m Z=v;io+ L+ L* and
j=1 =Vt L
p Lemma 8.8 and the fact
< _LGJIWj that W; C Z for all j € [1,m]
j
e ZN[0,s)d = U W; N 0,s)? Lemma 8.7

jel
<« follows from the fact

dy _ , d
e 12n10,s) = JW;n[0,s)" that W, C Z for all j € T

jel
e |ZN[0,s)Y = Z(—I)U|+1| ﬂ W;N10,s)? inclusion-exclusion.
JCI jeJ

The algorithm then computes, for every J C I a shifted lattice V from dom(psy,) representing
njeJ W;. It Vj # @, below let V; == (d,uzp,...,uz,,). As described in the last part of the
proof of Lemma 8.5, computing such a representation can be done in polynomial time. Since,
by Proposition 8.4, s - Z% C L; + Lt for every j € I, we have s - Z4 C spang{uy1,...,uy,,}
for every J C I with V; # @. Note now the following;:

1Z0[0,9) =Y (=) YW n(0,5)

JCI jeJ
s s-1[Vy # 2]
—_— = —)lHt J L 8.6
< det(L + L1) ch:f( ) det(spang{uy1,...,us,,}) e
det(L + L) -1[V; # 2]
s1=) (- .
2 [ det(fuz [ - [, ])

JCI
| J|+1 det(L+LY) 1[Vy#2]

[det([uyol-agr, ]l
if it equals 1. Each determinant computation requires polynomial time, but O(2|I ‘) such
computations are required. Overall, we observe that the exponential blow-up in the algorithm
is limited to the iterations of all subsets J of I. All other operations are in polynomial time,
resulting in a 2™ - poly(|X|, |Y'|) running time. []

and returns true if and only

Hence, the algorithm computes }_ ;-;(—1)

8.5. Requirement 4.8: both projections are in (dfnf(p),dep(#))-UXP. Establishing
the Items (F3) and (F5) of Requirement 4.8 is trivial: thanks to our choice of representation
based on pgr,, given X € dom(pgr,) and i € I, 7(i, X) can be computed by simply crossing
out the entries of all vectors of X corresponding to the indices in i, bringing the resulting
matrix of periods in Hermite normal form and removing all its zero columns (to force the
periods to be linearly independent). The following result is thus immediate.

Lemma 8.10. The structure (D, (7,I)) has a (ps,1)-UXP signature.

On the contrary, computing the universal projections ﬁVZ(i,X ), as required by the
Items (F4) and (F6), is computationally expensive. For simplicity, below we index entries
in vectors starting from one, and instead of considering projections over arbitrary vectors
of indices i, we assume i = [1,k] for some k € N so that 7%(i, X) projects over the
first k dimensions. This is w.l.o.g., as we can reorder components appropriately. So,
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let 7% (k. X) = w5 ([1,k], X), and 7(k, X) = 7([1, k], X). For a set S C Z% and x € R¥, with
k < d we define the slice of S at x, denoted by S|, as the set

Sl ={tez": (x,t) € S}.
Before giving the algorithm for universal projection, we need the following result.

Lemma 8.11. Let L C Z% be a lattice and vy € Z%. There is a lattice L' C Z% such that
for all x € m(k,vo + L) there is tx € ZF such that (vo + L)[, = tx + L'. Moreover, there
is an algorithm that given X = (d,vo,v1,...,vy,) € dom(psr,) and k € N written in unary,
returns a basis of L', with respect to L := pg,(X). The algorithm runs in polynomial time.

Proof. Let L := spang(vy,...,vy), with vi,...,v, being linearly independent. Note that
m(k,vo + L) cannot be empty. Let x¢ be the vector in Z4F that is obtained from v by
removing the first £ components, so that xg € m(k,vo + L). The non-empty set (vo + L),
corresponds to the set of solutions x € Z?~* to the following weak PA formula ®(x)

X0
Y1, Yn |:X:| =Vo+ VY1 +...Vy - Yn.

By Lemma 8.2 and Proposition 8.1, we can compute in polynomial time with respect to
Vo, ...,V a family of vectors wo, ..., w; such that wy,..., w; are linearly independent and
(vo+ L)y, = [®(x)]z = wo + spang (w1, ...,w;). Then, L in the statement of the lemma
is given by spang (w1, ..., w;).

To conclude the proof, we must check that for every x € 7(k,vo + L) there is t, € ZF
such that (vo 4+ L)[, = tx + L. To this end, consider x € 7(k, vy + L) and pick as ty € Z*
the only vector in {vo}[,. Given s € Z*, we have

se€ (vo+ L)y
& (x,8) €vo+ L
< (x,8) — (x,tx) € L since (x,tx) = vp and L is a lattice
< (x0,wpo) + (0,tx —s) €Evo+ L as (x9,wp) € vo + L and L is a lattice
< (x0,tx —Ss+wp) €Evg+ L
Stx —s+wo € (vo+ L)y,
Sty—sel by def. of wy
Ssety+ L as L' is a lattice. O

Back to the problem of performing universal projection, intuitively, we need to count
points in unions of shifted lattices (similarly to inclusion testing) but in a parametric way.
This means that given a union of shifted lattices X = |J;~,(vi + L;) every intersection
Njes(vi+ Li) with J C L in the inclusion-exclusion formula may or may not need to be

accounted for, depending on the value of a parameter f: 21 — {0,1} belonging of a
certain set of parameters F (see the lemma below, the exact definition of F is technical and
only given in the proof; 2™ stands for the powerset of [1,m]). The algorithm therefore
considers all possible ways in which intersections may or may not be taken, which is roughly
22" i.e., the number of functions in [2%™ — {0,1}]. Our algorithm allows us to conclude
a rather surprising fact: the relative universal projection can be expressed as a complex
combination of unions, intersections, projections and the relative complementations that are
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exclusively applied to the initial sets in input. The number of these operations only depends
on m, resulting in an algorithm that runs in polynomial time when m is fixed.

Lemma 8.12. Let Z, X1,..., Xm C Z¢ be shifted lattices, X = Ui, X; and k € N. There
are I C [1,m] and F C [2! — {0,1}] such that

7% (k, X) = U(( N N k;XmZ) ( U N kaZ))

fEF  Jif(N)=1jeJ J:f(J)=0j€J

Fiz m € N. There is an algorithm that given in input X = (X1,...,X,,) € dom(un(psr,)),
Z € dom(psr), and k € N in unary, returns Y € dom(dfnf(psr,)) such that dfnf(pgr,)(Y) =
WXSL(Z)(k’ un(psy,)(X)). The algorithm runs in polynomial time.

Proof. Let us focus on the first part of the lemma. We first show the result under the
following additional hypothesis:

X C Z and for every x € n(k, Z), Z], C Z* is fully-dimensional. (1)

Note that, in the statement of the lemma, the intersections X; N Z can then be replaced by
Xj. We later show how to discharge this additional hypothesis.

Starting from representations of X and Z in dom(un(pgr,)) and dom(pgr,) respectively,
we apply Lemma 8.11 to compute bases for the lattices L; C ZF (i € [0,m]) such that
for every i € [I,m] and x € 7(k, X;) there is tx € Z* such that X;[, = tx + L/, and for
every y € m(k, Z) there is ty € Z* such that Z]y = ty + Ly. Note that the assumption
that Z[, is fully-dimensional implies that Lj, is fully-dimensional. Let I = {i € [1,m] :
L’ is fully-dimensional}. Then,

my(k, X) = {x € n(k, Z) : Vt € Z", (x,t) € Z implies (x,t) € U/, Xi}

—{XGﬂ'( ) ergU;llxlrx}
={xen(k,Z): ZIx CUcr Xilx} by Lemma 8.8
={xen(k,2): ZIx = Ujcr Xilx} since X C Z

Let s = [[;ciu {0} | det(L})| (since we have a basis for each L}, computing s requires polynomial

time). By Proposition 8.4, s - Z3F C L’ for every i € I U{0}. We now replay the proof
of Lemma 8.9 to derive that, for every x € Z4=*,

er = Uie[ Xi rx — ‘er N [07 s)k| = ZJQ](_l)ljl—H’ mjeJer N [07 S)k’
Consider J C I. If ;o ; X [x # 0, i.e. when x € [y 7(k, Xj), by s- Z4-* C LI we conclude
that |;e; X1xN[0, )| = [N;es LiN[0, s)F[. Similarly, | Z1,,N[0, s)¥| = [L5 N[0, 5)¥|. Define

= ILG, 010,89, Ny =1 Mies LN 10,4, Ty(x) =1 [x € ey mlk, X))
Hence, ZI, = [U;c; Xilx holds if and only if N(x) = 1, where
_ (=DM Ny
N(x) = J;I <TJ(X) No )

Observe that the quantity N(x) ultimately depends on the values of T;(x), which are in
{0,1}. More precisely, given f: 27 — {0, 1}, define

1)|JI+1.NJ

N = X (1) ),
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Then, for all x € Z% % and J C I, given fy(J) := Tj(x) we have N(x) = N(fx). Let
F={f:21 = {0,1} : N(f) = 1}. We have N(x) = 1 if and only if fx € F; and so to
summarise 7y (k, X) = Userlxen(k, 2): fx=f}

Given f € F and x € 7(k, Z) we have

fx = f
< forall J CI,T;(x) = f(J) by def. of fx
— forall JCI,1 [x € Nyey ik, X»)} = £(J) by def. of T (x)
— forall Je{JCT:f(J _1}xeﬂ ) and

forall Je{JCI:f(J —0}x¢ﬂ

ﬂ N~ kX) ( U ﬂwk,xj).

=1jeJ J:f(J)=0j€J

This concludes the proof of the equivalence in the statement of the lemma, subject to the
additional hypothesis (7).

Before showing how to remove the hypothesis (1), we consider the second part of
the lemma and study the complexity of computing the element Y € dom(dfnf(psr,)) that
represents 7r (Z)(k un(psr,(X))) (again assuming (f)). First of all not that w.l.o.g. we can

assume all elementb of dom(pgr,) in X, and Z, to be different from @. Indeed, if Z = & or
X = (@) then Y can be set as @ and we can remove from X every element equal to @ as
this does not change the set 71' (Z)(k: un(ps,(X))). Referring to the objects in the first

part of the proof, we see that computlng bases for the lattices L} (i € [0, m]) can be done in
polynomial time, by Lemma 8.11. Given these bases it is trivial to compute the set I. Then,
by Lemma 8.6, computing Ny and N for any J C I also requires polynomial time (there
are however 2!/l many such J). To compute the set F it suffices to list all f: 2! — {0,1},
compute N (f) and check that this integer equals 1. Hence, by definition of N(f), we conclude

that constructing F takes time ZZO(m)poly(]X\, |Z]). Given F, the element Y is computed as

\/(( /\ A k:X) ( \/ /\W(k,Xj))).

fer J:f(J)=1j5¢€J J:f(J)=07€J

When m is considered fixed, this corresponds to a constant number of applications of the
operators V, A, — and 7 to the sets Xi,...,X,,. Then, Y can be computed in polynomial
time thanks to Lemma 8.10 and Lemma 4.5; where the latter holds for weak PA as we have
already established Requirement 4.3 of the framework.

What is missing is to get rid of the hypothesis () without incurring an exponential
blow-up with respect to max{|Xi|,...,|Xml|,|Z|}. To this end, consider again shifted
lattices Z, X1,..., X (assumed for simplicity to be elements in dom(psy,)) as in the first
statement of the lemma (but now without assuming (f)). We will define shifted lattices

Xl, .. Xm,Z such that
(A) X = Uiz ) X C Z and for every x € n(k, Z), Z|, C ZF is fully-dimensional (that is,

the sets X and Z satisfy (1)),
(B) w(k,X;) = n(k,X; N Z) and 7% (k: X) = w3y (k, X).
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Thanks to Items (A) and (B), to compute a representation in dom(dfnf(pgr,)) of the set
WZ/SL(Z)(k;’ un(psr,(X))), it suffices to apply the equivalence in the statement of the lemma on
the fully-dimensional sets Xl, e ,)zm, Z.

Let us define X1,...,X,, and Z. First, apply Lemma 8.11 to obtain a basis for a lattice
L C 797 such that for all x € 7w(k, Z) there is tyx € Z* such that Z[, = tx + L. We compute

a basis for the lattice L orthogonal to L, according to Lemma 8.5. Recall that L + L is
fully-dimensional. We define:

m
Z=z+{0}x* X =(Xn2)+{0}x LY, X=X
j=1

where 0 stands here for the zero vector of Z4%. By definition, Z and all X j are shifted

lattices, and moreover X - Z.
Observe that for every x € Z" % and every A C Z¢,

(A+{0} x LY, ={t e Z": (x,t) € A+ {0} x L'}
={teZF:tec Al + L}
= Al + L.
Hence, for every x € w(k, Z) we have Z[x =Z[,+ Lt =ty + L+ L+, and therefore Z[x is
fully-dimensional. This establishes Item (A).
Moving towards Item (B), we observe that for every A C Z,
T(A+{0} x L) = {x e 2% : (A+ {0} x L), # 0}
= {xez¥ kAl + L+ #0}
={xez¥F: A, #0} as LT #0)
=m(k,A).
Therefore, 7(k, )Z']) =m(k,X; N Z) for every j € [1,m]. Lastly, let us show the equivalence
F%(k,X) = 7y(k, X). Recall that for x € 7(k,Z) = n(k,Z), we have Z], = tx + L.

Furthermore, X NZ C Z,s0 (X NZ)[x C Z[, and we can write (X N Z)[, = tx + Ax for
some set Ay C L. We have

mi(k, X) ={xen(k,2): ZI, C XI,}
={xen(k,Z): Zly+ L C(XN2Z)|+ L}
={xenk,Z) ity + L+ L* Cty+ Ax+ L}
={xen(k,Z):tx+ L Ctx+ Ax} see below
={xenk,2):Z], C(XNZ)|}
={xen(k,2): Z]y C X}

Above, we have used the fact that ty+ L+ Lt C tx+ Ax+ L+ if and only if tx + L C ty+ Ay;
which is trivially equivalent to

L+ Lt C A+ L* if and only if L C Ay.
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The right to left direction of this double implication is straightforward. For the other direction,
suppose L + L+ C Ay 4+ L+ and pick u € L. Since 0 € L', we haveu € L+ L+ C A, + L,
so there are vi € Ay and vy € L such that u = v; + vo. By Ax C L we get u— vy € L.
From u — v; = vy and the fact that L and L' are orthogonal lattices we conclude that
vy = 0, and thus u € Ax. This completes the proof of Item (B).

To conclude, let us discuss how to compute representations of Z and X ;j in dom(pst,)
in polynomial time. Starting from the representations (d,v1,...,v,) and (d,wo, ..., w;,)
of Z and Xj, respectively, we compute bases ug, ..., u; and u;41,...,uq of the lattices L
and L, respectively, in polynomial time by relying on Lemma 8.11 and Lemma 8.5. So,
Z = vo + spang{vp,..., vy, 0 X wiy1,...,0 X ug} and to find one of its representations in
dom(pgr,) it suffices to put the matrix [vy | -+ | vy | 0 X wj41 | -+ | 0 X ug| in Hermite normal
form using Proposition 8.1, to then take as period all its non-zero columns; and vy as its
base point. The computation of X ;j is analogous, but we must first compute a representation
for X; A Z, which can be done in polynomial time by Lemma 8.3. []

As the parameter len(1) fixes the number of shifted lattices of an element in dom(un(psr,)),
Lemma 8.12 establishes Items (F4) and (F6) of Requirement 4.8. Then, by appealing
to Lemma 4.9 and Proposition 4.2, the Lemmas 8.3, 8.9, 8.10 and 8.12 yield the main result
of the section.

Theorem 8.13. Fixz k € N. The k negations satisfiability problem for weak Presburger
arithmetic is decidable in polynomaial time.

By Proposition 4.2, we also conclude that there is a polynomial-time procedure that given
a weak PA formula ® only having k negations, returns an element of dom(dfnf(psr,))
representing the set of solutions [®] ..

9. CONCLUSION

We developed a framework to establish polynomial-time decidability of fixed negation
sentences of first-order theories whose signatures enjoy certain fixed-parameter tractability
properties. A key feature of the framework is that it treats complementation in a general
way, and considers universal projection as a first-class citizen. Note that, a priori, the latter
operation might be easier than the former to decide, as shown for instance in [CH17].

We instantiated our framework to show that the fixed negation satisfiability problems for
weak linear real arithmetic and weak Presburger arithmetic are decidable in PTIME. This
is in sharp contrast with standard Presburger arithmetic, which is known to be NP-hard
even when the Boolean structure and the number of variables in the formula is fixed [NP22].
We believe that our framework also provides a sensible approach to study fixed negation
fragments of FO extensions of, e.g., certain abstract domains. An interesting extension
of our running example in Section 4 to further test our framework is octagon arithmetic,
where inequalities take the form +x +y < ¢, with ¢ € Z [Min06]. Over the integers, the
full first-order theory of octagon arithmetic is known to be PSPACE-complete [BCM23|.
More generally, as the various requirements to instantiate the framework relate to natural
computational problems (deciding inclusion and computing projections), we are confident
that our framework can also be appied to logical theories outside the world of arithmetic.
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