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Abstract. This paper presents a detailed analysis of a quantifier elimi-
nation algorithm for the first order theory of p-adic numbers based on a
p-adic analogue of the cylindric algebraic decomposition. It is believed
that such method should lead to an elementary upper bound for the the-
ory. The present paper gives strong arguments against this conjecture
and offers a basis for further speculation.
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1. Introduction

The first order theory of p-adic numbers is, for each fixed prime p, the first
order theory of henselian fields of characteristic 0 that have finite residue class
field, a Z-group as valuation group, and in which the valuation of p is one.
A lower bound for the decision problem in this theory has been known for a
long time; it is the same one that holds for Presburger arithmetic (since the
latter is interpreted in the theory of p-adics numbers), i.e., doubly exponential
alternating time with a linear number of alternations. As for the upper bound,
the best algorithm known so far is due to Cohen [6] and it is primitive recursive
but not elementary. It is a quantifier elimination process in which the formula
analyzed is expanded in a dramatic (double exponential?) way each time a
quantifier is eliminated.

The problem of a similar explosion was faced before, in the different context
of the first order theory of the reals Th(R ). Consider, for instance, Cohen’s real



counterpart ([6]) of his own algorithm for Th(Q, ). Like the latter, it treats the
quantified variables one at a time and suffers of an exponential growth at each
step of the recursion. The solution proposed in the real case by Collins [7] is
a way of eliminating all the quantifiers at the same time, through exploitation
of geometrical properties of polynomials and their roots.

Since there are interesting analogies between the real field and the p-adic
field Q, (see [12]) it is reasonable to expect that an elementary algorithm could
be obtained by using on the p-adics Collins’ method. Macintyre [12] conjectured
that the complexity of Th(Q,) be the same as that of Presburger arithmetic
(since the former interprets the latter), and he suggested [13] that a fast algo-
rithm should be based on an analogue of Collins” quantifier elimination. Indeed,
it is by exploiting similar ideas that Brown [5] proved interesting complexity
bounds about transfer principles involving Q,. Scowcroft and Van den Dries
[14] point out that the essential algebra needed for tailoring the method to the
p-adic case is provided by Denef’s study [8] of a cylindric algebraic decomposi-
tion for Q,, and point out the complexity aspect of the problem.

Nevertheless, note that the mentioned analogies between p-adics and reals
cannot be pushed too far. A deep difference between the topological properties
of the two fields complicates significantly the p-adic setting. The topology of
Q, is totally disconnected. Because of this no analogue of Sturm’s theorem
is known so far. This has serious implications on the quantifier eliminations
since they essentially come down to root isolations and related polynomial
manipulations.

A first consequence of this fact is that at present one can’t think of adapting
to the theory of Q, the algorithm due to Ben-Or, Kozen and Reif [4], which
is an alternative, more efficient decision procedure for the theory of the reals.
Collins’ algorithm requires double exponential time. Ben-Or, Kozen and Reif
have proven an exponential space upper bound, but their work makes use in
an essential way of Sturm sequences and Sturm’s theorem.

A second consequence is that the only technique available for treating roots
of polynomials is quite cumbersome from a complexity point of view, as will be
clarified later.

The present paper studies Collins’ method, and uses Denef’s ideas in ad-
dition. The whole analysis will be useful for a better understanding of the
complexity of the theory of p-adic numbers. It leads to interesting conclusions
that are meant to provoke some discussion on the subject.

It turns out that there is one critical point where the complexity of the
algorithm explodes and, as mentioned, the uncontrolled growth of the com-
plexity seems to depend on the way that the roots of polynomials are treated.



Indeed this calls for a comparison with the real case for understanding what
makes a good method for R ineffective on Q,. The point is discussed in the
final section, but it is worth anticipating that a natural interpretation of the
phenomenon leads back to the lack of some analogue of Sturm’s theorem on
the p-adics.

This suggests an investigation of the depth of the differences between p-
adic and real fields. It stirs curiosity on the inherent difficulty of the treatment
of polynomials and their roots. However the question of whether the method
could still lead to an elementary algorithm by some shortcut or ad hoc algebraic
manipulation remains open.

A full understanding of the nature and complexity of the p-adic version of
Collins” method is a good starting point for further pursuits of answers to the
above questions.

This paper is an attempt to present the methodology clearly.

The theoretical background on which the algorithm is based is described in
detail, at the same time providing a bridge between the existential character
of many proofs and a more constructive point of view.

The algorithm is organized in a modular way for understandability and ease
of complexity analysis. Its structure is as close as possible to that of Collins’
algorithm which makes it easier to compare the two scenarios. To obtain an
algorithm of this form it was necessary to unwind the multiple recursions hidden
behind Denef’s clean exposition, taking care not to remain entangled in the
many tiny threads.

The complexity analysis is exposed in two distinct, neatly separated parts,
in order to make evident how far the method is efficient and what makes it non
elementary in the end. This feature enhances the intended character of this
paper as a basis for further research in the area.

In writing about my work I have been struggling for readability yet not
wanting to give up precision. The subject is itself so intricate at times that
it hasn’t been possible to avoid clumsiness. Yet I have tried to identify basic
steps and essential concepts and to build the paper around them. There are
complex definitions that are intended to provide clean and intuitive tools for
exposing the arguments. Fine detail is hidden in these structures, yet available
to the interested reader.

The paper is essentially self-contained. Some proofs that are available else-
where in the literature are here simply sketched in order to provide the basis for
further analysis without overloading the paper. Only a few have been omitted
altogether but, in such cases, precise references have been provided for them; I
believe that the absence of these proofs will not impair the comprehension of



the material presented.

Section 2 gives the main notions about p-adic fields and the theory studied
in the paper. In the subsequent sections (Sections 3 and 4) the state of the art
is discussed in a progressive fashion leading to the description of the method
used in this paper. All the theoretical background is given.

Subsection 4.1 is essentially an anticipation of the proof of correctness. It
is necessary in order to introduce smoothly the reader to the algorithm.

Subsections 4.2 and 4.3 are mainly concerned with remarks on the notation
but also stress some non obvious points.

Section 5 defines the support structures mentioned above.

Then the algorithm is presented, in all its details (Section 6). As described
here it works for a prenex formula only, but it could be slightly modified to
work also for a general formula using the same amount of space.

The proof of correctness (Section 7) should help put together all the tiles
of the puzzle.

Section 8 gives a detailed analysis of the complexity. It follows the modular
organization of the presentation of the algorithm and benefits from the support
tools defined in the previous chapters. Where possible, the proofs follow the
structure of the definitions of the objects that they analyze.

A concluding section attempts a brief comparison between the cylindric
algebraic decomposition for the reals and its p-adic counterpart.

2. The p-adic numbers and the theory

Let p denote any fixed prime number. A map that satisfies the following prop-
erties

1. |z[, > 0A(|z], =0 < 2 =0)

2. |z -yl = |2l - lylp

3. v +yl, < max(|z,, |y[p) (ultrametric inequality)

4. |plp = 119
is called p-adic norm (it is a non-Archimedean norm). The completion of the
field Q of rational numbers with respect to |-|, : Q — {p" }nez U{0} is the field
of p-adic numbers Q,. Notice that this construction mimicks the construction
of the reals from Q. The p-adic norm over Q,, (also denoted |- |,) is defined
in the obvious way from the p-adic norm over Q and takes values in the same
range.



On Q, one can define the valuation, a map v, : Q, — ZU{oo} logarithmi-

cally related to the p-adic norm. It satisfies the following properties:
1. vxr < oo (v,xr =00« z=0)
2. vz y) =vr+ vy
3. vp(r +y) > min(v,x, vyy)

4. vpp=1.

Q, is said to be a field with valuation. Z is the valuation group of Q,.

The subdomain of Q, of p-adic integers, i.e. p-adic numbers with non-
negative valuation, is denoted Z,. The elements of Z are sometimes called
rational integers to distinguish them explicitly from the p-adic integers.

The unique maximal ideal of Z,, is M, = {z € Z,|v,z > 0}. The quotient
Z,/M,, the residue class field of Q,, is the field of p elements F,,.

Each p-adic number is uniquely determined by its valuation and its angular
component. For each b € Q,

b=p”b.ach
where ac : Q, — Z, takes as argument a p-adic number and yields its angular
component. Intuitively ac(x) = x - p~**.

Any p-adic number b can be written in a unique way as

b="> bp' (2.1)
where s is any rational integer, and b; € {1,...,p — 1}. The expression on the

right hand side of (2.1) is called p-adic ezpansion of b. In terms of the p-adic
expansion, the valuation of b is the least ¢ such that b; is nonzero (in case b € Z,
it amounts to saying that p’ is the largest power of p that divides b).

Given any pair of p-adic integers x and y, write z = y mod p® for v,(z—y) >
s. This notation induces obvious concepts of residue class and residue, modulo
a power of p.

An essential tool in p-adic arithmetic is Hensel’s Lemma. It gives a sufficient
condition for the existence of a root.

LEMMA 2.1. (HENSEL'S LEMMA) Let f(x) be a polynomial
f(z) =ag+ arx + ...+ agx®
where a; € Z,,. Let f'(x) be

f!(x) = ay + 2a92 + ... + dagz®.



Let B € Z,. If f(8) = 0mod p**!, and f'(3) # 0 mod p*** for some non-
negative integer e, then there exists { € Z, such that f({) = 0 and { =
3 mod pett.

The proof can be found in [10] for the case e = 1, or, e.g., in [6].

A field with valuation in which the above lemma holds is called henselian.
By looking at a few more residue classes, Hensel’s Lemma can be used as a
necessary and sufficient condition for the existence of roots:

LEMMA 2.2. (EXISTENCE OF ROOTS) Let f(x) and f'(x) be as in Lemma 2.1.
Assume that, for x € Z,, v,f'(x) < e. Then f has a root £ € Z, if and only
if there exists a residue modulo p***1, 3, that satisfies Hensel’s Lemma. The
root will be such that £ = 3 mod p**1.

Proor.  The “if” part is a weak form of Hensel’s Lemma. For the “only
if” part, consider that since the coefficients of f'(x) are clearly p-adic integers
by the assumptions on f(z), and the same holds for z by hypothesis, e must
be non-negative. Let £ € Z, be a root of f(x). Now v,f'(z) <e, for x € Z,
implies v, f'(§) < e+ 1; on the other hand v, f(£) > 2e + 1, for £ is a zero of f.
Therefore, any 3 such that 3 = ¢ mod p***!, satisfies the hypotheses of Lemma
2.1. O

This brief introduction to Q,, shows that (for each prime p) the field of p-adic
numbers is a model of the first order theory of henselian fields of characteristic
0, with finite residue class field, valuation group a Z-group, and v,p = 1. The
theory is complete and recursively axiomatizable, therefore decidable [1]-[3]; its
completeness enables us to reason about one of its models in order to derive
results about the whole theory. In this light we refer to it as Th(Q,). It is
expressible in a variety of languages, ranging from one with infinitely many
sorts, in which the valuation is expressed by a symbol of the language (see [6]),
to a language with only one sort.

The latter choice is possible because the valuation is definable in the pure
field language:

Q, E (Vo)[o,z > 0 () (1> = 14 pz?)] if p#2
Q, = (Va)[vpr 2 0 = (Fy)(y* =1+ pa®)] if p#3.

The axioms of Th(Q,) are those for a field with valuation (field axioms and
axioms describing properties of the valuation) together with those that state



that the characteristic is 0, the valuation group is a Z-group, the residue class
field is finite, Hensel’s Lemma holds and v,p =1 (see [2]).

The theory admits quantifier elimination in a language that makes use of
the cross-section [1]-[3]. The cross section is a map 7 : ZJ{oo} — Q, acting
as a right inverse of the valuation: 7(z) = p®. It is awkward since it introduces
rather complicated definable sets.

On the other hand Th(Q,) admits quantifier elimination also in the pure
field language augmented with predicates P,, such that P,(z) if and only if x
is an n-th power [11]. The axioms that give the proper meaning to the new
predicates are thus:

(Vz)[Pu(r) < (Fy)y" = x].

[ work in the language with one sort and predicates P,. My choice is motivated
by the observation that the study of complexity properties over a simpler lan-
guage is more informative. Moreover, the length of a formula in the pure field
language is polynomially related to the length of the equivalent formula in a
two sorted language with a symbol for the valuation.

The logical language I use is the minimal one, containing A, — and the
quantifiers.
(However, for expository reasons, I shall freely make use in the following of a
wider language than the one chosen.)

It should be noted that a formula of the above language can be seen as a
(quantified) boolean combination of atomic formulas each stating that some
polynomial with coefficients in Z is an n-th power, for some n.

(For a detailed introduction to p-adic numbers see, e.g., [10]; an interesting,
broad survey is in [12]; more specifically, about quantifier elimination in valued

fields, see [15].)

3. Collins’ method for the reals

First note that any atomic formula in the language of Th(R) is a polynomial
inequality, or, equivalently, it states that some polynomial is a square (in R,
x >0 if and only if x is a square).

Collins’ procedure partitions the space in a finite number of sets (cells) in
each of which every polynomial that appears in the sentence to be decided has
constant sign; then it chooses a sample point from each cell C' of the partition



to determine the sign that each one of the polynomials involved has in C'. At
this point each existential (resp. universal) quantifier can be replaced by a
finite disjunction (resp. conjunction) of the polynomial inequalities evaluated
at the sample points. In this way a block of quantifiers is eliminated in a single
step.

A cell is a set defined recursively on the dimension of the space, bounded at
each stage by continuous realvalued algebraic functions. Its crucial property is
that the poynomials that appear in the sentence to be decided have constant
sign in it. The decomposition of the space in cells can be done efficiently, as
Collins shows, and, due to a nice geometry of the cells, the sample points can
be chosen in a uniform and quick way. The geometrical properties of the cells
are succintly described by the name cylindric algebraic decomposition (for short
c.a.d.) given to the cell decomposition.

4. The method for Th(Q,)

The novelty of Collins” procedure was the idea of removing all the quantifiers
in a single step. Otherwise Cohen’s algorithms are not too different in spirit.
Cohen defines a cell in Q,, as a set of the form

{z|z = xo + up®, where u € Z,}.

Then he shows “how to cover the p-adic numbers by cells in each of which a
given polynomial behaves in a simple fashion” [6],p. 139. The “simple fashion”
that Cohen refers to means essentially that the valuation of the polynomial can
be related in each cell to the valuation of one of its monomials, if necessary after
a change of variable has been performed. The following steps of the quantifier
elimination are very intricated and depend on the language used (essentially
a language with infinitely many sorts, although most of them finite; it also
includes the cross-section).

Denef extends the notion of cell to more dimensions (here and in the fol-
lowing Z stands for (z1,...,x,), and g for (y1,...,ym)):

DEFINITION 4.1. (CELL) A cell in Q) x Q,, is a set of the form

{(z.y) € Q, x Q)
z € C A vpar(Z)010,(y — x(T))Davpas(Z) }



where the O; are either < or < or no condition at all, x(Z) and a;(Z) are semi-
algebraic functions of r, and C'is a semi-algebraic subset of Q. The function
X(Z) is called center of the cell.

(Note that Cohen’s definition of a cell could be rephrased as {z|v,(x—x¢) > a}.)
A semi-algebraic set is a boolean combination of sets of the form

{v € Q1B (h(©))},

where h is a polynomial (consistently with the notion of semi-algebraic sets over
the reals which are the sets definable via polynomial inequalities). Observe that
sets of this form are the only sets that can be defined in the language chosen.

Semi-algebraic (partial) functions preserve, in some sense, semi-algebraic
sets:

DEFINITION 4.2. (SEMI-ALGEBRAIC FUNCTIONS) A function f : Q, — Q, is
said to be semi-algebraic if for all semi-algebraic set S C Q;”“, the set

{(z.9) € Q,™"|(f(2).9) € S}
is also semi-algebraic.

The same notion can also be expressed in a more intuitive way:

PROPOSITION 4.3. (CHARACTERIZATION) A function f : Q) — Q) is semi-
algebraic if and only if for each polynomial h : Q;”“ — Q, and rational integer
n, there exist finitely many polynomials b : Q™™ — Q, and rational integers
m,; such that the set

{(z,9) € Q7" Pu(h(f(2),9))}

can be expressed as a boolean combination of the sets

{(z,9) € Q7" P, (ki (2,7))}-

This result follows by combining explicitly the definition of semi-algebraic func-
tions with the notion of semi-algebraic set. The characterization will be useful
later; it amounts to saying that, although in general a semi-algebraic function
f is not a polynomial, yet any semi-algebraic condition on it (i.e. a condi-
tion stating that a polynomial form in f is an n-th power for some n) can be
translated to another one involving only polynomials.

Denef shows that a decomposition of the r + 1-dimensional space in the
spirit of Collins’ c.a.d. is definable:



10

THEOREM 4.4. (DENEF [8]) Let fi(Z,y), fori=1,...,m, be polynomials in
y with coefficients which are semi-algebraic functions of z. Let n € N, n > 0,
be fixed. Then there exists a finite partition of Q) x Q, into cells A, such that
each such cell A has a center x(Z) such that for all (z,y) € A we have

fi(@, t) = wi(z, t)"hi(z)(t — x (7)), fori=1,...,r,
with v,u;(Z,y) = 0, h;(ZT) a semi-algebraic function of = , and v; € N.

The decomposition is built in a recursive fashion as in the real case. The
“boundaries” of the cells are semi-algebraic functions; the distance of this def-
inition from Collins’ one is non-trivial. The difficulty that arises is better seen
by a reference to the characterization of semi-algebraic functions. That charac-
terization states that any semi-algebraic condition on a semi-algebraic function
can be expressed using only polynomials and predicates P,; it doesn’t say any-
thing about how the simpler expression is to be obtained. Since our target is a
procedure, we need something constructive rather than existential.

An analysis of Denef’s decomposition reveals that, starting out with a poly-
nomial, only specific functions will have to be considered. I have called these
functions constructive semi-algebraic to stress the fact that a witness of their
semi-algebraic character can be computed.

DEFINITION 4.5. (CONSTRUCTIVE SEMI-ALGEBRAIC FUNCTIONS) The set of
constructive semi-algebraic functions is the smallest set C of functions such that:

1. +, —, x and =+ belong to C.

2. Let g(z,t) be a polynomial in t whose coefficients are functions of
belonging to C and taking values in Z,; let D, a semi-algebraic subset of
y, and e € N be such that, for allx € D and t € Z,

v,g'(Z,t) <e

(here and in the following I use the notation ¢'(z,t) to denote 2g(z,t)).
Let h be such that
v,g(Z,h) > 2e+1

for all x € D. Then the “root-function” { : D — Z,, such that
9(z,§(7)) =0 and v,(§(T) —h) = e+1

isin C.
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3. Let ¢(Z) : D — Q, be in C, where D is a semi-algebraic subset of of Q.
Let k € N, k > 2; assume that ¥ (z) # 0 for z € D, that for some s
v,Y(Z) = s mod k and that for some p, (z) = p- (nonzero N-th power),
with N = p?*(p — 1). Let ¢y(z) = “pur—s.

Then the “O-function” 0 : D — Q, such that, for all x € D,

0(2)" = ¢u(z) N P, (0(2)),
with Ny = p”*(p — 1), belongs to C.
4. C is closed under composition.

The class C is well defined: the existence and uniqueness of root functions
is guaranteed by Hensel’s Lemma; for f-functions see [8], Lemma 2.4. It is
moreover the required class:

LEMMA 4.6. (CONSTRUCTIVITY) The functions in C are semi-algebraic.
Moreover, for each [ € C, f : Q, — Q,, there exists a procedure to compute,
given any polynomial h : QZ”L“ — Q, and rational integer n, the polynomials
hi and the integers m; of Proposition 4.3.

The lemma is proven by actually showing the mentioned procedure, a lengthy
and very complex one. It is the same as described in [8], Lemmas 2.3 and 2.4.
Although the proof is not explicitly presented here, the definition of csa-trees
in Section 5 can be viewed as a (quite extended) sketch of it. For further details
the reader is referred to the mentioned lemmas in [8].

The constructive semi-algebraic functions are actually either polynomials
or zeroes of polynomials.

With the new “boundary”-functions, the p-adic cells have geometrical prop-
erties that are in some sense analogous to those of the cells defined by Collins
[7], but still play a different role in the decision procedure. In each cell of the
decomposition for the reals, each one of the polynomials at issue has constant
sign. In the p-adic setting the corresponding condition is not automatically
verified.

Saying that a polynomial has constant sign in a cell amounts (in the reals)
to saying that it is a square in each point of the cell, or its opposite is. In other
words, either the polynomial is in the same coset of the squares as 1, or it is
in the same coset as —1. In the p-adic case, we must look in general at n-th
powers, not only squares; it can be proven, though, that for each n there is a
finite number of different cosets of the n-th powers (Lemma 8.1). Requiring
that a polynomial have constant sign is equivalent in the p-adic setting to the
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condition that the polynomial be in a fixed coset of the n-th powers. In the
following, for any n, A,, denotes the (finite) set of representatives of n-th power
cosets.

Denef’s theorem ensures that the polynomials are in a fixed coset of the n-th
powers in each cell of the p-adic c.a.d. provided that some auxiliary functions
of the form y — x(Z) are also in a fixed coset of the n-th powers. Because of
this, the quantifier elimination will use sets defined by (boolean combinations
of) conditions of the form:

y — x(Z) = p - (nonzero n-th power) (4.1)
vpa1 (2)Br0p(y — X () B2vpas(T)

where x(Z), a;(Z) are constructive semi-algebraic functions and O; are as in
Denef’s definition of cells. Therefore in the following the term cells will refer to
sets of this form. Conditions of the form (4.1) will be called power conditions;
conditions of the form (4.2) valuation conditions. The functions a;(z) and ay(T)
in valuation conditions will be referred to as boundary functions.

The final issue is picking the sample points from each one of the cells. For
the purpose of choosing a sample point from each one of these sets, it is first
necessary to achieve a decomposition of the space in cells defined in a simpler
way, namely using just one power condition and one valuation condition. The
procedure that performs the simplification is very straighforward but benefits
of a quite tedious analysis of the possible cases that can arise, each to be treated
separately.

Then, the sample points can be chosen from each cell according to the
following lemma:

LEMMA 4.7. (SAMPLING) Let

y — x(Z) = p - (nonzero n-th power),

vpa1(7) < vp(y — X (7)) < vpaz(7),
zed

be the definition of the cell that one wants to sample from. Let T, be the r
coordinates of the sample point chosen in C. If P,(ay(Z)p~'c) holds, then

Yo = a1(To)c + x(Zo)

is a good choice for the (r + 1)-st coordinate.
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This lemma is based on the ideas in the quantifier elimination in the final
section of [8]. The procedure is slightly more complex than this to take care
also of cells in which the valuation is not bounded from below.

The geometry of the decomposition is analogous (modulo topological differ-
ences) to that of Collins’ c.a.d., so that the choice of the sample points is just
as straightforward. All the quantifiers can be removed at the same time:

THEOREM 4.8. (QUANTIFIER ELIMINATION) Consider the sentence

(lel) s (err)<Qr+lxr+l>¢(xl7 <y Ty errl)a (43)

where Q; € {3,V}, for j = 1,...,r + 1, and ¢ is a quantifier free boolean
combination of atomic formulae. There exists a finite partition of Q;“ in cells
C;, such that, if (14, ..., Br14) is the sample point chosen from C; according
to the Sampling Lemma, the sentence (4.3) is equivalent in the theory to

(B1)i - (B)i(Brs1)id(Bris - - - Bris Bra1i)s

where i ranges over all the subscripts of the cells and, for j = 1,...,r + 1,
(Bj) =V ifQ; =3, and (B;) = N if Q; = V.

4.1. The decomposition. At the (r + 1)-st stage, a decomposition of the
(r + 1)-st dimension of the space with respect to a set of conditions has to be
carried out. Let

f(z,y) = p - (nonzero n-th power)

be one of these conditions. The polynomial appearing in it is viewed as an
univariate polynomial in the (r + 1)-st variable with coefficients that are con-
structive semialgebraic functions of z:

f(Z,y) = ao(T) + a1 (T)y + . .. + aq(T)y*. (4.4)

The coefficients are regarded as black boxes, except that in order for the
decomposition to be properly carried out it is assumed that at the preceding
stage conditions on the coefficients and certain other appropriate functions
(that will be mentioned later as they appear) have been treated. Moreover,
the space must have been already decomposed in cells in each one of which the
partial derivative

f(Z,y) = a1 (T) +2a2(T)y + ... + dad(:i’)yd*
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is in a fixed coset of the n-th powers. This implies an inner recursion on the
degree of f, and the decomposition relative to f is built over a decomposition
relative to f’. Since while treating f’ a change of variable might have been
carried out (see later for the reason why this is so), the coefficients of f are in
general not polynomials but more general constructive semialgebraic functions.

A second assumption on the decomposition of the r-th dimensional space is
that it has been split in cells in each one of which every coefficient of f either
never vanishes or is always zero (notice that, for each v € Q,, v = 0 if and
only if Py(py?)). Afterwards the polynomial might not have monomials of each
degree in y, but it is important that one takes here (4.4) as a general form for
the polynomial. It must be stressed, though, that the monomials which appear
at all never vanish.

Recall that the goal is writing f as

f(@,y) = u(@,y)"h(@)(y — x(7))" (4.5)

where v,u(z,y) = 0, h(Z) is a constructive semi-algebraic function and v is a
positive integer. Therefore if h(z) and y — x(Z) are n-th powers, so is f. We
are assuming that the required functions of = have already been dealt with,
and therefore the above condition on h(Z) is met. The one on y — x(Z) is one
of the conditions defining the (r 4 1)-st dimension of the cell.

A fact used times and again in the process of writing f in the form (4.5) is:

LEMMA 4.9. (n-TH POWER RESIDUE) For any n € N, there exists a rational
integer A\ for which any p-adic integer u such that v = 1 (mod p*) is an n-th
power. Namely, if v(n) = m, then A = 2m + 1.

The proof is obtained by direct inspection of the p-adic expansion of an n-th
power. It holds only for p-adic integers because it is based on Hensel’s Lemma.
The constant A defined in it will appear very often in the following:

NoTATION 4.10. (X) Let A\, = 2v,u + 1 for each subscript p. If no subscript
appears, n is intended: A = \,,.

If f has coefficients that take p-adic integer values, y has non-negative
valuation too and the valuation of f is bounded in a cell, then one can split
the space so that f’s coefficients have fixed residues modulo A in each cell, and
that so has y in each cell. This implies that the same holds for f, and so by
lemma 4.9 f is in a fixed coset of the n-th powers.
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Notice for instance that in the cells in which there is an ig such that

vp(ai, (Z)y™) < vp(a;i(z)y') — A for all i # iy, (4.6)
f(Z:y)

a; (JC)yZ0
But f’s coefficients and variable are not in general p-adic integers. The

solution is to factor f into a polynomial that has the properties just mentioned
times some function of z.
Suppose that in the cell C, y is such that v,y = v,0(Z), and 1y is such that
vp(a;, (Z)y™) < vy(a;(z)y?) for all i # iy. Then
Y

_ f(z,y) . Yy
9(Z,u) = PNETTCE with u = e (4.7)

f can be written as f(z,y) = u(¥,y)"a;,(T)y" since =1 mod p*.

has coefficients and variable v in Z, in the cell C. The function g will be
therefore referred to as the integral polynomial relative to f.
Since

Upg(i‘7 u) - Upf(j:7 y) - Up(aio(i‘)0<j)i0)7
if the difference '
vpf (Z,y) — min{v,(a:(z)y")} (4.8)

is bounded, so is the valuation of g, and it is possible to split the space in a
finite number of cells in each of which ¢ is in a fixed coset of the n-th powers.

The first step is therefore splitting the space in cells in such a way that in
each one of them a function like the 6(Z) above can be defined, and that the
difference (4.8) is bounded.

The difference (4.8) is not bounded in cells in which f has a non-zero root.
By a basic fact of p-adic arithmetic, f can have a root only in those cells in
which v,y is such that two monomials have the same valuation. Applying the
properties of the valuation, the resulting condition on y is:

UplY = (49)

i—Jj ai()
for some i # j.

For each pair (4, 7) (¢,7 € {0,...,d}, |i—j| > 2), foreach s € {0,...,i—j—1}
and p € Ay, for Ny = (i — j)p*=9)(p — 1), define a function 6;;(z ) as in Ttem
3 of Definition 4.5, with ¢ (Z) = ZJE;)) and k =i — jl.

!The notation 6;;(Z) hides the dependence of the definition from s and p. But a more
precise notation would have been too heavy.
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For the pairs (7, j) such that |i — j| = 1, let 60,;(Z) = aajgg By Item 1 of
Definition 4.5, it is a semi-algebraic function if a;(Z) and a;(z) are.

For each pair (7,)), v,0;;(Z) equals the right hand side of (4.9)—see [§],
Lemma 2.4 for a proof of this. Notice that for each pair (i, j), 6;; = 6,;.

Now for each (4, j), such that j > i say, and for each 6;; defined with s = 0,

the cells

Ve = {(ff, (@ y) € D Avpy = vy ()N

Aoy < (@) A A vy > vpez-h<f>}
h<i h>i

might contain a root.

If the (r 4+ 1)-th dimension of the space is split according to the valuation
conditions described in each item of the following enumeration, f can be written
in the form (4.5) in each one of the resulting sets, as discussed in each case
below.

1. Foralli =1,...,d, in the cells

A w A\ abiop (7) — wy < { : ”

J>10 to — -]

ip is as in Example (4.6); the form (4.5) for f is soon attained, as shown
in that example. Here P,(a;,(z)) N P,(y) implies P,(f(z)).

2. Forip=0,...,d,7=0,....d,j#1,s=1,...,A— 1, in the cells

Agm]) - {(f}y)‘(:ﬁ,y) € D AN vyy = vp0;05(7) — ’VZ'O —j—‘ A

N vpy < 0000 (Z) — ho i h—‘ AN vy = 0000 (Z) — L’O i h—‘ }

h<ig h>1ig

a;,(Z)y™ is the (unique) monomial of minimum order.

In each one of these cells, define the integral polynomial g relative to f
005 (Z)
pS

as in (4.7) above (replacing 6(z) by —°5=). Its coefficients b;(Z) and its
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variable u have non-negative valuation in the cells. The valuation of ¢
itself is null.
Thus in the cells

Clhhginy = {(z,y)] /\ b;(Z) = h; mod p’\/\u = hgy1 mod pA} (4.10)

0<i<d
where h; € {0,...,p* — 1}, g(Z,u) has a constant power residue, and can
therefore be written as bv(z, u)" for some integer b and function v having
valuation 0.
Therefore ,

— 2
eioj (x) ’
P '
Notice that the condition defining the space decomposition in cells of the
form (4.10) is

f(Z,y) = bu(Z,u)"a;(T) <

bi(Z) has constant residue mod p* A
0<i<d

u  has constant residue mod p*. (4.11)

. As mentioned, in the cells V(@) in which v,y = v,0;;(%), there might be
a root.

Define here the integral polynomial relative to f, gsq. Here 6;;(z) must
replace 6(Z) in the definition of the form (4.7). (The subscripts indicate
that gy 4 refers to f of degree d; they will be useful soon because it will
be necessary to distinguish this function from the integral polynomial
relative to f'.)

There exists a constant e; (which depends on the degree of f) such that
Vgt .a(T, 1) < eq. (4.12)

The existence of this constant is due to the fact that

N 1Y)
Il = ey

and that it is assumed that a c.a.d. with respect to f’ has been carried
out.
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Indeed, writing
9t a(@,u) = by (Z) + 2ba(T)u + . .. + dbg(T)u’ ",

the difference v,g} 4(7,u) — min; v, (ib;(Z)u'~") equals
v () — min v, (ia; (T)y" )

which, by induction hypothesis is bounded by a constant, say CONST.
Since

min v, (ib; (Z)u' ") < vy, (iohs, (Z)u ™) = vyio.

and vyip < 00, Vpg} 4(T,u) < MaXgei<avpi + CONST. So it remains to
determine what CONST is.

The algorithm is further decomposing a cell of the c.a.d. for f’. If no two
monomials of f’ have the same valuation in the cell then CoNsT = 0.
This is the case also in a cell where f’ had a root since in this case a
change of variable has been performed.

Otherwise, consider gf4-1(Z,u) as the integral polynomial relative to f’
(which has degree d — 1): v,g74-1(Z,u) < 2e4_7 in this cell. Since

0,971 (2, 4) = v, (2, ) — minv, (ia; () )

in this case CONST = 2e4_;.

Consider the cells
Vh(ij) ={(z,y))|(z,y) € V@) Ay = h mod peatty,

(Cells with these property are defined via the request that « have constant
residue modp?**t!.) By Hensel’'s Lemma, grq (and therefore f) has a

unique root only in the cell (if any) Vh(éj ) such that Upgr.a(Z, ho) > 2eq4+1.

In the cells V;'”) where there is no root (and therefore Vpgra(z,h) <
2e4), the situation is exactly the same as in the cells A7) in Item 2
above. Assuming that in the cells of the r-dimensional decompositions
each coefficient b;(Z) of g has constant residue modp?**, and adding

u has constant residue mod p?¢e+?

to the conditions defining the (r 4+ 1)-st dimension, f can be written in
the form (4.5). Here P,(a;(Z)) A P.(6;;(Z)) implies P, (f(Z)).



19

4. The root detected in the cell Vh(éj ) is a function & () such that

(2,(2)0,5(7)) € Vi A gra(@, (7)) = 0.

The polynomial in u—§&(Z) with semi-algebraic coefficients ¢;(Z) obtained
from g4 via a change of variable

u— u—&(7),
has no root in the cell. The subcells of V(” )

W = {(z,9)|(7,y) € V¥ Nuy(u— E(F)) > eq+ A}
and, for s =0,..., A — 1
WD = {(z,y)|(z,y) € Vi Avy(u — (7)) = eq + 5}

play the analogous role as the cells AE\iO) and A7) discussed in Items
1 and 2 above, except that here the monomial of minimal valuation is
always ¢1(Z)(u — &(z)). The range of s is motivated by the fact that
vp(u — &(Z)) > eq+ 1 in the cell; the bound in the cells W/{ij) is due to

the fact that v,c1(Z) — v,c;(Z) < e. (See [8] for more details.)

In the cells W7 P,(a;(z)) A Pu(8:;(2)) A Pu(ci(z)) A Po(u— &(7))
implies P, (f(Z)).

The condition analogous to the (4.11) above is

/\ <W> has constant residue mod p)‘ A

c1(z)
0<i<d

(i;fi?) has constant residue mod p*.
This condition, along with P,(a;(z)) A P,(0;;(Z)) A P.(c1(z)) implies
P,(f()) in the cells W),

4.2. A word on the notation. A brief aside on the notation used is neces-
sary here. In order to keep a certain degree of readability the notation cannot
be very precise. For instance a f-function should be identified by mentioning at
least four parameters (i, j, s and p). In fact when it becomes necessary to refer
at the same time to f-functions relative to different polynomials, or to partial
derivatives of different order of the same polynomial, yet more subscripts would
be necessary. This is obviously impractical.
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The policy adopted here follows two main lines: to start with some param-
eters are never mentioned in subscripts, because their presence would not add
any useful information (cf. s and p in the #-functions).

The second choice is less orthodox. Two different sets of notations are used
both for f-functions and for the integral polynomials g (that are strictly related
to O-functions). When it is necessary to distinguish which coefficients of a same
polynomial are involved in the definitions, then the subscript ij appears (as has
been the case so far for #-functions: 6,;;). When otherwise different levels of
the inner recursion are discussed, then a polynomial f is specified to identify
which is the polynomial at issue, and an integer J denotes the level of the inner
recursion that is focussed (cf. gf4 and gsq—1 in Item 3 above). A comma stands
between the two subscripts in the second case to lessen the syntactical chaos.

Hopefully the use that is made of the notation is more intuitive than this
explanation. The second kind of notation mentioned is discussed further in the
next subsection.

4.3. Cell definitions. The decomposition process just described leads to
defining the roots of f via subsequent #-functions and root functions. A generic
root of f will thus have the form

Ere(@) = Y &i(@)074(7).
ie{1,....0}
It will be called in the following generalized root function.

The notation introduced is meant to stress that =y, is a root of the s-th
partial derivative with respect to y of f(z,y), with s > d — ¢ (and therefore the
degree of f(*) is at most £). Notice that 6;(Z) is meant to be a §-function of
f@=9 and &; () the corresponding root function.

For uniformity it will convenient to write = to denote the identically zero
function (i.e. y — Z¢y is y itself).

Although this notation is ambiguous, because there are many #-functions
and root-functions at each stage, yet it is useful in order to give a more precise
description of the general form that the cells definitions can have (cf. Section
4, Equations (4.1) and (4.2)).

Namely, the (r + 1)-st dimension of a cell of the decomposition is defined
via boolean combinations of conditions of the form

'Upefjl (:Z) -+ CONSTlﬂlvp(y — Eﬂg(f))DQ'I}peﬂ& (i) + CONST2
y — Z50(Z) = p - (nonzero n-th power)

where ¢ < /1,05 < d, the boxes stand for either < or < or no condition at all,
and CoNST; and CONST, are constants.



21

5. Support structures

In the description of the decomposition process, in Section 4.1, times and again
conditions are referred to which have to be satisfied in each cell of the decompo-
sition of Qp in order to make the decomposition of the new dimension possible
are referred to. The purpose of the following definition is to group all those con-
ditions in a set. This will be clearer through the proof of correctness (Section
7).

To make many of the formulae to follow more readable a symbol for the
order of the group of units of Z, /p® (a € Z) is introduced here. Because of the
fact that will be proven in Lemma 7.1, such quantity will be often useful.

NOTATION 5.1. (m,) Let m, =p*'(p—1).

The coefficients of a polynomial f(z, y) after a change of variable y — y—=7,(7)
are fO (7,2, ,(7)).

Notice that, if f(Z,y) = ao(®) + ... + aa(Z)y?, fO(T,Z;0(Z)) = a;(7), by
the conventional meaning given to Z in Subsection 4.3.

DEFINITION 5.2. (SUPPORT SET) For any condition
f(z,y) = p - (nonzero n-th power)
define its support set as the set containing the following conditions:

o the conditions f(z,Z;,(z))? = p - (nonzero square)
for each ©,¢ =0, ...,d and for each =y ;

o the conditions f(z,Z; (7)) = p - (nonzero N-th power)
for each i, =0, ...,d, for each Zy,,
and with N = Iemp—1,.. q(hMay,hy1, MMae qn, hn);

o the conditions

fO@ (@) _ 0 f(@Ep(7))
h—k)v,~————"—"5 < (i — j)v — =
=B g ) = (2 @)
for each i,j,h,k, 0 =0,...,d, withi > j and h > k, and for each Z¢;

o the conditions
 f9Z,E (7
(h— i), (h)(_ :fe(_))
(@, Epe(z))
for each i,3,h, ¢ =0,...,d, with h > 7,
for each =y, and for s € {\,2e4 + A};

y FO(Z,E,(2))
POz, Zp(7)))

< (h—1)
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o the conditions

+ = =1)(eats) <

y fW(Z, 2y 0(2))
P fO(T,Zp(7))

for each i,3,h,0 =0,...,d, with j > h, and for each Z¢ .

<(—-1) + (= h)A

Kl

Note that the last three conditions are about root functions, since the nu-
merators and denominators of the fractions are coefficients of some polynomials
obtained from f or its derivatives by a change of variable.

The support set contains the mentioned conditions for all definable root-
functions: thus functions defined from a () of the form

for each s € {0,...,i—j — 1} and p € Ay, for Ny = (i — j)p*»@=9(p — 1), will
be taken into account.

The definition of a complex structure (referred to as csa-tree) is needed in
order to give a clean exposition of the algorithm. Its definition is motivated
by the fact that the witnesses of semi-algebraicity of a condition labelling the
root of a csa-tree are built following down the branches of the tree. The wit-
nesses are the purely polynomial semi-algebraic conditions to which any semi-
algebraic condition on a constructive semi-algebraic function can be reduced,
and they label the leaves of the csa-tree (cf. Lemma 7.7). Therefore whenever
a semi-algebraic condition which is not purely polynomial is at issue, a csa-tree
provides the constructive means to define the purely polynomial conditions that
are to replace it.

The definition is modelled on the proofs of Lemmas 2.3 and 2.4 of [§].
Whereas in those proofs the centers and boundary functions are mentioned
in a generic way as semi-algebraic functions, here #-functions and generalized
root functions are used instead (by Subsections 4.1 and 4.3). Those proofs
outline a recursive procedure to build out of a generic semi-algebraic condition
a set of purely polynomial conditions equivalent to it. A csa-tree describes one
execution of the procedure on the condition that labels the root; each internal
node represents one recursive call of the procedure and is labelled by the input
condition for it. The leaves are labelled by the output. It is in this procedure
that the complexity grows beyond control, as will be made clear later.
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A few comments on the approach that the procedure takes should improve
the understanding of the definition of csa-trees. The most intricated part is
the proof of semi-algebraicity of root and #-functions. In both cases the idea is
to replace the function at issue with a place-holder variable in the polynomial
condition in which it appears and to carry out the c.a.d. for the resulting
polynomial condition to obtain cell definitions. At this point, after having
substituted back the function for the place-holder variable, different cases must
be considered as distinguished by the valuation and residue (modulo some
power of p) of the functions involved. In each case the conditions reduce to
problems which are analogous to the initial one but involve polynomials of a
smaller degree (after Euclidean division).

It might be noticed that the procedure can follow one of a few strategies.
Since it is irrelevant to our purposes which strategy is chosen, one is tacitly
picked and no further comment is made about the issue.

In the following, the functions = are the generalized root functions defined in
Section 4.3. The function f; is such that fy(Z,&r,(Z)07¢(Z)) = 0; it is obtained
from f via the change of variable y — =;,_; (this implies that f; = f). The
functions 6 and 1, and the constant k are as in the definition of -functions (Def.
4.5, Ttem 3). The variable Z is meant to stand for an m-tuple of semi-algebraic
functions.

DEFINITION 5.3. (CSA-TREE) A csa-tree is a labelled tree recursively defined

as follows:

1. Each node labelled by
h(z,Z,v(x)) = p - (nonzero n-th power)

for some polynomial h of degree dy,, and semi-algebraic function ~y which
is the root of a polynomial f of degree dy < dj,, has a child labelled by

r(z,Z,v(Z)) = p - (nonzero n-th power)

where r(Z, Z,t) is the remainder of Euclidean division of h by f.

2. Fach node labelled by

h <$, zZ, h CC)) = p - (nonzero n-th power)
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for some f1, fo € C and polynomial h of degree dj, has a child labelled by

fo(Z)h (:z 5, /1@

T fo(T)

where v = min{m > dj s.t. n|m}.

) = p - (nonzero n-th power)

. Each node labelled by

h(z,z,Z,(z)) = p- (nonzero n-th power) (5.1)

for some polynomial h, of degree dj,, smaller than the degree of the poly-
nomial f, null at £;,(Z)0;,(Z), has children labelled by the conditions in
the support set of condition (5.1), plus children labelled by

0o(Ze(E) = Zno(T,2)) < 0 0ne(F,2) +i

and children labelled by

Ere(T) — Eps(T,2) = p- (nonzero p-th power),
with p = Icm(n,m,\+1,m26dh+,\), foreacht < s <dp,i=—\,...,0 and
i=eq, +1,...,eq, + A, and for each =), s and 0y, (recall the notational

ambiguity).

. Each node labelled by

Up(Ef,g(f) — Eh7s(f, 2)) < ’UthJ(f, 5) +1

has children labelled by each one of the following conditions

h,
z) —
Ere—1(T)=Ep s(7,2)
e <0
vp:f é—l(ei),e_(;h,s(xvz) >0

Ef"”l((i);(;hﬁ(i’g) = p - (nonzero N-th power) with N = me, o)

f9(z,Z4(z)) = p- (nonzero M-th power)  forj=d—¢,...,d
where M = k - Mg+, and k is as in Def. 4.5, Item 3

fé(m,Ef,gl(x)Ehys(x,g))) o '
_ < .
Up ( 7Ef,l ) Eh, )) — Upeh,t(x, Z) + 1
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5. Fach node labelled by
Er0(T) — Eng, (@, 2) = p-(nonzero n-th power)

has children labelled by each one of the following conditions

Ere—1(2)—Ep,s(Z,2) _
S 20 =
SEfe—1\T)—2h (T2
- -
Ere—1(T)—Eh,s(T,2
Up I6) >0
Ere-1(Z) — Zp5(T, Z) = p - (nonzero N-th power)
with N = lem(n, me,+31)
f9(z, Es0(Z)) = p- (nonzero M-th power) forj=d—{(,...,d
where M = k - mae, 135, and k is as in Def. 4.5, Item 3

= p - (nonzero n-th power).

6. Fach node labelled by
h(z,Zz,0,(%)) = p- (nonzero n-th power) (5.2)
for some polynomial h of degree dj, smaller than k (cf. Def. 4.5, Item
3), has children labelled by the conditions in the support set of condition
(5.2), children labelled by

Up(ef,g(i’) — Eh’s(f, 2)) S vpﬁhﬂg(i:, 2) +Z

and children labelled by

Or0(T) —Zps(T,2) = p-(nonzero p-th power)
with p = Iem(n, myy1, Mae,+n), for each s,t < dp, i = X,...,0 and i =
eq+1,...,eq+ A, and for each =y 5 and 0j,,.

7. Each node labelled by

Up(ef,g(ff’) — Eh,s(i’, 2)) S Upgh’t(ﬂ_), 2) +Z
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has children labelled by each one of the following conditions

Upwf,g(_) > k(] + Uth,s(Sl_Z, 2)) for all j ==X A+1,...,0,..., A
Upwf,f(_) < k‘(] + Uth,s(.f‘, 5)) for aﬂj = —/\, e ,O, ceey A—1
Up1(T) < k(pbhe(T, Z) + 1)
'Uth”g(i‘, 2) < vpeh,t(:i, 2) +1
Y1(Z) = p - (nonzero N-th power) with N =k - My, k4
Ens(Z,2) = p - (nonzero M-th power) with M = 1, g

8. Each node labelled by

Or0(Z) —Zp5(T,2) = p-(nonzero n-th power)

has children labelled by each one of the following conditions

Vpre(Z) > k(j +vp=n,s(Z,2)) forallj=—-A+1,...,0,..., A
Vpr(T) < k(j 4+ vpZ2hs(T,2)) forallj=—A\...,0,...,A—1
V44(Z) = p - (nonzero N-th power) with N =k - Iem(n, My, p12))
Ens(T, 2) = p - (nonzero M-th power) with M = Iem(n, m, ji2x)
%H)k—l(;(;;g) = p - (nonzero n-th power).

The last structure that will be needed is the set F,. of conditions with respect
to which a decomposition has to be carried out at the r-th level. It is defined
in terms of the set F,,;. Each condition is represented by a pair (f,n) for
the power condition f(Z,y) = p - (nonzero n-th power). Remember that the
valuation conditions are just specific power conditions, by the definability of
the valuation in the language with only one sort.

DEFINITION 5.4. (F,) For each pair (f,n) € F,41 the set F, contains:

(For DECOMPOSITION?:)

o the conditions labelling the leaves of the csa-trees whose roots are labelled
by the conditions in the support sets of each condition in F,,, of the form
f(z,y) = p- (nonzero n-th power);

2This comment and the following will become meaningful later.



27

(For SIMPLIFY and SAMPLE:)

o for each quadruple (21, =2, 23, E4) of roots of functions appearing in F, 1,
the conditions labelling the leaves of the csa-trees whose roots are labelled
respectively by

o for each pair (21, Z5) of roots of functions appearing in F,1, the condi-
tions labelling the leaves of the csa-trees whose roots are labelled by

=1 — Z9 = p - (nonzero v-th power)
with v = magy, and p = lem(n, mag1, Mae,42);

o for each pair (Z1,Z5) of roots of functions, and for each of §-functions
appearing in F,..1 and for alli = —\,... .0 andi1 =eq+1,...,e4+ A\, and
for all j = —\, ..., 2\, the conditions labelling the leaves of the csa-trees
whose roots are labelled by

0p(E1 — Z0) + j < 0,0(E) + i;

o for each pair (01,0) of O-functions appearing in F, .1, and for each i,j =
—\,...,0and 1,5 =eqg+1,...,eq+ X\ the conditions labelling the leaves
of the csa-trees whose roots are labelled by

01 +1i <60+ 7.

6. The algorithm

The algorithm takes in input a sentence

<Q1x1> e (QDIMSPJJDIMSP)Qb(xb ce. 7xDIMSP)7

where ¢ is a boolean combination of atomic formulae and each @); is either V
or d. It outputs a quantifier free formula equivalent to the input sentence in
the theory Th(Q,).

The dimension of the space is DIMSP.

For each r, the set SAMPLEPOINTS, will contain the first r coordinates of
the sample points computed. For uniformity, the set SAMPLEPOINTS, is also
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defined as the set containing the single element 0, which (again for uniformity)
will be considered to be a tuple of length 0.

Since so far when discussing a generic stage of the algorithm the focus was
on the (r 4 1)-st variable, the outer loop in the algorithm has r ranging from 0
to DIMSP—1, and in the 7-th loop the (r+1)-st variable is under consideration.

The inner recursion is implemented using the sets Call’ +1- These sets help

manage the recursive calls to DECOMPOSITION. Each 5-tuple
(f,n, VAR, CELL, e;_1)

in Call’, | specifies the condition (f,n) with respect to which the space must be
decomposed, keeps track of the changes of variable that have been performed
so far on the (r + 1)-st variable (through VAR), of the cell definition attained
so far and that has to be further decomposed while working on the (d — J)-st
derivative of f (through CELL), and of the value of the parameter e;_; (recall
its recursive definition).

For each J = 1,..., max{d|d = degree off € F,.,1}, the variables CAD;
are used to memorize the definition of the r 4 1-st dimension of the cells. The
variable CAD will eventually hold the global definition of the cells in which
Q™ is partitioned.

Algorithm: QuantifElim

Input: a sentence ® = ((Q121) ... (QpsrTDiuse)P(T1, - - -, Tpwsp)) Where ¢ is
a boolean combination of atomic formulae and each @); is either V or 3.

Output: a quantifier free formula QFFORMULA equivalent to the input sentence
in the theory Th(Q,).
Description:

o Let n = lem{m| the predicate P,, appears in some atomic formula in ¢}.

o F =INIT(¢, n).

o

Let A = 2v,n + 1.

O

Let SAMPLEPOINTS, = {0}.

For r = 0 to DiMSP — 1 do:

@)

For each r-tuple zo € SAMPLEPOINTS,. do:
* Let Caui—f—l = {(fv Ny, Tyt 17 O)‘(Lﬂ n) € ~F;“-i-l}
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« Let M = max{d|d = degree off € F,;1},

x Foreach J=2,..., M,
let Call! , = 0.

* Let CNT = 0.

* For J =1 to M do:
For each 5-tuple T € Call/,
call DECOMPOSITION(J, T').

* For J =0 to CNT
let CAD; = SIMPLIFY(CADy).

x Let Cap = U5 CAD,.

« Let CAD =SIMPLIFY(CAD).

*

Let SAMPLEPOINTS, ;3 =SAMPLE(CAD, %)

o Let QFForMULA = EVALUATE(®, SAMPLEPOINTSp,ysp)

o Output QFFoOrRMULA

Procedure: INIT

Input: a formula ¢ and a positive integer n which is the least common multiple
of the integers m such that a predicate P, appears in ¢.

Output: sets F, (r =1,...,DIMSP) such that Fpysp contains for each atomic
formula in ¢ a power condition that implies it, and for all other r, F, is obtained
from Fpysp according to Definition 5.4.

Description:

o Let Fpse = {(fi,n)|fi is a polynomial appearing
in some atomic formula in ¢}.

o For r = DIMSP — 1 downto 1 define F,., according to Definition 5.4.
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Procedure: DECOMPOSITION

Input: the pair (J,T') where J defines the step of the inner recursion and 7 is
a 5-tuple from Call’,, (see the initial part of this section).

Output: if J is smaller than f’s degree, the output is Callfjfll, otherwise the
output is CADcyy (the definition of the (r 4 1)-st dimension of the cell).

Description:

1. Let y = VAR. Perform a change of variable: write f(Z, z,41) as a function
of y = VAR.
Let d be the degree of f.

2. For each pair (4,j) (i,j € {0,...,d}) and for each s € {0,...,i —j — 1}
and p € Ay, for Ny = (i — j)p**~9(p — 1), of indexes of monomials of
=9 define 0;;(z).

3. Let ey = vpip +ey-1.
4. Define the (r 4 1)-st dimension of the space decomposition as follows:

(a) For each ig, and p € A, define the following cells:

; A
CELL&O) = CELLA N\ vpb,;(Z) — vy > { w A
o —J

Jj<io

A /\ Vi (Z) — vpy < { A -‘ A

j>io 0 — ]
A y = p- (nonzero n-th power)

(b) For each s = 1,..., A — 1, pair (ip,j) and 0 € Ay with N = m,,
define the following cells:

CELLgioj) = CELL A v,y = v,0;,;(T) — { i -‘ A
o —J
A /\ Upgioj(j) < Upgioh(j) A
h<ig
AN\ Vligh(T) < vpi0j(T) A

h>ig
y = o - (nonzero N-th power)

(c) For each pair (7,j) and 0 € Ay with N = mg,, 1, such that

f(2,6(T)a) < 2e5 + vp(ai, (7)0;(7)),
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define the following cells:

CELL®) = CELL A vpy = v,0;(Z)A
Ay = o - (nonzero N-th power)

(d) For each pair (i,7), p € A, and 0 € Ay with N = my,, 41, such that
F(@,02)0) = 265 + vy ai, ()0 (7).
define the following cells:

CeLLY? = CELL A vy = Ui (Z)A
A p(y — &i(7)035(T)) = vpbi5(T) + 5 + A A
Ny —&;(2)0;;(Z) = p- (nonzero n-th power) A
Ay = o - (nonzero N-th power)

where &;;(Z) is defined by
f(i,fu(i)ew(i')) =0 A &](f) = o0 mod p2e"+1

(by Hensel’s Lemma it is well defined).

(e) For each pair (i, 7), for each p € Ay, with M = lem(my,q,n) for
each 0 € Ay with N = may,, 41, such that

f<j’ Q(ZE)O—) > 2e; + vp(aio(j)eij(j))v
and for s =0,..., A — 2 define the following cells:

CELLES) = CELL A v,y = 0,0,;;(Z) A
Ay = o - (nonzero N-th power) A
AN p(y — &i(7)0:5(T)) = vp0i5(T) + 5+ s+ 1A
Ny —&;(Z)0;;(Z) = p - (nonzero M-th power)

where &;;(Z) is defined as in the previous Item.

5. Expand y as VAR in the cell-defining conditions.

6. If J <d do:

(a) For each cell defined in 4a. set
Call/t! = Call/+ U{(f, n, VAR, CELL{®, 0)}.
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(b) For each cell defined in 4b. set

Call/f! = Callf! U{(f,n, VAR, CELL() 0)}.
(c) For each cell defined in 4c. set

Call” ! = Call/}}! U{(f,n, VAR, CELL®) 2¢,)}.
(d) For each cell defined in 4d. set

VAR = VAR — &;;(7)0;;(Z)

Call/t! = Call”tL U{(f,n, VAR, CELLYY 0)}.
(e) For each cell defined in 4e. set

VAR = VAR — &;;(7)0;;(Z)

Call/t! = Call”tL U{(f,n, VAR, CELLY? 0)}.

7. else, if J = d, do:

o CNT = CONT + 1.

o CADeyy = UCELLY® U UJCELLI) U
UUCELL® UUCELLYY U UCELL{?.

Procedure: SIMPLIFY

Input: the (r+1)-st dimension SETOFCELLS of a decomposition in cells of the
space.

Output: an equivalent decomposition SETOFCELLS in which each cell is defined
by a single power condition and a single valuation condition.

Description:

o Let I =0.
For each center £(z) of some cell in SETOFCELLS

— let CENTER[I] = £(Z);
— I =1+1.

o Let BOUNDARIES = {«a(Z)| such that v,a(Z) is in a condition for some
cell
in SETOFCELLS} U { CENTER/[i] — CENTER[j]|i < j}.

o Let N =lem{m| y — CENTER[I| = p - (nonzero m-th power)
appears in some cell of SETOFCELLS}.

o Let SETOrFCELLS = .
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o For each I, for each p € Ay and for each pair (i, 7) such that «;(Z) and
a;(Z) are in BOUNDARIES, let

SETOFCELLS = SETOFCELLS U
{vpai(Z) + A < vp(x,41 — CENTER[I]) < A + a;(Z)A
z;+1 — CENTER[/] = p - (nonzero N-th power) }U
{vp0;(z) + A < vp(z,41 — CENTER[I]) < 2X\ + a;(Z)A
z,+1 — CENTER[I] = p - (nonzero N-th power)}U
{v,0i(Z) + X < vy(2,41 — CENTER[I])A
z,11 — CENTER[/] = p - (nonzero N-th power)}U
{vp(z,41 — CENTER[I]) < X + o (Z)A
z,+1 — CENTER[/] = p - (nonzero N-th power)}U
{vp(x;41 — CENTER[I]) < 2\ + o (Z)A
z;41 — CENTER|[/| = p - (nonzero N-th power)}

o Return SETOFCELLS.

Procedure: SAMPLE

Input: the (r + 1)-st dimension SETOFCELLS of a decomposition in cells of
the space in which each cell is defined by a single power condition and a single
valuation condition.

Output: a set NEWPOINTS of sample points in QZH such that there is at least
one point in NEWPOINTS N C for each cell C' in the c.a.d. of Q;“.
Description:

o Let NEWPOINTS = ().
o For each cell in SETOFCELLS, of the form

V1 (Z) < vp(2,41 — CENTER[]]) < v,00(T) A

Zrp1 — &(Z) = p - (nonzero N-th power),
and for all ¢ € Ay, let

NEWPOINTS = NEWPOINTS U (219, - - . , Zr0, @1 (Zo)c + £(Z0)),
where ¢ = (10, ..., %r0)-
o For each cell in SETOFCELLS, of the form

Up(r+1 — CENTER[I]) < vpa1(Z) A

zr11 — &(Z) = p - (nonzero N-th power),
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and for all ¢ € Ay, let

NEWPOINTS = NEWPOINTS U (219, . . ., 2,0, a1(Zo)ep ™ + £(Zp)),
where Xg = (.1'10, c. ,l‘ro).
o Return NEWPOINTS.

The actual elimination of quantifiers is exactly like Collins’ for the reals.

Procedure: EVALUATE
Input: the pair (®,SAMPLEPOINTSp,ysp) Where ® is a prenex sentence

<Q1x1> . (QDIMSP$DIMSP)¢(xla S 7=TDIMSP)7

with each @); being either 3 or V, and SAMPLEPOINTSpysp is the set of sample
points of the c.a.d. of Q;“ relative to ®.

Output: a quantifier free formula QFFORMULA equivalent in the theory to the
sentence in input.

Description:

o Set
QFFORMULA = (Bl)il cee (BDIMSP)Z'DNSF,¢(61,ZH s v 7/8iD]MSP)
where for each r =1,..., DIMSP

— if @, = 3, then (B,) =V,

— if Q, =V, then (B,) = A;

and 7, ranges over the r-th coordinates of the sample points.

o Return QFFORMULA.

7. Correctness

The correctness of the algorithm depends on the correctness of the single pro-
cedures that it consists of and therefore the latter will be analyzed one by
one.

A couple of technical results are in order first.

It will be often useful to split the space in cells in each one of which some
function has a constant residue modulo p® for some «. The lemma below and
its corollary provide a useful tool to this end.
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LEMMA 7.1. For any function f(Z) : Q, — Qp, acf(Z) has constant residue
modulo p® if f(Z) is in a fixed coset of the mq-th powers, with m, = p*~! (p—1).

PROOF. Since p*~'(p — 1) is the order of the group of units of Z,/p®,
P,..(acf(z)) implies acf(Z) = 1 mod p®. Now consider any representative h of
the residue class modulo p*: P, (%@) implies acf(z) = h mod p®.

If f(z) = h-u(Z)™ for some constant h, then acf(z) = ach - ac(u(z)™).

Because of the choice of m,, u(z)™ =1 mod p* and the claim follows. O

COROLLARY 7.2. (CONSTANT RESIDUE MOD p®) For any f(Z) : Q) — Z,,
if f(z) is in a fixed coset of the m,-th powers, and v,f(z) is either always
smaller than «, or always greater than or equal to it , then f(z) has constant
residue modulo p®.

Notice that if 0 < v, f(Z) < k for some positive rational integer k, if f(Z)
has a constant residue modp***, then it is in a fixed coset of the n-th powers.

Let us now consider a root-function £(z) of some ¢(Z,t) as in Def. 4.5.

LEMMA 7.3. (CONGRUENCES AND ROOT-FUNCTIONS) Let the functions £(7)
and g(z,t) be as in Item 2 of Def. 4.5 above. The residue modulo p® of ()
depends on the residues modulo e + « of the coefficients of g(z,t) viewed as a
polynomial in t.

PROOF. Let Z,7" be such that the coefficients of g(z,t) and those of g(z’, )
are equivalent modulo p*®. The Taylor expansion of ¢g(7, ) in a neighborhood
of £(Z) computed at &(Z') is

9(z,£(2") = ¢'(7,£(2) (§(T) - £(@)) + L(@)(EE) = €(2)* + ...

The first term of the expansion has valuation smaller than the rest, since:
v,(£(7')—&(Z)) > e+1 because both £(7) and £(Z') are by hypothesis congruent
to k& modulo p**t; v,¢'(z,£(z)) < e again by hypothesis; and f;(Z) and all the

successive coefficients of the expansion take values in Z,. Therefore

vpg(Z, &(2)) = vpg' (7, £(2)) + vp(§(2") — €(2)) < e+ v, (E(2) — £(2)).

Note that, because of the hypothesis on the coefficients of g(z, t) and g(Z’, t), the
valuation of g(z, £(Z')) is not smaller than e+« and therefore v,(£(2')—£(Z)) >
a as required. O
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Therefore by splitting the r-dimensional space in cells in each of which the
coefficients of g(7,t) as a polynomial in ¢ have a constant residue modulo p**t®,
it is obtained that in each cell £(z) has a fixed residue modulo p®.

The conditions on £’s residue modulo some power of p are conditions on
the coefficients of g, i.e. on the coefficients of f and on some #-function (up to
multiplicative constants).

Let us now analyze each one of the procedures that have been presented.

LeEmMA 7.4. (DECOMPOSITION) For any r € {1,..., DIMSPACE — 1},
consider at the r-th stage of the outer recursion a call to DECOMPOSITION
with arguments J and T, where T is the 5-tuple (f,n, VAR, CELL,e;_1), J
defines the step of the inner recursion and (f,n) the power condition with
respect to which the space has to be decomposed, VAR specifies the change of
variable that has been performed at the previous stage, CELL describes the cell
of the decomposition that has to be further split, e;_q is the constant CONST
from Item 3 in Subsection 4.1.
The procedure defines the r 4+ 1-st dimension of cells in each one of which

fY9=I(F, x,,1) = p - (nonzero n-th power)

provided that the r-dimensional space has been split in cells in each one of
which the conditions in the relevant support set are satisfied.

PrROOF. The present lemma simply summarizes the results already discussed
in Section 4.1. O

LEMMA 7.5. (SIMPLIFY) Consider a call to the procedure SIMPLIF'Y with
argument the (r + 1)-st dimension SETOFCELLS of a decomposition in cells of
the space. It yields in output an equivalent decomposition in which each cell
is defined only by two conditions of the form

y — x(Z) = p - (nonzero n-th power), (7.1)
)

vpa1 (Z)010,(y — X(Z))B2vpaz()

for some constructive semialgebraic functions x(Z), a1 (z) and as(Z), and where
0, stands for < or no condition at all and Oy for < or no condition at all,
provided that the r-dimensional space has been split in cells in each one of
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which:

up(X1(Z) = x2(Z)) < vp(x3(Z) — xa(T)) + 7 with i =0, A, 2
X1(Z) — x2(Z) = p - (nonzero v-th power) with v = ms),
and 1 = lem(n, Mg, Mac, 1)
vp,(x1(Z) — x2(Z)) +J < v,0(z) +1 with j = —\, ..., 2\
and for eacht=—M\,...,0andi =eg+1,...,eq+ A;
h+i<0+7
foreachi,j=—M\,...,0and i, =eq+1,...,eq+ A,

for each quadruple of centers (x1(Z), x2(Z), x3(Z), x4(Z)) and for each triple
(0, 64,05) of O-functions appearing in the cells of SETOFCELLS.

PrOOF. The first step of the proof is to examine the problem from a theo-
retical point of view, by quickly reminding the proof from [8], p.163-164.

Let C be a cell with two centers, x1(Z) and x2(Z).
First the cell must be split into two subcells:

{(#,y) € Clxa(7) = xa2(7) }
and {(7,y) € C|x1(7) # x2(2)}.

The first of the two subcells needs no further attention. The other is to be split
according to the following cases:

1. In the subcells in which
y —xi(2)
"x2(7) — x1(7)
all conditions on y — x2(Z) can be replaced by the analogous conditions
on x2(Z) — x1(Z).
2. In the subcells in which
y —x1(7)
Uy ———————— < =,
"x2(Z) = x1(7)
y — Xx2(Z) can be replaced in all conditions by y — x1(Z).
3. In the subcells in which

(Z/ x2(7)) _
X2(Z) — xa(Z)

X2(Z) — x1(Z) can replace y — x1(Z) in all conditions.

= 0 mod p*
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4. In the subcells in which

A . _
Py =xe(@) _ oo

X2(7) — x1(7)
where a € Z,, v,a < 2\, a Z —p”* mod p** (the case a = —p* mod p**
reduces to Case 1), all conditions involving y — x1(Z) can be replaced by
conditions on p~*(x2(Z) — x1(Z))(a + p*).

The four items above cover all the possible cases, as can be checked considering
that
Py —xi(@) _ rMy—xe(@) |,
— —~ = - — +p.
X2(T) —x1(@)  x2(T) — xa(@)

Let CENTERS be the set of all centers appearing in a cell. Fix some arbitrary
order in the set appearing in a cell. Repeating the above steps subsequently
for the pair of centers (x;, Xi+1), for each i up to the cardinality of the set
(minus one), only one center eventually remains. (The reference to the pair is
not totally accurate, but is meant to be intuitive.)

The procedure SIMPLIFY takes a short cut to achieve the same goal.
Following the process closely, it can be seen that the cells obtained are
defined by conditions of the form

vp(y = X (%)) = vp(X5a () — X5 (7)) + A
vp(y = X (7)) < vp(Xia (T) = X35 (7)) + A
Uy = X(7)) < 0p(X5s(T) = X35 (7)) + 22
y — x(Z) = p - (nonzero msy-th power)

with x;, € CENTERS, and a subset of all the conditions defining the cell, all
written by substituting the old center with x(Z).

If the r-dimensional space has been decomposed so that in each cell the val-
uations of all the boundary functions (including the newly introduced (x;(z) —
Xi(Z)) + X and (x;(Z) — x:(Z)) + 2\ for all pairs of centers) are always distinct
and in a constant relation to each other (one is greater in the whole cell), all
of the above conditions involving the valuation can be substituted by a single
one of the form (7.2).

All of the other conditions can be substituted by a single one of the form
(7.1) where n is the least common multiple of all the powers appearing, since
all power conditions are on y — x(Z) for a single center x(z). O
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LEMMA 7.6. (SAMPLE) Let

X(Z) = p - (nonzero n-th power),
) <

vpal( (y — x(Z))Bupaz(7),

(where O is either < or no condition at all) and

y — x(Z) = p - (nonzero n-th power),
vp(y — x(7)) < vpaa (2),

be the definitions of the (r 4+ 1)-st dimension of cells in the set SETOFCELLS.
The procedure SAMPLE outputs a set NEWPOINTS of sample points in Q;*l
such that there is at least one point in NEWPOINTS (N C' for each cell C' in the
decomposition of Q;“, provided that the r-dimensional space has been split
in cells such that for each one of them there exists a v € A,, for which

= (@1 (5/,)[17)
holds in the cell.

PrOOF. Let zy be the first r coordinates of the sample points.

Consider the first case, i.e. v,(y — x(Z)) is bounded from below. In this case
the values for the (r + 1)-st coordinate of the sample points chosen are y, =
a1(Zo)c + x(Zo)) where ¢ € Ay. Let 4y be such that P, (a;(Z)p ') holds in
the cell. It will be proven later (see Lemma 8.1) that the coset representatives
can be chosen in N and of valuation smaller than n. Then

vp(yo — X (Zo))

Yo — X(%o) =

= vp(a (j )Y0) > vpai(Zp) and
1(Zo)v0 = p - (nonzero n-th power).

If the O stands for a <, the point belongs to the cell only if

vpa1(To) + vpY0 < Vp(asTo)

but this is a necessary and sufficient condition for the cell to be non empty (cf.
[8], p.165).

If the cell is empty and in any case for all coset representatives ¢ # g
the points picked are not in the cell. But insofar as each non empty cell is
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represented by a sample point and the complexity doesn’t increase exceedingly,
the policy is acceptable.

If on the other hand v,(y — x(Z)) is not bounded below in the cell definition,
it can still be bounded artificially, say by v,a1(Z) — n (the resulting cell is for
sure non empty in this case). Then the same argument given above proves the
correctness of the sampling procedure in this case too. O

In each one of the above lemmas appears a proviso involving conditions of
one less variable. The algorithm works properly if all those conditions appear
in the set F,.. Indeed this is not possible in general because many of those
conditions are not purely polynomial. But for each semi-algebraic condition
in the provisos, the conditions labelling the leaves of the csa-tree whose root
is labelled by that condition can (and indeed do) appear in F,. The following
lemma explains why it should be so.

LEMMA 7.7. (CSA-TREE) The leaves of a csa-tree whose root is labelled by a
semi-algebraic condition

h(z,Z,7(x)) = p - (nonzero n-th power)

for some constructive semi-algebraic function () are labelled by purely poly-
nomial semi-algebraic conditions. If the space is split in cells in each one of
which all the conditions labelling the leaves are verified, then so is in each cell
the condition labelling the root.

This statement is essentially the proof of Lemma 4.6. Its proof is obtained
by checking that for each item in the definition of a csa-tree, splitting the
space with respect to all the conditions labelling the children, yields a space
decomposition for the parent node. The finiteness of the tree follows from the
fact that the degree in each (place-holder) variable of the polynomials appearing
is decreasing down the tree (keep in mind Item 1 of the definition of csa-trees).

Thanks to the knowledge just acquired about the csa-trees, it can be directly
checked that the sets F,. are defined correctly. Notice that in the definition of
F, a hint is given as to which conditions are needed by each procedure.

The proof of correctness can be now completed:

PROPOSITION 7.8. (CORRECTNESS) The algorithm QuantifElim computes a
quantifier free formula equivalent in Th(Q,) to the formula it takes in input.

PrROOF. The lemmas above prove that each one of the procedures that the
algorithm relies on performs its duty at the (r + 1)-st stage, provided that
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some sets of conditions on r variables are satisfied by the decomposition of the
r-dimensional space. The procedure INIT defines the sets F, of conditions to
be considered at each stage in such a way that the above is guaranteed—as has
just been pointed out.

The procedure EVALUATE performs the actual elimination of quantifiers
by making use of the sample points. Its correctness is based on the “cylin-
drical” structure of the cells that allows a separate treatment of the different
coordinates of each sample point.

The correctness of the whole algorithm follows. O

8. The complexity

The complexity is analyzed by first estimating essentially the number of con-
ditions and the maximum powers occurring in the tools defined in Section 5.
Then the coefficients’ growth and the lengths of conditions and sample points
are evaluated. All the bounds thus derived are eventually used in the complex-
ity analysis of the single procedures.

Throughout, the maximum degree d of the polynomials involved appears as
a parameter. Its growth is analyzed separately in order to isolate more clearly
the complexity explosion. Indeed, the degree of the polynomials involved grow
in a non-elementary fashion thus blowing up the whole bound.

8.1. Analysis of the support structures. Let d be the maximum of the
degrees of f in each variable.

As was mentioned earlier, it is possible to establish a bound on the number
of cosets of the n-th powers, for any n:

LEMMA 8.1. (NUMBER OF COSETS) For each choice of n and p there are at
most p* cosets of the n-th powers in Q,, where A\ = 2v,n+ 1. For each coset a
representative ¢ such that v,c < A can be chosen.

PrOOF. The proof follows from Lemma 4.9, observing that any p-adic number
w can be written as a product m - u, where m is the residue of w modulo p*
and, as a consequence, u = 1 (mod p*). There are p* residues modulo p*, and
their canonical representatives have valuation smaller than A\. O

The following lemma gives an upper bound to the number of generalized
root and f-functions. It counts all the #-functions that can be defined, since
it is necessary for the correctness of the algorithm that they be all considered
when building the sets F,.



42

LEMMA 8.2. (-FUNCTIONS AND ROOTS) For a polynomial f of degree d, at

most d® -functions 0;4 and d!® (i.e. O(d®?)) generalized root-functions = can
be defined.

PrOOF. A polynomial of degree d has at most d+1 coefficients which amounts
to (d + 1)d pairs of distinct coefficients, and therefore functions v;;(Z). One
function 04 must be defined for each

- - pvpp—s
P1(Z) = i (T)——
p

where s ranges over {0, ..., i—j—1} and p over Ay, for Ny = (i—75)p* (=9 (p—1).
This means that for each t;;, at most (i — j)p***0=I+t < (i — j)% functions
0rq can be defined (cf. Lemma 8.1 for the cardinality of Ay,). Thus for a
polynomial of degree d at most (d 4+ 1) - d - d® functions 6;4 can be defined.
By the definition of generalized root functions and by the remark above on
the number of root-functions that must be considered, the generalized root-
functions are d!® (for each £ =1,...,d one 6;, must be chosen). O

A bound on the value of the constant ey that at each stage of the inner
recursion bounds the valuation of the function g} ;, must be established.

LEMMA 8.3. (es) The constant e, that bounds the valuation of the function
9} s> where gy s is built from f4=3) (cf. Section 4.1), is smaller than 2°~%s.

PROOF. The discussion in Section 4.1 amounts to the following recursive
definition of e,:

(Vpio)s if (1 had a root or
es = vpbi (Z)y" # vpb; (Z)y? ( for all 4, 7)
(ordip)s + 2es_1 otherwise

where (v,ip)s denotes here the valuation of the integer ¢ which is the index of
the monomial of minimum valuation in the cell at issue and at the s-th step of
the inner recursion.

Therefore es < ko + 2e5_1 for ko < max;—1__{vyi} and e; = 0, i.e. 5 < 25 2s.
O

On the basis of the above results rests the complexity analysis of the support
structures defined in Section 5.

LEMMA 8.4. (SUPPORT SET) The support set of a condition

f(z,y) = p- (nonzero n-th power)
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has size O((d + 1)*d'®) and the maximum power appearing in the conditions is

O(p*" - n?).

PROOF. Let us count the number of conditions in each item in the definition
of the support set. In the first item there are (d + 1)d!® conditions (one for
each choice of i and generalized root); similarly, there is the same number of
conditions in the second item; in the third one there are (d + 1)%d!®, in the
fourth 2(d + 1)3d!® and in the last one (d + 1)3d!®. The sum is O((d + 1)*d'®).
The maximum power involved is N = lemp—1,. q(hmo, hs1, AMoc 42, hn). By
the bound just derived on eq, N < lemp—i,. a(hmy,ni1, Amga-14. 5, hn);

My,n1 18 a factor of mga-141, and can be therefore disregarded in the least
common factor; p* < n?p; p — 1 < p; the least common factor is smaller than
d! - p* ' Hn? which is O(p** - n?). O

LEMMA 8.5. (LEAVES OF A CSA-TREE) A csa-tree whose root is labelled by
the polynomial form h(z,&(z)), where h(z,t) is a polynomial of degree d in t,

d d
has O((v,n)*") leaves with maximum power condition of order O(n®" p** ).

ProOOF.  The tree is finite. Indeed, each node is labelled by a polynomial
form of lesser degree than its parent in each variable (even though the number
of variables might be increasing).

In order to give a bound on the number of leaves in the tree it is sufficient
to give a bound on the depth of the tree and on the number of children that
each node can have.

Let us examine each item of the definition of a csa-tree in an omologous
enumeration.

1. Only one child.
2. Only one child.

3. O(d'®) children labelled by the conditions in the support set; d!® power
conditions and d!®d®(2A+1) valuation conditions (the latter resulting from
d!® possible generalized root-functions, d® possible #-functions, times all
the possible choices for i). The total here is O(d!®(2 + d®(2\ + 1))) =
O(d!®2)).

4. d + 7 children, d + 1 being conditions on f’s derivatives.

5. d + 6 children, here too including conditions on f’s derivatives.
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6. Same as Item 3.
7. 4\ + 7 children.

8. 4\ + 7 children.

The maximum number of children that one node can have is O(d!®)).

The children of each node are labelled by conditions on polynomial forms
which might be on more semi-algebraic functions. Up to 2d, can be added to
a polynomial form of degree d (d root-functions and d #-functions). But the
degree of the resulting polynomial forms in each one of the new functions is
strictly smaller than d. Because of this the process can be repeated at most d
times. The total count of the new variables introduced is thus

2d-2(d —1)-2(d —2)---2 = 24d!.

Each one is dealt with in at most d successive levels. Therefore the depth of
the tree is bounded by d24d!.

In order to put together the bounds on the fan-out and the depth of the
csa-tree, the growth of n, and therefore of A\, down the tree must be analyzed.
Again the proof follows the pattern of the definition of csa-trees.

1. n doesn’t change.
2. n doesn’t change.

3. In the support set n grows to O(de -n?); valuation conditions are equiv-
alent to power residue conditions with power 2 or 3; in the power residue
condition, n grows to O(n?p*") (this bound is derived in a way similar to
the one for the support set). Globally, n grows to O(n%p*’) here.

4. The growth is in one case to me,12, in the other to k - mgc,+; that is

O(p*'n).
5. n grows to lem(n, me,13x) and to k - mae,yoy; i-e. O(p*'n?) .
6. Same as Item 3.
7. n grows to k - my iy this is O(d?n).

8. n grows to k - lem(n, my, ki2x); the order of growth is here O(d*n).
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The powers involved in the conditions labelling the children of a node whose
condition is on the n-th powers is O(n2p2d). This implies that through a depth

d d d d
of d2%d!, n increases to O(n?” p*'?" ) which is also O(n?" p** ).

The number of leaves of a tree of fan-out w and depth h is w"~!. The leaves
of the csa-tree are O((2'v,n + 22°)2") which is O((v,n)?"). O

LEMMA 8.6. (POWER CONDITIONS IN SETS F,.) If n is the maximum power
d

appearing in JF,.,1, then the maximum power appearing in JF, is O(n22 p22 ).

PROOF. The proof will follow the structure of the definition of sets F,:

o The maximum power in the conditions in the support set is O(p?" - n2).

o The valuation conditions are conditions on the 2" or 3'¢ power residue,
depending on p.

o Here the power is mg3y, and p = lem(n, myy1, Moe, 1) is the highest power
involved in conditions labelling roots of csa-tree and it is O(n2p*").

o The conditions are on 2™ or 3' power residues.
o Again the conditions are on 2" or 3'4 power residues.

But in the sets F, there are the leaves of the csa-tree labelled by them. There-
d d
fore by the preceding lemma, the power grows to O(n22 p? ). O

At this point the maximum n involved in the power condition depending
from the input can be computed.

COROLLARY 8.7. (Nna:) Let N be the power in the conditions in Fpuysp. Then
the algorithm will have to deal at most with n,,.,-th power residues, where

o = O((pN)*")
PROOF. Considering that the growth of n proven in the lemma above is
repeated DIMSP times, the result is obtained. O
The above allows to infer that
COROLLARY 8.8. (SUPPORT SET) Let N be the power in the conditions in

Fpmsp- Then the conditions in the support set are at most on the n,,q.-th
power residues.
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and that

COROLLARY 8.9. (LEAVES OF THE CSA-TREE) If N is the power in the con-
ditions in Fpmgpe, csa-trees have at most O(22dDIMSP(va)2d) leaves and the
conditions labelling them are at most on the p-th power residues, for y =

dpvsp
O((pN)* ™).
The analysis of the sets F,. is not complete yet.

LEMMA 8.10. (NUMBER OF CSA-TREES IN F,.) If N is the power appearing
in the conditions in Fpuwsp, then the leaves of O(22dDIMSPva) csa-trees are in
F.

ProOF. Let u = O((pN)deDmsp), the greatest power that can appear. Once
again the proof follows the pattern of the definition (of a set F,.) for the sake
of clarity. In each item the number of csa-trees appearing in the corresponding
item of the definition is estimated.

o O(d!®) from the support set.

o Three csa-trees for each quadruple of generalized root functions. By the
lemma on the root-functions, this amounts to 3 - d!32.

o One csa-tree for each pair of root-funtions: in total d!'S.

o At most 0(6)\/3) csa-trees for each pair of root-functions and for each
product of f-functions: in total O(6A%d!"°).

o At most 4)\? csa-trees for each pair of f-functions: in total 4\%d".

The number of csa-trees whose leaves are in F, is thus
3242 2¢D1MS 2d
O(d"™*N\,) = O(27 7" (v,N)™).0

Multiplying the number of csa-trees times the number of leaves for each tree
it can be concluded that for each condition in F,,; the number of conditions
in F, is

dD 1S d
0(22 M P(UPN)Q )

LEMMA 8.11. (S1ZE OF F,) If Fpse has cardinality k and N is the power in
the conditions in Fpuwsp, then F, has

O(QQdDIMSPQ (UPN)QdDIMSP . /{2)

elements for each r.
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PrROOF. By the above lemma Fpysp_1 has cardinality O(22dD”’ISP(va)2d k),
and repeating the argument DIMSP times, F; has

0(22dD1MSP2 (,UpN)QdDIMSP . k)

elements and all F, have less. O

8.2. Lengths. The definitions of root and #-functions require the use of aux-
iliary free variables. It is assumed that variables are represented in the language
of the theory using binary subscripts to a single symbol, say x. If NOVAR is the
number of auxiliary free variables needed, the length of each one is bounded
by log, NOVAR.

LEMMA 8.12. (INNER LOOP: COEFFICIENTS’ GROWTH) Let the length of the
coefficients of the polynomial f of degree d be bounded by |coeff|. Through the
inner loop of the algorithm, coefficients grow at most to

O(d%|coeft] + d*log, NOVAR).

PROOF.  Let |coeff| be the maximum length of f’s coefficients. The length
of a f-function of f is O(2|coeff| + dlog, NOVAR); this bound is derived by
estimating the length of each element in the definition of a f-function (Def. 4.5
Item 3).

If a root function is defined as the function £ such that

[(2.6@)0@) =0 A v(€ —h) = eq+ 1

the length of the definition is O(d|coeff|+d? logy NOVAR+2log,(eq+1)+16]) =
O(d|coeft| + d?log, NOVAR) (where |6] is the length of the definition of a 6-
function).

Once a root has been detected a change of variable must be performed. The new
coefficients are f@(z,&(7)0(z)). Each coefficient of the i-th partial derivative
is at most log,(d!) = O(d) times longer than a coefficient of f. Computing
the derivative at £(Z)0(7), the length of the resulting function is O(d?|coeff| +
d*log, NOVAR + [¢] + ]6]), where €] and |0] are the lengths of the definitions
of root and #-functions. This yields a bound O(d?|coeff| + d? log, NOVAR) for
the coefficients.

Since in an inner loop the above can be repeated d times the coefficients can
grow to O(d%|coeff| + d?log, NOVAR). O

From the proof above the maximum lengths of the definitions of #-functions
and root-functions can be computed:
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COROLLARY 8.13. (|0 AND [£|) Let |coeff] be the maximum length of the co-
efficients of a polynomial f. The maximum length of a definition of a #-function
in an execution of an inner loop on f is O(d?|coeff]+d?log, NOVAR). The same
bound holds for definitions of root-functions.

The corollary is useful for computing a bound for the length of generalized
root functions. A generalized root-function =, is expressed via at most ¢
root functions and ¢ f-functions. Its length is at most O(2d - d?|coeff| + 2d -
d?log, NOVAR).

The bounds above are implicitly used in the proof of the following lemma.

LEMMA 8.14. (CSA-TREE: GROWTH OF COEFFICIENTS) Assume that |coefi]
bounds the length of the coefficients of the polynomials h, f and f, appearing in
the definition of a csa-tree, and let d bound their degree. Let n be the power in
the label of some node. Then the longest coefficient of the polynomial forms in
the conditions labelling the children of this node has length of O(n2p2d|coeﬁ]).

PrROOF. Once again the result follows by direct inspection of the definition
of a csa-tree. The coefficients in conditions labelling children are longer than
those labelling their parent node only in a few cases: in Item 1 the growth is
by a factor O(2%); in Item 2 is by a factor n; in the last conditions of Items 4
and 5 they grow by a constant factor; in the conditions of Items 7 and 8 they
grow again by a constant factor. Since the maximum power involved grows at
most to O(n2p?") (see the proof of Lemma 8.5), the bound on the length of the
coefficients follows. O

Let in the rest of this section k be the cardinality of Fpusp, N the power
in the conditions in Fpysp, and d the maximum degree of the polynomials in
F DimSp-

LEMMA 8.15. (AUXILIARY VARIABLES) The maximum length of strings rep-
resenting auxiliary variables is

log, NOVAR = O(2/D1MSP? + 2¢D1mMSP log, (v,N) + log, k).

PrOOF. One auxiliary free variable is needed for each definition of 8 or root-
functions. For each f of degree at most d, the number of f-functions and root-
functions is O(d®).

Since at each stage of the outer recursion O(22"P™SP (y,N)2 PSP . k) functions
must be dealt with (the size of F,.), for each r O(22P™5P* (1 N)2'PMSP . 1) qux-
iliary variables are needed. Over the DIMSP stages of the outer recursion, the
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total number is obtained by multiplying times DIMSP, still obtaining something
that grows at most like 22'P™SP* (y N)2PMSP . k- The auxiliary variables add to
the DIMSP variables appearing in the sentence in input. The total number of
auxiliary variables needed is O(22'P™MSP* (4 N)2'PMSP . )

The bound about the csa-trees and the one derived for the inner loop of
the algorithm combined with the results proven about the maximum power
that the algorithm has to deal with and the maximum length of the strings
that represent auxiliary variables yield a final bound on the growth of the
coefficients.

PROPOSITION 8.16. (MAX LENGTH OF COEFFICIENTS) The length of the co-
d IMSP
efficients is O((pN)2* """ (|COBFF| + log, (ku,N))).

The bounds proven for generalized root functions and for #-functions to-
gether with the bound on the length of the representations of auxiliary variables
proves that:

LeEMMA 8.17. (LENGTH OF Zf, AND ff,) Generalized root functions and 6-
d IMSP
functions have length O((pN)* """ (|COEFF| + log, (kv,N))).

After the simplification the (r + 1)-th dimension of each cell is defined by
a pair of conditions like the following, with no boolean combinations occurring
(cf. the general form of the cells after the decomposition, as described in
Subsection 4.3).

’Upefl’gl (i’) + CONST1D1’UP($T+1 — Eft (:E))ngpefs,@ (3_3) + CONST,
y — Z50(Z) = p - (nonzero n-th power) (8.1)

where the Oy stands for either < or no condition at all and O, stands for either
< or no condition at all. Notice that this form is more general than the one in
Subsection 4.3 in the sense that here root and f-functions relative to different
polynomials can appear.

LEMMA 8.18. (LENGTH OF CELLS) The definition of each cell has length

QdDII\,LP
O((pn)* "™ (|COBFF| + log, (ku,N))).

PrROOF. Generalized root functions and #-functions have length

2dD11\L‘P
O((pn)* ™" (|COBFF| + log, (ku,N)));
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the constants appearing in the cell definitions are at most equal to 2),,, . +
eq; the integer in the power condition is bounded by 7,,q.; the length of the
representations of the variables which are bound in the formula in input is at
most log, DIMSP. Therefore the length of the r-th dimension of cell definitions

is O((pN)QQdDIMSP(|COEFF| +log,(kvyN))). There are DIMSP similar conditions,
one for each dimension of the space. The claim follows. O

The final length that needs to be estimated is the one of the definitions of
sample points.

LEMMA 8.19. (LENGTH OF SAMPLE POINTS) The length of a sample point is

O((pn)* "™ (|COBFF| 4 log, (ku,N))).

Proor. Taking into account the general form of cells (8.1), the (r+ 1)-st co-
ordinate of a sample point is defined as a function of the previous r coordinates
Zo, in the worst case as

pfyefl,fl (:Z'O)p_nc + Ef2,f2 (£0)7

where v < 2\, .+ eq, and n < Nype,. The variables xy,...,x, can be used
as auxiliary variables where necessary. By the bounds on generalized root and

f-functions and on 7,4, its length is O((pN) | COEFF|+log,(kv,N))) and
the length of the full definition of a sample point is of the same order. O

22dDIMSP (

8.3. Analysis of the procedures. As in most of the previous subsection,
let in the following k& be the cardinality of Fpsp, N the power in the conditions
in Fpusp, and d the maximum degree of the polynomials in Fppysp.

One last analysis of the definition of csa-trees yields a bound on the space
used by the procedure INIT.

LEMMA 8.20. (INIT) The procedure INIT needs at most space

O((pN)

PROOF. Again a direct inspection yields the following results about the
growth of the length of the conditions labelling the nodes of a csa-tree, when
descending from parent to child. The growth can be of three types and is to
be bounded accordingly:

22dDIMSP(

| COEFF| + log, k)).

o the length of the condition is expanded by a factor n; since the powers

)22dDI\ISP ) .

involved are no more than n,,,,, the growth factor here is O((pN ;
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o the length is increased by the length of the binary representation of some
power n; since n,,q, is the largest possible, then in this case the condition
length increases by O(22dDIMSP log(Np));

o the length is increased by addition of a number of auxiliary variables
polynomial in d; by the bound on the length of strings representing aux-
iliary variables, the addition to the length of the conditions is here of
02205 logknp)):

o the length is increased by addition of a constant number of constants not
greater than eg; since eq = O(2%72d), the increase in length is O(d).

By the bounds on the lengths of the coefficients and on n,,,., the condition
labelling the root of a generic csa-tree has length

O((pn)? ™™ (| COBFF| + log, (ku,N))).

Notice that the conditions labelling the internal nodes of a csa-tree can be
longer than those labelling the root and the leaves, because they might feature
some semi-algebraic functions that are going to disappear down the tree. By
the bounds for the growth at each level and on the depth of a csa-tree (d2%d!)
the conditions labelling the nodes have length

22dDIMSP<

O((pN) |COEFF| + logy (kvpN))).

Since a csa-tree has O(22P™S*(y,N)2") internal nodes and leaves, the procedure
d IMSP
INIT needs at most space O((pN)2* """ (|COEFF| + log, k)). O

Next comes the count of the number of cells defined by each procedure.

LeEmMA 8.21. (CeELLs FROM DECOMPOSITION) For each condition on a
polynomial of degree d that appears in F, (r = 1,...,DIMSP), the procedure

DECOMPOSITION defines O((pn)?* ™" cells

PrROOF.  Let n be the power at issue. DECOMPOSITION defines for the
(d — J)-th derivative of the polynomial at issue:

o J® cells CELLE\iO), one for each 6;,;;

o O(Jp*1)\) cells CELL™) | one for each 6;,;, s = 1,...,A—1and p € Ay,
where N = my;
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o O(J3(p*" + \)) cells CELL', one for each ;; and coset of the N-th
powers, for N = mgc,41;

o O(J%p*") cells CELL(()i/\j) one for each 60;; and coset of the N-th powers,
with N = mae,+1;

o O(J3p*p*") cells CELL{?, one for each 0ij, s = 0,...,A — 1, coset of
the N-th powers with N = mg,,4+1 and coset of the M-th powers, with
M =lem(myyq,n).

The above sums up to O(J3p*p*’).

For each cell the procedure will be called again, and so on until J = d. The
total number of calls to DECOMPOSITION on one condition in F, is thus
O(d®Bp™p*'?), the total number of cells is O(dI3p™p2*?).

22dDmSP )

Finally, since n is O((pN) , the number of cells for each condition in F,

is also O((pN)22dDIMSP). O

The total number of cells defined by DECOMPOSITION for all the condi-
dpivse . .
tions in F, is thus O((pN)2* """ k). SIMPLIFY is called in two stages: at a first

stage it is called on a family of k- - - (pN)22dDIMSP sets, each one of O<<pN)22dDmSP)
cells and obtained by executing DECOMPOSITION on one condition in F,.

d IMSP .
In the definition of each cell there are at most O((pN)* ™" valuation

d IMSP .
conditions and power conditions, and at most O((pN)2” ™) different centers.

This is seen by going once again through the procedure DECOMPOSITION,
and observing that each time a cell is defined a number of conditions linear in
d, and at most one new center are added to the definition. Since the procedure

is called O((pN)szDmsp) times on each cell, and at each call the cell definition is
expanded as said, the bound follows.

This implies that the set BOUNDARIES and the array CENTER defined in
the procedure SIMPLIFY have O((pN)22dDIMSP) elements.

The set produced at the first stage by each call to SIMPLIFY contains
O((pN)QQdDIMSP) cell definitions, five for each element of the vector of centers,
pair of elements of the set BOUNDARIES and coset representative of the n,,4.-
th powers, with 7,4, = O((pN)QQdD]MSP).

At the second stage, SIMPLIFY is called on the union of all the sets output
by the first O((pN)QQdDIMSP -k) calls to SIMPLIFY. It is a set of O((]DN)QQdDIMSP k)

cells, and the amount of centers and boundary functions that appear in the
definitions is of the same order. Therefore, in the above setting:
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LEMMA 8.22. (CeELLs FROM SIMPLIFY') The two stages of calls to the pro-
24Dise
cedure SIMPLIFY yield O((pN)® "™ - k) cells.

The procedure SAMPLE at the r-th stage, for any r, picks for each one of

d IMSP . .
the cells defined, O((pN)2* """ possible (r + 1)-st coordinates for the sample
points—one choice for each representative ¢ of n,,., power cosets.

d IMSP . d IMSP
Since O((pN)? """ k) cells have been defined, this amounts to O((pN) """ k)
total (r + 1)-st coordinates. Over the DIMSP stages of the outer recursion, a

d IMDP .
total of O((pN)PMSF2Z P by sample points are defined.

LEMMA 8.23. (SAMPLE POINTS) The algorithm defines a total of

)22dD1MSP

O((pN - k)

sample points.

THEOREM 8.24. The quantifier elimination for the theory of fields with valu-
|6l +d
ation can be obtained using p22 space, where ¢ is the sentence in input and

d is the maximum degree of the polynomials that must be treated.

Proor. The procedure INIT needs at most space
d IMSP
O((pN)> """ (|CoEFF| + log k)).

The procedure DECOMPOSITION produces a total of O((p1\1)22dm"SP k)

d IMDP .
cells. In the definition of each cell there are at most O((pN)2* ""™") valuation
conditions and power conditions. Each one has length

O((pN)22dDIMSP(
Thus, DECOMPOSITION needs O((pN)22dDIMSP - k - |COEFF|) space.

The two stages of calls to the procedure SIMPLIFY yield O((pN)ﬁdDNSP k)
cells, each one again of size

| COEFF| + logk)).

22dDIMSP (

O((pN)

The space necessary is of the same order as the space needed by the procedure
DECOMPOSITION.

|COEFF| + log k)).
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The procedure SAMPLE outputs a total of O((pN)22dDIMSP -k) sample points.
The formulae defining each one of the sample points have length

O((pn)?™™ (|CorrF| + log k).

22dDIMSP

This amounts to O((pN) -k - |COEFF|) space.
The space used by the procedure EVALUATION and the length of the

)22dT)|MSP

output is again O((pN - k - |COEFF|) because the space used up by the
definitions of sample ponts is dominant.

The space required by the algorithm is thus

O((pN)

The parameters |COEFF| and k are smaller than |¢| since COEFF must occur
in ¢ and k is the number of atomic formulae in ¢.

The length of N is at most |¢| since N is the least common multiple of the
integers appearing in the power conditions in ¢ and the length of a product is
the sum of the lengths of the single factors. Therefore N < 217!,

Similarly, DiMSP < 2/l (if the polynomials are very sparse no better bound
holds).

Some algebra yields the bound. O

22dDIMSP

-k - | COEFF|).

8.4. The explosion. Let d be the maximum degree of the polynomials in
the conditions in F,,;. The maximum degree of polynomials in the conditions
in F, is (2%). This is due to the way constructive semi-algebraic functions are
treated.

Let us show that F, contains at least one polynomial for whose degree the
lower bound claimed applies. Indeed splitting the space in cells so that in each
cell some polynomial f in r 4+ 1 variables and of degree d in the last one is
in the fixed coset of the n-th powers, for some n, requires that the conditions
in the relevant support set be treated first. Among these conditions there are
some of the form

F9(z,Z;4(z)) = p - (nonzero N-th power)
for some i, £ and N.

LEMMA 8.25. (GROWTH OF THE DEGREE) Let Z;4(Z) be a generalized root
function of some polynomial f of degree d; f'(Z,Z74(Z)) is a polynomial form
of degree d — 1 in =7 4(Z) (f' is f’s first derivative). Let

(%,Z44(x)) = p - (nonzero n-th power)
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be the condition labelling the root of a csa-tree. There exists some polynomial
f such that the leaves of the tree just defined are labelled by conditions of
the form a(z) = p - (nonzero N-th power) (for some suitable N) where a(Z)
are polynomials of degree Q(24* . d;), and d; is the maximum degree of the
coefficients of f seen as a polynomial in the (r + 1)-st variable.

Proor.  (For simplicity this proof is written for p # 2; but with minor and
obvious changes it can be rewritten for p = 2.) The aim is showing a path in
a csa-tree that leads to a leaf labelled by a polynomial condition that has the
claimed relation to the condition labelling the root. First the structure of an
eligible path is exposed and then it is shown that a csa-tree with such a path
exists.

One of the children of the root will be labelled by a condition of the form

0p(E1al®) = Zyas(®) < wpbpald) +1 (5.2)
for some 6, and 7 (cf. Item 3 of Def. 5.3), where
E}4_1(7) is a simple root of f’ (8.3)

such that
Er.a(Z) is not a root of f(Z,t — =}, 4(T)). (8.4)

This node, in turn, has a child labelled by
. ( S (#.57a01(2) — 304 ()

| I _ — _
I (I, Efa-1(T) — :f,d—l(x))

(cf. Item 4 of Def. 5.3). The latter label can be rewritten as

KU

) < vplha(T) + 1 (8.5)

hi(2,Z% 4 1(Z),Zr4-1(T)) = p - (nonzero square). (8.6)

Some of the children of this node will be labelled by power conditions on the
coefficients of Zf41(7) in the polynomial form above. Let hao(z,Z%, (7)) be
the coefficient of the degree 0 term. Notice that the maximum degree of the
coefficents coeff;(7) of =}, ,(7) in it is at least twice the maximum degree
of the coefficients of y in f(z,y). Indeed consider that writing (8.5) in the
form (8.6) involves squaring both the left and the right hand side of (8.5)—see
the remarks about the definability of the valuation in the pure field language,
in Section 2. Assume that hs(Z,y) has degree d — 2 in y (if necessary after
Euclidean division).



o6

Suppose that hy has a root =, 4—2. One of the children of this node is going
to be labelled by a condition of the form

UP(E},d—1<j:) - Ehz,d—2(‘/f)) < Upghmt(j) +1

for some 6y, and i.

Let us consider the whole path from the root to the leaves obtained repeating
the above pattern: each node labelled by a power condition is followed by one
with a label of the form (8.2) which in turn is followed by a node labelled
by a condition of the form (8.5); this last node must again be followed in the
path by a node labelled by a condition on the coefficients of the polynomial in
its own parent node, which closes the cycle, being again a node labelled by a
power condition. We also request that conditions analogous to (8.3) and (8.4)
be always verified down the path.

Since in general before each node labelled by something like (8.2) a Eu-
clidean division is necessary to reduce the degree of the polynomial at issue,
the pattern described actually consists of four nodes.

The coefficients (analogous to the above) coeff;(Z) in the nodes labelled by
power conditions are polynomial forms in the coefficients of f and, every second
repetition of the pattern in the path, their degree is doubled.

The path has length 4d since at each repetition of the pattern the degree of
the polynomials involved decreases exactly by one. Such path leads to a leaf
labelled by a polynomial in Z whose degree is Q(2%2-d;) since every eight levels
the degree is doubled.

It remains to prove that there exists a semi-algebraic condition such that
its csa-tree contains a path like the one described above.

Since all possible root-functions of a polynomial must appear in the csa-tree,
a path of the form of the one described exists in any csa-tree. It must be proven
that one with length 4d exists, i.e. that at each Euclidean division the degree
is decreased exactly by one.

The conditions constraining the decrease of the degree of the polynomials
involved down the path are polynomial inequalities each requiring that some
(not identically zero) polynomial form in the coefficients of f be nonzero. The
system consisting of these inequalities has at least one solution.

It might be worth repeating here that the strategy chosen in building a
csa-tree has no influence on the dimensions of the structure. O

One would be tempted to blame the complexity explosion on the choice of a
very simple language and to add, for instance, a symbol for the valuation, to fix
the problem. But the treatment of conditions involving valuations would end
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up being essentially a rephrasing of the one presented here for the corresponding
conditions (cf. Cohen’s algorithm that, as mentioned, makes use of a very rich
language).

Moreover, note that the lower bound given by the above lemma is clearly
not optimal, since (for instance) each Euclidean division increases the degree
of the coefficients as well.

If the maximum degree of polynomials in the conditions in F, is an expo-
nential in the maximum degree of the polynomials in the conditions in F, 1,
the maximum exponent of the polynomials that the algorithm must deal with
is a tower of exponentials whose height depends on the dimension of the space.

Therefore

THEOREM 8.26. The algorithm QuantifElim is non-elementary:.

9. Conclusions: comparing the real and the p-adic case

It is now interesting taking a look at the real case to try and understand why
the cylindric algebraic decomposition fails to give an elementary algorithm for
Th(Q,).

First, it will be of help giving a brief intuitive summary from [7] of what is
relevant to this discussion.

In Collins’ algorithm the analogue of the sets F, are the (augmented) pro-
jections. The projection and augmented projection of a set of polynomials A in
r + 1 variables is obtained through quite standard polynomial manipulations.
The operations involve taking the coefficients of the polynomials seen as poly-
nomials in the (r 4 1)-st variable, taking reducta of the same polynomials (the
n-th reductum is obtained by deleting the » non null terms of higher degree
in the polynomial), taking principal subresultant coefficients of some Sylvester
matrix, taking derivatives ([7], pp. 142 and 144). No structure similar to a
csa-tree is needed.

Decomposing the space in cells in each of which every polynomial in the
(augmented) projection of the set A is in a fixed coset of the squares is sufficient
to ensure that in each cell all root functions for the polynomials in A exist,
are continuous and the realvalued ones are pairwise distinct at each point ([7],
Thms. 5 and 6). The roots themselves are then approximated via a procedure
(ISOL) based on Sturm’s theorem ([7], p. 148).

Now, turning to Th(Q,), the sets F, are a lot more complicated. Tracing
back the reason why csa-trees appear in their definition, it can be seen that it
depends on the way roots are approximated in the p-adic case.
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The only tool here is Hensel’s lemma, less powerful than Sturm’s theorem
and restrictive in that it works only for polynomials with integral coefficients.
Moreover it requires a bound on the valuation of the derivative. This condition
not only implies the absence of double roots, a requirement also in the real
case, but it is stronger than that.

It leads to a systematical separation of the valuation part (via the 6 func-
tions) from the angular component; but more crucially it implies changes of
variables at each stage of the inner recursion to get the roots out of the way.

Both in the real and in the p-adic case it is necessary to build recursively
a c.a.d. for the coefficients of the polynomial inspected. But after a change
of variable occurs, in the algorithm for Th(Q,), the coefficients of the original
polynomial in r + 1 variables are no longer purely polynomials in r variables,
but polynomial forms in generalized root functions.

Building a c.a.d. for these functions is no longer straightforward. It requires
first determining sets of purely algebraic conditions equivalent to each one of the
conditions on the semi-algebraic functions at issue. In other terms, each semi-
algebraic condition is to be replaced in the set JF, by those conditions that label
the leaves of the csa-tree whose root is labelled by that semi-algebraic condition.
And the previous section shows that the complexity explosion occurs because
of this.

It is not surprising that difficulties in the p-adic case appear, where the
real case benefits by its nicer topological properties, and makes use of Sturm’s
theorem.

Apologies. 1In [9] a double exponential space upper bound for the complexity
of Th(Q,) was claimed, via the algorithm discussed here. The subsequent reor-
ganization of the algorithm exposed the complexity explosion. Notice, though,
that the mentioned reorganization is not responsible for the non elementariety
itself.
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