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1 Introduction

Complexity theory over the real numbers developed quickly after the foundational
paper [6] by L. Blum, M. Shub, and S. Smale. Complexity classes other than Py and
NPr were introduced (e.g., in [11, 14, 15]), completeness results were proven (e.g.,
in [11, 22, 29]), separations were obtained [14, 21], machine-independent character-
izations of complexity classes were exhibited [8, 19, 23], ....

There are two points in this development which we would like to stress. First,
all the considered complexity classes were natural versions over the real numbers of
existing complexity classes in the classical setting. Second, the catalogue of com-
pleteness results is disappointingly small. For a given semialgebraic set S C R”, de-
ciding whether a point in R” belongs to S is Pr-complete [22], deciding whether
S is nonempty (or nonconvex, or of dimension at least d for a given d € N) is
NPgr-complete [6, 20, 29], and computing its Euler—Yao characteristic is FP%PR—
complete [11]. That is, essentially, all.

Yet, there are plenty of natural problems involving semialgebraic sets: computing
local dimensions, deciding denseness, closedness, unboundedness, . ... Consider, for
instance, the latter. We can express that S is unbounded by

VK cRAx eR*"(x € SA ||x]| = K). 1)

Properties describable with expressions like this one are common in classical com-
plexity theory and in recursive function theory. Extending an idea by Kleene [26]
for the latter, Stockmeyer introduced in [32] the polynomial time hierarchy which is
built on top of NP and coNP in a natural way.! Recall a set S is in NP when there is
a polynomial time decidable relation R such that, for every x € {0, 1}*,

xeS = 3ye{0, 110 Ry y).

The class coNP is defined replacing 3 by V. Classes in the polynomial hierarchy
are then defined by allowing the quantifiers 3 and V to alternate (with a bounded
number of alternations). If there are k alternations of quantifiers, we obtain the classes
TA+1 (if the first quantifier is 3) and TTFH! (if the first quantifier is V). Note that
! = NP and IT' = coNP. The definition of these classes over R is straightforward [5,
Chap. 21].

It thus follows from (1) that deciding unboundedness is in IT%, the universal sec-
ond level of the polynomial hierarchy over R. On the other hand, it is easy to prove
that this problem is NPr-hard. But we do not have completeness for any of these two
classes.

A similar situation appears for deciding denseness. We can express that S C R” is
Euclidean dense by

Vx eR"Ve>0AyeR"(ye SA|x —y|| <8),

1Throughout this paper we use a subscript R to differentiate complexity classes over R from discrete
complexity classes. To further emphasize this difference, we use sans serif to denote the latter.
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thus showing that this problem is in HI2R' But we cannot prove hardness in this class.
Actually, we cannot even manage to prove NPgr-hardness or coNPg-hardness. Yet a
similar situation occurs with closedness, which is in Hf’R since we express that § is
closed by

VxeR"3e>0Vy eR"(x g€SAlx—yll<e=ygS9),

but the best hardness result we can prove is cONPgr-hardness. It would seem that the
landscape of complexity classes between Pr and the third level of the polynomial
hierarchy (cf. Fig. 1) is not enough to capture the complexity of the problems above.

A main goal of this paper is to show that the two features we pointed out earlier
namely, a theory uniquely based upon real versions of classical complexity classes,
and a certain scarcity of completeness results, are not unrelated. We shall define a
number of complexity classes lying in between the ones in Fig. 1 above. These new
classes will allow us to determine the complexity of some of the problems we men-
tioned (and of others we didn’t mention) or, in some cases, to decrease the gap be-
tween their lower and upper complexity bounds as we know them today.

A remarkable feature of these classes is that, as with the classes in the polynomial
hierarchy, they are defined using quantifiers which act as operators on complexity
classes. The properties of these operators naturally become an object of study for
us. Thus, another goal of this paper is to provide some structural results for these
operators.

We next define the operators we will deal with in this paper. We denote by R* the
disjoint union | |, R”. If x € R” C R* we define its size to be |x| =n.

Our first new quantifier, H, captures the notion of “for all sufficiently small num-
bers” and defines an operator of complexity classes as follows.

Definition 1.1 Let C be a complexity class of decision problems. We say that a set A
belongs to HC if there exists B C R x R, B € C, such that, for all x € R*,

xeA << Ju>0Vee(O,n)(ex)eB.
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The quantifiers V* and 3* capture the notions of “for almost all points” and “for
sufficiently many points” in a specific sense. They were first introduced by Koiran
in [29].

Definition 1.2 Let C be a complexity class of decision problems. We say that a set A
belongs to V*C if there exist a polynomial p and a set B C R*® x R*, B € C, such
that, for all x € R*°,

xeA <= dim{zeR?"D|(z,x)¢ B} < p(x).

If C is a complexity class we denote by C° the class of its complements, i.e., the class
of all sets A such that A€ € C. We define I*C = (V*C°)*.

We note that A belongs to 3*C if and only if there exist a polynomial p and a set
B CR*® x R*, B €, such that, for all x € R,

xeA < dim{zeR?FD|(z,x)e B} =px).

Using these operators we may define many new complexity classes. Denote the
classes in the picture above by V (for coNPr), 3 (for NPg), V3 (for Hﬂé), etc. Then,
notations such as 3*V, HV, or 3*H denote some of the newly created complexity
classes in an obvious manner. To avoid a cumbersome notation, we also write H
instead of HPr. We call the classes defined this way polynomial classes.

If C is closed under (many-one) reductions, then so are HC, V*C, and 3*C. Sec-
tion 3 shows that all these newly defined classes possess complete problems. More
importantly, Sections 4 to 7 exhibit a number of natural complete problems in these
classes (and some in the already known classes ¥ and V 3). Also in these sections, for
some problems whose complexity remains open, we narrow the gap between their
known upper and lower bounds. As we shall see, many of the membership proofs of
these completeness results possess a simplicity that follows directly from the nature
of our newly defined operators. However, some others of these membership proofs
require trickier arguments (see Sects. 6.2—6.3).

Most of the problems considered in Sects. 4 to 7 deal with semialgebraic sets (as
those mentioned before in this Introduction). But several others deal with piecewise
rational functions f:R" — R™, not necessarily total. Completeness results for this
kind of functions are, to the best of our knowledge, new.

In Sect. 9 we deal with the relationship between polynomial classes and classical
complexity theory. This is a recurrent theme in real complexity and has drawn the
attention of researches in discrete complexity.” The basic idea is the following. Let S
be a problem over R complete in a class C. A natural restriction of S is S%, the subset
of S of those inputs describable over {0, 1}* (e.g., restricting coefficients of input
polynomials to be integer). In general, proofs of completeness of a problem S in a
class C use neither real constants nor iterated multiplications. Therefore, such a proof
for S induces a completeness proof for SZ in the class BP?(C). This is the classical

2In the Foreword to [5], R. Karp writes “It is interesting to speculate as to whether the questions Pr = NPg
and P¢ = NP are related to each other and to the classical P versus NP question.”
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complexity class obtained by restricting—for problems in C—inputs to be in {0, 1}*
and machines over R to be constant-free. In this way, all our completeness results
induce completeness results in the classical setting. While some of the classes BPY(C)
may seem somehow arcane, others are quite natural (and have been considered for a
good while) and yet some others become increasingly relevant due to the naturalness
of the problems which turn out to be complete on them.

Besides exhibiting completeness, several results deal with structural aspects of the
newly defined operators and classes. Among these are the inclusion

F*C C ¢,
and, for any polynomial class C, the equality of classical classes
BPY(HC) = BPY(0).

This latter equality allows us to exhibit a number of problems featuring a remarkable
property, namely, that while we do not know the problem S to be complete in a real
complexity class C we can nevertheless prove that S is complete in BP?(C). We say
that S has a narrow gap for C. This is a purely structural notion of a narrowness in
the gap between the best upper and lower bounds we may know for S.

Section 10 provides a summary, exhibiting both a list of problems and complexity
bounds for them, and a diagram with an enhanced view of the universe between Pr
and the third level of the polynomial hierarchy. Finally, we remark that a similar
classification has already been achieved in the so-called additive BSS model, without
the need to introduce exotic quantifiers [12, 13].

2 Preliminaries

We assume some basic knowledge on real machines and complexity as presented, for
instance, in [5, 6].

(1) We recall an algebraic circuit C over R is an acyclic directed graph where each
node has indegree 0, 1, or 2. Nodes with indegree 0 are either labeled as input nodes
or with elements of R (we shall call them constant nodes). Nodes with indegree 2
are labeled with the binary operators of R, i.e., one of {4, x, —, /}. They are called
arithmetic nodes. Nodes with indegree 1 are either sign nodes or output nodes. All the
output nodes have outdegree 0. Otherwise, there is no upper bound for the outdegree
of the other kinds of nodes. Occasionally, the nodes of an algebraic circuit will be
called gates.

An arithmetic node computes a function of its input values in an obvious manner.
Sign nodes also compute a function, namely,

1 ifx>0,
sgn(x) = 0 ifx<O.

For an algebraic circuit C, the size of C is the number of gates in C. The depth of
C is the length of the longest path from some input gate to some output gate.

@ Springer



140 Found Comput Math (2009) 9: 135-170

To a circuit C with n input gates and m output gates is associated a function
fe : R — R™. This function may not be total since divisions by zero may occur (in
which case, by convention, fe is not defined on its input).

We say that an algebraic circuit is a decision circuit if it has only one output gate
whose parent is a sign gate. Thus, a decision circuit C with n input gates computes a
function fe : R" — {0, 1}. The set decided by the circuit is

Se={xeR"| fe(x)=1}.

(2) Subsets of R" decidable by algebraic circuits are known as semialgebraic sets.
They are defined as those sets which can be written as a Boolean combination of
solution sets of polynomial inequalities {x € R" | f(x) > 0}.

Semialgebraic sets will be inputs to problems considered in this paper. They will
either be given by a Boolean combination of polynomial equalities and inequalities or
by a decision circuit. If not otherwise specified, we mean the first variant. In this case,
polynomials are encoded with the so-called dense encoding, i.e., they are represented
by the complete list of their coefficients (including zero coefficients).

Partial functions f : R” — R™ computable by algebraic circuits are known as
piecewise rational. These are the functions f for which there exists a semialgebraic
partition R"” = Sy U S; U --- U S and rational functions g; : §; - R™, i =1, ...k,
such that g; is well defined on §; and f|s, = g;. Note that f is undefined on Sy. We
will also consider piecewise rational functions as inputs to some problems. They will
be encoded by algebraic circuits.

(3) The symbols H, 3*, and V* can be considered as logical quantifiers in the theory
of the reals. If ¢(¢) is a formula with one free variable ¢, and v (x) is one with n free
variables xp, ..., x,, we define

Hep(e) = 3u > 0Ve € (0, wep(e),
V*xlﬂ(x)déf‘v’xo\?’s>05|x(||x—x0|| <s/\1/f(x)), 2)
F*x (x) = Ixpde > 0Vx(||x —x0ll <e=> I/I(X)).

The comments on these definitions, write S = {x € R" | ¥/ (x) holds}. The second line
expresses that S is Euclidean dense in RY, which is equivalent to dim(R" — §) < n.
The third line expresses the fact that S is Zariski dense, which is equivalent to
dim S = n. (For the definition and some of the properties of the Zariski topology we
refer to [24, Chap. I, §1].) Note that while H quantifies one real number ¢, the quan-
tifiers V* and 3* refer to a vector x = (xy, ..., x,) of real numbers whose length n
may be arbitrary.

The class Q10> ... Qr with Q; alternating between 3 and V is denoted by Zﬂk@
when Q) =3 and by H’I& when Q| =V. Also, Eﬂ% = H% = PRr. The family of these
classes is known as the polynomial hierarchy and its union is denoted by PHR (see [5,
Chap. 21)).

By extension we will call polynomial classes all classes of the form Q1 Q> ... Ok
with k > 0 (in the case k = 0 we mean PR) and Q; € {3,V, 3*, V¥, H}. Note that if C
is a polynomial class, then C € PHR.

(4) In the notation 3C of Definition 1.2 the prefix 3 refers to a block of existential
quantifiers. We write 3X1C to denote the fact that this block has exactly k quantifiers
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(or, equivalently, that it is of the form Ix € ]Rk). Similarly we define vIK1C. Thus, for
instance, 3! denotes a subclass of NPr where guesses are restricted to a single real
number.

(5) We close this section by recalling a completeness result. Let DIMg be the prob-
lem of, given a semialgebraic set S (given by a Boolean combination of polynomial
equalities and inequalities) and a number d € N, deciding whether dim S > d. In [29]
Koiran proved that DiMp is NPr-complete.

3 Standard Complete Problems for Polynomial Classes

The Circuit Evaluation problem CEVALR consists of deciding, given a decision cir-
cuit C with n input gates and a point a € R”, whether a € Se. It was proved in [22]
that CEVALR is Pr-complete (for parallel logarithmic time reductions). The proof of
this result extends to yield complete problems in the classes considered thus far.

Let Q1,02,...,0p-1 € {3,V,3*,V*,H} and Q, € {3*,V* H}. We define
STANDARD(Q1 Q> ... Q) to be the problem of deciding, given a decision circuit C
with ny +ny +--- +n, input gates, whether

01x1 eR" Qrxp ER”Z...QPXI, GR”I’(?(xl,...,xp) =1. 3)

Here n; = 1 whenever Q; = H.

Similarly, for Q1, Q2,...,Qp—1 € {3,¥,3*,V*,H} and O, =3F or 0, =V, we
define STANDARD(Q1Q>...Q)) to be the problems of deciding, given a polyno-
mial f inny +ny + --- +n, variables (in dense encoding), whether

O1x1 e R Qrxp e R™ .odxp e R f(xy, o xp)=0
and
Q1x1 e R" Qoxp e R" ... Vx, e R" f(x1,...,xp) #0,

respectively. From well-known arguments presented in [6, 22] the next result easily
follows.

Proposition 3.1 For all Q1,Q2,...,0, € {3,V,3%V* H} the problem
STANDARD(Q1Q2...Qp) is Q102 ... Qp-complete.

Remark 3.2 One could define STANDARD(Q1Q>... Q) asin (3) for O, € {3, V} as
well, and Proposition 3.1 would still hold. We did not do so, to follow the usual prac-
tice of further reducing (in proofs of hardness) from circuits to polynomial equalities
or inequalities whenever this is possible. In the case Q, € {3, V} this is the case since
one can add variables describing the values of the circuit nodes and quantify these
variables with 3 or V (see the mentioned hardness proofs in [6, 22]).

The standard complete problems for the classes Pr, NPR, etc., are precisely those
introduced in [6, 22]. Taking p = 0 we have STANDARD(PRr) = CEVALR. Also, the
problem STANDARD(3J) consisting of deciding whether a real polynomial f has a
real zero is what in the literature (see [5, 6, 11]) is denoted by FEASR.
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4 Piecewise Rational Functions

Besides semialgebraic sets, a natural input for machines over R are piecewise rational
functions (given by algebraic circuits). These are not necessarily total functions. We
say that C is certified to compute a total function when every division gate of C is
preceded by a sign gate making sure that the denominator of the division is not zero.
Note, however, that a circuit may compute a total function without being certified to
do so. Denote by Dom( f) the subset of R" where fe is well defined.

Consider the following problems (k > 0):

TOTALR (Totalness). Given a circuit C, decide whether fe is total.

INIR (Injectiveness). Given a circuit C, decide whether fe is injective on its do-
main.

SURIR (Surjectiveness). Given a circuit C, decide whether fe is surjective.

L1pSCHITZR (k) (Lipschitz-k). Given a circuit C, decide whether, fe is Lipschitz-k
on its domain, i.e., whether for all x, y € Dom( fe), || f(x) — f(D)I <kl|lx — y].

For these problems we have the following completeness results.

Proposition 4.1

(1) TOTALR is V-complete.

(i) INJR is V-complete.
(iii) LIPSCHITZR (k) is Y-complete.
(iv) SURIR is Y3-complete.

Proof Given x € R" one can check in polynomial time whether fe is well defined
on x. This shows that TOTALR € coNPg. To show hardness, let f € R[X1,..., X,].
We associate to f a circuit © computing, for x € R", 1/ f (x). Clearly, f € FEASR if
and only if C € TOTALR. This proves (i).

The claimed memberships in parts (ii), (iii), and (iv) are obvious. For the hardness
of INJR, consider f € R[X1, ..., X,]. We associate to f a circuit C with n + 1 input
gates and n + 1 output gates computing the following:

input x e R", z e R;
if f(x) =0 then return 0 € R™**! else return (x, z).
Clearly, f € FEASR if and only if C ¢ INJgr. This proves (ii).
For hardness of LIPSCHITZR (k) we consider again f € R[Xq, ..., X,]. We asso-

ciate to f a circuit C with n 4 1 input gates and n 4 1 output gates computing the
following:

input x e R", z e R;

if f(x) =0 then return (0, sgn(z)) € R**! else return k(x, z).

If f € FEASR, then fe is not continuous and, a fortiori, not Lipschitz-k. Otherwise,
fe = kId and, hence, C € LIPSCHITZR (k). This proves (iii).
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For hardness of SURIR consider f € R[Xy,..., X,, Y1, ..., Y;] and associate to
it a circuit @ computing the following function F : R"*"+1 — R+,

(x,z2) ifz#0,
x,y,2) > 1 (x,0) ifz=0and f(x,y)=0,
(x,1) ifz=0and f(x,y)#0.

We have Vx3yf(x, y) =0if and only if fe = F is surjective. U

Remark 4.2 One can define versions of the problems INJr, LIPSCHITZR (k), and
SURIR requiring fe to be total. Or yet one requiring C to be division-free. It follows
from the proof of Proposition 4.1 that these problems are also complete.

5 Quantifying Genericity

In this section we deal with complexity classes defined using the quantifiers V*
and 3*. A motivating theme is a series of problems related to the notion of dense-
ness. The first in the series are the following:

EADHR (Euclidean Adherence). Given a semialgebraic set S and a point x, decide
whether x belongs to the Euclidean closure S of S.

EDENSER (Euclidean Denseness). Given a decision circuit € with n input gates,
decide whether Se = R”.

ZADHR (Zariski Adherence). Given a semialgebraic set S and a point x, decide
whether x belongs to the Zariski closure S of § (recall 57 is the smallest algebraic
set containing §).

ZDENSER (Zariski Denseness). Given a decision circuit € with n input gates, de-

cide whether %Z =R".
Proposition 5.1 Both EADHR and ZADHR are 3-hard.

Proof We reduce FEASy to these problems. For f € R[X1, ..., X,], let Sy C RrHl
be the semialgebraic set defined by

(x0.x) €Sy = fM(x0.x)=0Ax0#0,

where " = xgeg(f ) f(x1/x0,...,x/x0) denotes the homogenization of f. Then
f € FEASy if and only if Sy # @ and, if this is the case, s = (0,...,0) is in the
closure (Euclidean and, a fortiori, Zariski) of Sy. O

It is customary to express denseness in terms of adherence. For instance, for
S CR?,

S € EDENSER <= Vx cR"(x,S) € EADHg

and similarly for the Zariski topology. Therefore, one would expect at least NPg-
hardness (if not Hﬁ-completeness) for EDENSER and ZDENSER. The following two
results show a quite different situation.
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Proposition 5.2 The problem EDENSER is V*-complete and the problem ZDENSER
is *-complete.

Proof For a circuit €, © € STANDARD(F*) if and only if C € ZDENSER (compare
the remarks following equation (2)). This shows the statement for ZDENSER. For
EDENSER we use the fact that a semialgebraic set S is Euclidean dense if and only if
its complement S€ is not Zariski dense. O

Corollary 5.3 3* C 3 and V* C V.

Proof The reduction in the NPr-completeness of FEASgr shown in [6] (which we
mentioned as the basic argument in the proof of Proposition 3.1) proceeds as follows.
Given an NPR problem L, it first reduces an arbitrary input z to a decision circuit C
such that z € L if and only if Se # @. Then it reduces the circuit C (say, with n input
nodes) to a polynomial f in n 4 m variables satisfying that dim Se = dim Z( f) and
x € Se if and only if 3y € R™ f(x, y) = 0. Here Z(f) denotes the set of zeros of f.

To prove that 3* C 3 we consider the following algorithm solving STANDARD(3*).
Given a circuit C, compute an f as in (the second part of) the reduction above. Then
check whether dim(Z(f)) > n. The latter can be done in NPg, see Section 2(5). [

Remark 5.4 (i) It follows from Proposition 5.2 and Corollary 5.3 that ZDENSER is
J-hard if and only if 3 = 3*. Also, EDENSER is 3-hard if and only if 3 C V*.

(i1) The proof of hardness in Proposition 5.2 does not extend to semialgebraic sets
defined via formulas (instead of circuits), since the usual way to pass from circuits
to formulas adds variables (i.e., dimension of the ambient space) but preserves the
dimension of the semialgebraic set.

(iii) It is easy to prove that 3*3* = 3* and V*V* = V*.

(iv) We will extend Corollary 5.3 in Section 8 (see Theorem 8.2 therein).

A possible reason for the unexpected “low” complexity of EDENSEpR is the fact
that we are dealing with absolute denseness, i.e., denseness in the ambient space.
Consider the following two extensions of EDENSER.

ERDr (Euclidean Relative Denseness). Given semialgebraic sets S and V, decide
whether S is included in V.

LERDR (Linearly Restricted Euclidean Relative Denseness). Given a semialge-
braic set V € R" and points ag, ay, ..., ax € R"*, decide whether ag + (ai, ..., ax)
is included in V.

It is immediate that both ERDgr and LERDg are in HHZQ. Note also that LERDg is
between EDENSER and ERDR. Indeed, EDENSEER is a special case of LERDp (take
k=n,a0=0,anda; =(0,...,1,...,0), the 1 on the ith place, fori = 1,...,n) and
LERDg a special case of ERDp (take S = ag + (a1, ..., ax)). It is an open problem
whether ERDp is Hﬁ—complete. For the intermediate problem LERDp instead, a
completeness result is easily shown.

Proposition 5.5 The problem LERDy is V*3-complete.
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Proof Membership to V*3 is easy. An input (V, ag, ..., a) is in LERDp iff
VEyi, e e Viedx(x € V A llx — (ag + yiar + - - + yra) |* < &2).

For showing hardness, we are going to reduce STANDARD(V*3) to LERDg. Consider
fx,y) =Y, fa(x)y® in the variables X1, ..., X, Y1,..., Y, with degy(f) =d
and define Vy € R 1 as the set of points satisfying

£330 =Y fa)yg y* =030 #0.

Also, let S§ € R +m+1 be the linear space {yy =0, y = 0} spanned by ap = 0, and
the ith coordinate vector a; fori =1, ..., n. We claim that V*x3yf (x, y) = 0 if and
only if Sy C V.

The “only if” part follows from the fact that, for all x € R”,

=0 = &x0eViN{x=x}

This is shown as Proposition 5.1.
For the “if” part, assume that 3*xVyf (x, y) # 0. Then, there exist x € R" and
& > 0 such that for every x in the ball B(x, &) C R" and every y € R”, f(x,y) #0.
If Sy € V_f, then there exists a point (x’, y", y,) € V such that d(x’, X) < &. Since
(x',y', ¥)) € V¢, we have y{ # 0, and, taking y, = y’/y(,, we obtain

FO 30 =" fuE =D ful) )TN = NGy ) =0

a contradiction since x’ € B(x, €). O
Corollary 5.6 The problem ERDg is in V3 and is V*3-hard.

Denseness problems also occur for piecewise rational functions. Consider the fol-
lowing:

IMAGEZDENSER (Image Zariski Dense). Given a circuit C, decide whether the
image of fe is Zariski dense.

IMAGEEDENSER (Image Euclidean Dense). Given a circuit C, decide whether the
image of fe is Euclidean dense.

DOMAINZDENSER (Domain Zariski Dense). Given a circuit G, decide whether
the domain of fe is Zariski dense.

DOMAINEDENSER (Domain Euclidean Dense). Given a circuit G, decide whether
the domain of fe is Euclidean dense.

Proposition 5.7

(i) IMAGEZDENSER is 3*3-complete.
(ii) IMAGEEDENSER is V*3-complete.
(iii) DOMAINZDENSER is 3*-complete.
(iv) DOMAINEDENSER is V*-complete.
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Proof Membership is easy in all four cases. For showing hardness in (i) and (ii),
consider a polynomial f € R[Xy, ..., X,, Y1, ..., Y] and associate to it the circuit C
computing the map

x if f(x,y) =0,
("’y)*_’{o if F(x,y) 0.

Clearly, f € STANDARD(V*3) iff the image of this map is Euclidean dense in R”. In
the same way, one shows that f € STANDARD(3*3) iff the image of fe is Zariski
dense in R".

For (iii) and (iv) consider the map associating to a decision circuit C a circuit ¢’
computing the function

x i fe(o =1,
e {1/0 if fo(x)# 1.

Then, C € STANDARD(3*) iff ' € DOMAINZDENSER and © € STANDARD(V*) iff
@’ € DOMAINEDENSER. O

6 Quantifying Infinitesimals

We now deal with some complexity classes defined via the quantifier H. A first prop-
erty of H, which will be repeatedly used in what follows, is some kind of symmetry
which makes the operator H closed by complements.

Proposition 6.1 For all formulas ¢(¢), —Hep(e) < He—p(e).

Proof By definition, —Hegp(e) < VYu > 03¢ € (0, u)—¢(e). And this happens if
and only if O is an accumulation point of the set

S={e€(0,1]]—¢p(s)}.

But S is a semialgebraic subset of R and therefore has a finite number of connected
components. It follows that =Heg(¢) if and only if 3« > 0 such that (0, «) is included
inS,ie.,

dx > 0Ve € (0, k)—¢(e).

We have thus proved —Hegp(e) < He—gp(e). O

Corollary 6.2

(i) IHY =3IV and YHI = V3.
(i) IHV* = 3IV* and VHI* = VI*.
(iii) F*HY = I*V and V*HI = v*3.
(iv) FHY* = I*V* and V*HI* = v*3*.
(v) HI < V13 and HY c 3y,
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Proof The first equality in (i) is obvious. The second follows immediately from the
first and Proposition 6.1.

Parts (ii)—(iv) follow in the same manner by noting that He is of the form Ju V*¢
or, alternatively, of the form 3*u Ve or, yet, of the form 3* V*e.

The second inclusion in part (v) is immediate from the definition of H. The first
inclusion now follows from Proposition 6.1. g

Remark 6.3 (i) Note that, unlike for 3, V, 3%, and V*, the equality of operators HH = H
is not known to be true (and, most likely, isn’t).

(i1) We believe that H is fundamentally simpler than the alternation of two quan-
tifiers. A feature suggesting this is the fact that the standard algorithms for quantifier
elimination applied to a sentence

uVe e (0, w)A(xy, ..., x0)p(e, x)

would have a much higher complexity than just applying quantifier elimination to

A(xq, ..., Xn)@(E, X)

and inspecting the resulting formula in e. We will add more on this in Remark 9.9
below.

We now consider some problems whose complexity can be better understood in
terms of classes of the form HC.

6.1 Local Topological Properties

We define:

UNBOUNDEDR (Unboundedness). Given a semialgebraic set S, is it unbounded?

LocDIMRr (Local Dimension). Given a semialgebraic set S C R”, a point x € S,
andd € N, is dim, S > d?

ISOLATEDR (Isolated). Given a semialgebraic set S € R” and a point x € R", de-
cide whether x is an isolated point of S.

EXISTISOR (Existence of isolated points). Given a semialgebraic set S C R”, de-
cide whether there exists a point x isolated in S.

Proposition 6.4 The problem UNBOUNDEDR is H3-complete.

Proof Membership follows from the fact that, for a set S, S is unbounded if and only
if

Ju > 0Ve e (0, ) Ix e R (ellx|| = 1 Ax €S).

For showing hardness, consider the auxiliary problem £ C R* consisting of, given
g €R[e, Xy, ..., X,], deciding whether

A >0Ve e (0, w)3r e (—1,1)"g(e, t1,...,1,) =0.
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We first reduce STANDARD(H3) to £. To do so, note that the existence of a root
in R" of a polynomial f is equivalent to the existence of a root in the open unit
cube (—1, 1)" for a suitable other polynomial. This is so since the mapping ¥ (1) =
A1 — 22) bijects (—1, 1) with R. Therefore, for f € R[Y, X1, ..., X»],

Hedx e R" f(s,x1,...,x,) =0 <<= Hedre(—1,1)"g(e,11,...,1,) =0,

where d; = degxi fand g eR[Y, Ty,..., T,] is given by

gletr, .= (1= (1 =) (1= 2" f (e, 0, -, W (1)

Note that we can construct g in time polynomial in the size of f (since we are repre-
senting f and g in the dense encoding, the divisions can be eliminated in polynomial
time). So the mapping f +— g indeed reduces STANDARD(H3) to L.

We now reduce £ to UNBOUNDEDR. To do so, we associate to g € R[Y, Ty, ..., T,]
the semialgebraic set

S:={0.0) eRx (=1, )" | h(y,1) =0},

where A is the polynomial defined by h(Y, T) = Y24%€r8¢(1/Y?, T). Then g € L if
and only if S is unbounded. O

Corollary 6.5 The problem EADHR is H3-complete.

Proof Membership is easy: A point s is in the closure of S if and only if
Au>0Vee (O, uw)Ix eR"(x e SA|Is — x| < &).

For hardness, we reduce UNBOUNDEDR to EADHR. To do so, recall that the inver-
sion (with respect to the unit sphere) is the following homeomorphism:

PR\ {0 > R\ {0}, x> ——.
[lx]]

If f is a polynomial of degree d in n variables we define
fr= X1 (1072 X).

Then Z(f) \ {0} =i(Z(f)\{0}) and {x e R"\ {0} | f'(x) > O} =i({x e R" \ {0} |
fx)>0}).

Now let § € R” be a semialgebraic set given by a Boolean combination of in-
equalities of the form f(x) > 0. Without loss of generality, 0 ¢ S. The set defined by
the same Boolean combination of the inequalities f’(x) > 0 and the condition x # 0
is the image i(S) of S and we have that S is unbounded if and only if O belongs to
the closure of i (S) \ {0}. O

Corollary 6.6 The problem LOCDIMR is H3-complete.
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Proof Membership follows from the equivalence
dim, S>d <<= Hedim(SNB(x,¢e))>d

and the fact that DIMr € NPR. For hardness we reduce EADHR to LoCDIMg. To
do so, consider S C R"_and x € R*. If x € S, then take S’ = R". Otherwise, let
S'=8SU{x}. Then,x € § & dim, S’ > 1. O

Corollary 6.7 The problem ISOLATEDR is HY-complete.

Proof Membership easily follows from the equivalence
x isolatedin S <<= xeSAdim,S<]l1.
Hardness follows from the equivalence
xeS <= xeS§Vvaxnotisolatedin SU {x}

which reduces EADHR to the complement of ISOLATEDR. O
Corollary 6.8 The problem EXISTISOR belongs to 3V and is HY-hard.

Proof EXISTISORr € 3HV = 3V. For hardness, we reduce [SOLATEDR to EXISTISOR.
To do so, let S € R" be semialgebraic and assume w.l.0.g. that 0,, € S (here 0,, de-
notes the origin in R"). Define S’ ¢ R"*! by

§" = ((S = {04}) X R) U {0n11}.

If 0, is an isolated point of S, then 0,4 is an isolated point (actually the only
one) of §’. Otherwise, S’ has no isolated points. Since a description of S’ can be
computed in polynomial time from a description of § it follows that ISOLATEDR <
EXISTISOR. O

6.2 Continuity

Complexity results for problems involving functions (instead of sets) and the quanti-
fier H are also of interest. Consider the following problems:

CONTR (Continuity). Given a circuit C, decide whether fe is total and continuous.

CONTEF (Continuity for Division-Free Circuits). Given a division-free circuit C,
decide whether fe is continuous.

CONTPOINT@F (Continuity at a Point for Division-Free Circuits). Given a division-
free circuit € with n input gates and a point x € R”, decide whether fe is continuous
at x.

LipSCHITZR (Lipschitz). Given a circuit C, decide whether fe is Lipschitz on its
domain, i.e., whether there exists k > 0 such that fe is Lipschitz-k.

Our main results concerning these problems are the following four propositions.
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Proposition 6.9 CONTR € HY and is V-hard.

Proof The fact that f is total can be checked in coNPg by Proposition 4.1. For r > 0,
let B(0, r) denote the closed ball of radius r and f, := f|§(0, » the restriction of f to
that ball. Then,

fr is continuous <= f, is uniformly continuous
&  HeHsVx,y € BO,r)(llx — ylloo <8 = [ f(X) = F(Mlloc < &)-
This last condition is in H>V. Since we have that
f is continuous <= Hpf1,, is continuous,

membership to H3V follows. The V-hardness follows from the reduction in the proof
of Proposition 4.1(iii). O

Proposition 6.10 LIPSCHITZR € HY and it is V-hard.

Proof Membership follows from (the proof of) Proposition 4.1(iii) (note that the
algorithm given there is uniform in k). For hardness, the reduction in Proposi-
tion 4.1(iii) does the job again. 0

A straight-line program (in short, SLP) is an algebraic circuit without sign nodes.

Lemma 6.11 Let f e R[X1, ..., X, ] be given by a division-free SLP of depth d with
constants ay, ..., ar € R whose absolute value is bounded by b > 1. Let r > 1. Then,
Jorall x,y € R" with || x|lco, |y llc <7,

[f(x) = FI = Cllx — ylloos
where C = (b + r)r2d_12(d+1)2d.

Proof Let x,y € R" such that [|x||e, [|¥]lco < 7. The polynomial F(Z) := f(y +

Z)eR[Zy,..., Z,] is given by a division-free straight-line program of depth at most
d + 1 whose constants have absolute value at most b 4 r. Write

2[1
F(2)=) FuZ°
|ae|=0

where |o| = o1 + - - - + ;. Then we have, for z € R” such that ||z]lc <7,

d_
[F(2) = FO) <Y | Fallzt|® -+ zal™ < lzlloor® "I F 1,
a0

where || F||1 = Z|a|§2" Fy. On the other hand, by [10, Lemma 4.16],

log | Fll1 < (d+ 1)2%log(b +r)
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(the statement there is for a; € Z but the proof carries over). Altogether we obtain
d d
|£ () = FOI=F(x — y) = FO)| < 7> 1@ o0y g
as claimed. O
Proposition 6.12 CONT%F € H?V and it is V-hard.

Proof Hardness for V follows, one more time, from the reduction in Proposi-
tion 4.1(iii). So it suffices to show membership to H2v.

Let f:RY — R™ be given by a division-free circuit € of depth d with constants
ai, ..., ar € R. Note that

fiscontinuous <= Vr>0 f|§(0 » is uniformly continuous.

Fix r > 0. Uniform continuity of fz ., means that

Ve >038 > 0Vx,y € BO,r)(Ix = ylloo <8 = 1/ () = fF(M o < &)

We claim that this is in turn equivalent to

HeVx, y EE(O,r)(llx — Voo < g = [1f(x) = fWlleo < 8), “

where C is as in Lemma 6.11. To prove this claim, assume that ¢ := f@(o » 1s contin-

uous. There is a semialgebraic partition B(0,r) = S;U---US » and there are polyno-
mials f1, ..., fp, computable by division-free straight-line programs of depth at most
d and using constants from {ay, ..., ax}, such that f; = ¢ on S;. By the continuity of
@ we get f; =¢ on S;. Let x, y € B(0, r). Define the function s : [0, 1] — R" given
by s(¢) :=tx 4+ (1 —t)y. Denote by [x, y] the image of s, which is a line segment.
Finally, define I; := s~ 1(S;). This yields a semialgebraic partition of the interval

[0, 11=5LU---Ul,.

Since the I; are semialgebraic, there exist points 0 =ty <t; <tr <--- <ty =1 and
integers j(1),...,j(N) e{l,..., p} such that,for 1 <i <N,

s(ti—1,4) S Sji)-
Put x; :==s(#;). Then {x;_1, x;} € Sj(). By Lemma 6.11,

N N

o) = eMlloo < D llpGxi) = (i Dlloo < D Cllxi = Xi—1lloo = Cllx = ¥lloor
i=1 i=1

since @(x;) = fji-1)(x;) and ¢(x;—1) = fji—1)(xi—1). This proves one implication
in the claim. The converse is trivial.
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Now note that condition (4) is of the type HY. Hence, the continuity of f can be
expressed as (take r = 1/p)
1 1 €
HpHe Vx,y| [lxlloo < - Alylloo < P Allx = ylloo = c= x = yllo =€ ).

An upper bound on C can be computed in polynomial time. This proves membership
in H2V. O

Proposition 6.13 CONTPOINT%F is HY-complete.

Proof Let C be a division-free circuit with n input gates and x € R". Let r = 2|x | 0o-
Denote by ¢e the function computed by C. We first show that checking whether ¢e
is continuous at x can be decided in HV.

Let d be the depth of C, let ay, ..., ax € R be its constants, and b > 1 a bound for
their absolute value. We claim that ¢¢ is continuous at x if and only if

&
du>0vVee(0,u)Vy e R”(le —Ylloo < c = llge(x) —ge (¥ loo < s>.

Here C is as in Lemma 6.11.
The “if” direction is obvious. For the “only if” direction note that there ex-

ists a semialgebraic partition R" = §; U --- U §, and polynomials fi,..., fp €
R[X1, ..., X,], computable by division-free straight-line programs of depth at most
d and using constants from {ay, ..., ax}, such that the restriction of ge to S; is f;,

fori <p.Let R={i <p|xeS;}andlet u > 0 be such that /C < r/2 and, for
all i €R, distso(x, Si) > u/C. Note that since ¢e is continuous at x, for all i € R,
fi(x) = ge(x).

Now let ¢ € (0, u) and y € R” such that ||x — y||coc < &/C. Since ¢ < u we have
lx — ylloo < u/C and, therefore, there exists i € R such that y € §;. It follows that

lloe () = peMlleo = I1fi (x) = fi(Mlleo <&,

where the last inequality is a consequence of Lemma 6.11 (which we can apply since
IVlloo < t/C + ||x|loo < 7). This proves the claim. Since C can be computed in
polynomial time, membership of CONTPOINTH%F to HY follows.

For hardness, let S € R" be semialgebraic and x € R”. We define the function f
onR" by f(y):=1if ye §—{x}and f(y) := 0 otherwise. Clearly, f is continuous
at x if and only if x ¢ S. The HV-hardness follows from Corollary 6.5. g

Remark 6.14 (i) The usual definition of continuity easily yields CONTr € VHV. But
CONTR is not H3V-complete unless H>Y C VHY. The precise complexity of CONTR
remains to be determined. Note, we cannot even show HV-hardness.

(ii) A result like Proposition 6.10 holds as well for a version of LIPSCHITZR re-
quiring fe to be total or C to be division-free (see Remark 4.2). In contrast, we do
not know whether a version of CONTR requiring fe to be continuous on its domain
is in H3V.
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6.3 Basic Semialgebraic Sets

A basic semialgebraic set is the solution set of a system of polynomial equalities and
inequalities. It thus has the form

S={f=0,h1>0,....,h,>0,81>0,...,8, >0} CR", 5)

where we assumed there is only one equality for notational simplicity. (We can always
reduce to this case by adding the squares of the equalities; actually we could even
replace f =0by f >0, — f > 0). Clearly, arbitrary semialgebraic sets can be written
as finite unions of basic semialgebraic sets.

Now consider the following problems:

BASICCLOSEDR (Closedness for Basic Semialgebraic Sets). Given a basic semi-
algebraic set S, is it closed?

BASICCOMPACTR (Compactness for Basic Semialgebraic Sets). Given a basic
semialgebraic set S, is it compact?

Our last result in this section is the following.

Theorem 6.15 The problems BASICCLOSEDR and BASICCOMPACTR are HV-
complete.

To prove membership, we will use two ideas. One is the notion of stereographic
projection and the other is a characterization of closedness for basic semialgebraic
sets (see Lemma 6.16 below).

Let SS” denote the n-dimensional unit sphere. The stereographic projection

7:S"—{0,...,0, D} SR, (x,1) >y,

given by the equations y; = x;/(1 — ¢), is a homeomorphism. In the following we
denote the “north pole” (0, ...,0,1) by NV.

For a polynomial f € R[Yy,...,Y,] the inverse image 7~ '(Z(f)) in S* \ N of
its zero set Z(f) € R”" is given by (1 — t)degf“f(%x) = 0 together with the
conditions ||x||? +¢%> =1 and ¢ < 1. If, instead of Z(f), we consider the set { f > 0}
(or {f > 0}), its preimage in S" \ {N} is given by {(1 — t)deg(f)*‘lf(ﬁx) > 0}
(or {(1 — t)dengf(%_tx) > 0}), again with the extra conditions |x||> + 72 = 1 and
t<1.

Note that if we exclude the latter condition “t < 1” we obtain the desired preimage
plus the north pole N. In particular, if § € R" is a basic semialgebraic set, both
771(S) and 71 (S) U {\} are basic semialgebraic sets.

We now focus on characterizing closedness. Let S be a basic semialgebraic set
given as in (5). Define

KS:={f=0,h1>0,....h, >0}
and, for € > 0,

Se={f=0,h1 20,...,h,>0,81>¢,...,8, > ¢}.
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Note that S; © Sy € Sfor0 <&’ <eandthat S=J,.o Se.

Lemma 6.16 Let S be a basic semialgebraic set with KS bounded. Then

Sisclosed <+ 3Je¢>085,=S.

Proof The “«<=" direction is trivial since S, is closed for all ¢ € R.
For the “=" direction, let K = K; U K, U --- U K; be the decomposition of K5
into connected components. Then

t
S=K5N{g1>0.....¢,>0} = 5.

=1

where S; := K; N{g1 >0,..., g, > 0}. Note that §; =S N K;. Hence S closed
implies S; closed for all T <7.

On the other hand, S; is open in K. Since K is connected we either have S; =0
or S; = K;. Put T := {7 | S; = K;}. Then S = | J, . K. Hence, for all t € T and
all x € K; we have min; g; (x) > 0. Since K; is compact we conclude that

&7 '= min min g;(x)
xeK; 1<i<r

is positive. Then € := min; e; is positive as well and we have S; = S. O
The proof of Theorem 6.15 follows from Lemmas 6.17 and 6.20 below.
Lemma 6.17 The problems BASICCLOSEDR and BASICCOMPACTR are in HV.

Proof We begin with BASICCLOSEDR. Note that Lemma 6.16 shows that, for basic
semialgebraic sets S with bounded K5, S is closed < He (S, = ) and the right-hand
side is in HY. So, it is enough to show we can reduce the general situation to one with
bounded K. To do so, let

S={f=0,h1 =0,...,h,>0,81>0,...,8, >0} CR".

Consider § := 7~ 1(S) U {\'} where 7 is the stereographic projection. Then, Sisa
basic semialgebraic set, it satisfies that K S is bounded, and that

SisclosedinR" <= Sisclosed in R"*!.
This shows that BASICCLOSEDR € HV. Membership of BASICCOMPACTR to HY

follows from the one of BASICCLOSEDR and that of UNBOUNDEDyR to H3 (Propo-
sition 6.4). Il

For the proof of hardness we need the following two auxiliary results.

@ Springer



Found Comput Math (2009) 9: 135-170 155

Lemma 6.18 Let T C (0, 00) x (0, 00) be a semialgebraic set given by a Boolean
combination of inequalities of polynomials of degree strictly less than d and let
(0,0) € T. Then there exists a sequence of points (t,, €,) in T such that

Proof We may assume without loss of generality that T is basic, hence given by
inequalities Ay > 0,...,h, 20,81 >0,...,8, > 0,7 > 0,6 > 0. Moreover, since
we study a local property at (0,0) and (0,0) ¢ T, we may assume without loss of
generality that ¢ = 0 and, for all i, that (0, 0) is a point on the real algebraic curve
Z(h;), which is not isolated.

By [7, §9.4], Z(h;) N B(0, p) is a disjoint union of its half-branches C;, ..., Cin,
passing through (0, 0), for sufficiently small o > 0. It is known that each C;, \ {(0, 0)}
is homeomorphic to the open interval (0, 1).

Without loss of generality, we may assume that C;,, N {e¢ = 0} is finite (otherwise,
h; vanishes on the line {¢ = 0} and, by dividing %; by an appropriate power of &, we
can remove this line from Z(h;) without altering T'). Similarly, we may assume that
Ci, N {t =0} is finite.

Thus we may choose p small enough so that C;, N{e =0} =C;, N {t =0} =
{(0,0)} for all i, u, and C;;, N Cjy, ={(0,0)} for all i, j, u, v such that C;, # Cj,.

Without loss of generality, there exist (f,&) € T N B(0, p) and i < p such that
hi(t, &) =0 (otherwise, T would be a neighborhood of (0, 0) in (0, 00)? and we were
done). Hence, (¢, ¢) € C;;, for some pu < m;. We have C;;, \ {(0,0)} € {¢ > 0} since
Ci;.\{(0, 0)} is connected and does not intersect the line {¢ = 0}. For the same reason,
Ciu \ ((0,0)} € (¢ > 0).

We claim that

Ciu \{(0,0} T. (6)

Otherwise, there is a point (t1,€1) € C;;, N {t > 0, > 0}, which is not in T. The
latter implies the existence of j # i such that 4;(t;,&1) < 0. But h;(z,¢) > 0 and
Ci \ {(0,0)} is connected. Hence there exists a point (2, &2) in C;, \ {(0, 0)} such
that 1 (f2, £2) = 0. This in turn implies that (¢, &2) € C},, for some v, hence C;;, N
Cjy # {(0,0)}. On the other hand, we have C;,, # C},. This contradicts the choice of
p and the claim is proved.

The half-branches of (real) algebraic curves can be described by means of the
Puiseux series, see [4, §13] or [9]. Hence there exists a convergent real power series
(X)) =D 4o a;x* and a positive integer N, called the ramification index, such that
(after possibly decreasing p)

Cip= {(t,(p(tl/N)) |O§t<p}.

Moreover, it is known [4] that N can be bounded by the degree of the defining equa-
tion &;, hence N <d.

Choose now a sequence #, > 0 converging to zero and put €, := (p(t]} / N). By (6),
the points (#,, €,) lie in T and we have lim,_, o sy/tv =1limy_ (p(tl}/N)/tl}/N =
ay. The assertion now follows from N < d. Il
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It will be convenient to use the notation B, := (—1, 1)" for the open unit ball
with respect to the maximum norm and to write 3B, := {x € R" | ||x||cc = 1} for its
boundary.

Lemma 6.19 There exists a constant ¢ > 0 with the following property. To f €
Rle, X1, ..., X, ] of degree d and N = (nd)" we assign the semialgebraic set

S:=1{(e,x,y) €(0,00) x (—1, 1)" xR|f(£,x)=O/\yl_[(1 —xp) =&
k=1

Then, for all f, we have

HeVx € (=1, 1)" f(e,x) #0 <<= S is closed in R"*2.

Proof For the direction “=" assume there exists i > 0 such that (e, x) # 0 for all
(¢, x) € (0, u) x By. In order to show that S is closed, consider a sequence (&, X, yy,)
in § converging to (€, x,y). Since f(e,,x,) =0, we have ¢, > u for all v and thus
€ > . On the other hand, by taking the limit, we get ?]_[Zzl (1— f%) =gV Since
€ # 0 we conclude that X € B,,. Therefore, the limit point (g, X, y) indeed lies in S.

For the direction “<” we assume that He3x € B, f (e, x) = 0. Then there ex-
ists a sequence (&, x,) € (0,00) x B, converging to some point (0, X) such that
f(ey,x,) =0 for all v. We are going to show that the sequence (y,) defined by
Yy = 81[)\] I—[Zzl(l — (xv)%)_1 converges to 0. Then the sequence (g, xy, y,) in §
converges to the point (0, x, 0), which does not lie in S and, therefore, S is not closed.

If X € B, then it is clear that y, converges to 0. Assume now that X € 9B,,. We
consider the following semialgebraic set:

Z:={(t.e.x) €(0,00) x (0,00) x B, | f(e.x)=0, t=[[(1 - x7)
k=1

defined by a conjunction of polynomial inequalities of degree at most max{2n, deg f}.
By assumption, we have (0, 0,X) € Z. Consider now the image T C (0, 00) x (0, 00)
of Z under the projection (z, €, x) > (¢, €). Then we have (0, 0) € T.

By efficient quantifier elimination, the projection 7' can be described by a Boolean
combination of polynomial inequalities of degree at most N = (ndeg f)", for some
fixed ¢ > 0, see [31, Part III].

We now apply Lemma 6.18 to obtain a sequence (t,, &), X,) in Z such that

N

. & .
lim - = lim y, =0.
V=00 f, V=00

This completes the proof. d

Lemma 6.20 The problems BASICCLOSEDR and BASICCOMPACTR are HV-hard.

Proof Lemma 6.19 allows us to reduce STANDARD(HY) to BASICCLOSEDR. Indeed,
a description of the set S in its statement can be obtained in polynomial time from a
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description of f. The exponent N is exponential in the size of f, so we should use
the sparse representation for the polynomial y [ T;_, (1 — x,f) =&V Alternatively, we
may reduce the degree N by introducing the variables z1, ..., Zlog ;v (W€ assume N is
a power of 2) and replacing y [T;_, (1 — x,f) =&V by the equalities

n
a=e, 7=z, (j=2...1gN), y[](1-x{)=2zign-

k=1

This defines a basic semialgebraic set S” homeomorphic to S which is definable, with
dense representation, in size polynomial in the size of f.

For showing hardness of BASICCOMPACTR note that, for a given basic semi-
algebraic set § € R”, S is closed if and only if S := 7~1(S) U {N} is compact.
Since a description of the basic semialgebraic set S can be obtained in polyno-
mial time from such a description for S, we see that BASICCLOSEDR reduces to
BASICCOMPACTR. O

Remark 6.21 A question naturally arising is whether Theorem 6.15 can be extended
to characterize the complexity of deciding closedness for arbitrary semialgebraic sets.
Lemma 6.20 immediately yields HV-hardness for this problem. But the characteriza-
tion in Lemma 6.16 does not extend to this case (for a counterexample, take S C R2
given by S = {x? 4+ y?> <1} U {y =0, x> < 100, x > 1} which is closed but different
from S, for all & > 0). On the other hand, noting that S is closed if and only if

Vxde > 0Vy(x €SAllx =yl <e=y&S)

shows that the problem is in YHY. While the gap between the best lower (HY) and
upper (YHY) bounds thus obtained for closedness is smaller than the one mentioned
in Section 1 (i.e., V against V3V) this is still an unsatisfactory situation.

We may also consider the problems of deciding, for an arbitrary semialgebraic
set S, whether S is compact, or whether it is open. It is not difficult to see that both
problems are polynomially equivalent to the problem of testing closedness. The gap
between HY and VHY thus also being the best we can exhibit for these problems, we
can say that the complexity of openness remains an open problem.

7 The Classes H, H*, and 3*H

We now turn our attention to classes where H is in the innermost position, e.g., H and
3*H. Consider the problem:

SOCSgr(1) (Smallest-Order Coefficient Sign). Given a division-free straight-line
program I" in one input variable X, decide whether the smallest-order coefficient of
JT (the polynomial in X computed by I') is positive.

This problem is related to several well-studied problems. For instance, if one re-
places the word “positive” by “zero” in the definition of SOCSg(1), we obtain the
one-variable version of the problem SLPOR of deciding whether the polynomial com-
puted by a straight-line program I is identically zero. This is an archetype of problem
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solvable with randomization. The corresponding problem for constant-free straight-
line programs is also called Arithmetic Circuit Identity Testing (ACIT), see [1, 25].

Proposition 7.1 The problem SOCSR(1) is H-complete for Turing reductions.

Proof Membership follows from the fact that I' € SOCSg(1) if and only if I > 0
Ve € (0, w) fr(e) > 0. The problem STANDARD(H) consisting of deciding whether,
given a decision circuit C in a single variable X, HeC(¢) = 1 is H-complete. We are
going to Turing-reduce STANDARD(H) to SOCSg (1). Without loss of generality, we
may assume that the circuit C is division-free. Recall that the node preceding the
output node of C is a sign node. Now consider an algorithm performing the compu-
tation of ¢ symbolically on an input variable X. When it reaches a sign node v it
queries SOCSg (1) with input the straight-line program corresponding to the arith-
metic computations performed by € before reaching node v (sign tests excluded).
Once the oracle query is answered, the algorithm continues the computation of C
taking that answer as outcome of the considered sign node. This is justified because
the lowest nonzero coefficient determines the result when ¢ tends to 0.

The output of this algorithm is therefore 1 if and only if HeC(¢e) = 1. |

The next problem is related to a familiar notion in geometry. When, for a set
S C R” and a linear function ¢£: R" — R, we have SN {¢ <0} =¥ and dim(S N {£ =
0}) =n — 1 we say that S is supported by the hyperplane {¢ = 0}. The problem
LocSupPR consists of deciding a local version of this notion.

LocSuprpPr (Local Support). Given a nonzero linear equation £(x) = 0 and a cir-
cuit € with n input nodes, decide whether there exists a point xg € R” and § > 0
such that Se N {€ < 0} N B(xp, ) =@ and

dim(Se N{€ >0} N{€=0}N B(xg,8) =n—1.
Proposition 7.2 The problem LOCSUPPR is I*H-complete.

Proof To prove the hardness, we define an auxiliary problem STANDARD™ (3*H)
consisting of deciding, given a circuit € with n 4+ 1 input gates, whether

T*x e R"He(C(e, x) =1 A C(—¢,x) =0).

By definition, STANDARD T (3*H) € 3*H. In addition, STANDARD™ (3*H) is I*H-
hard. Indeed, given a circuit ¢ with n + 1 input variables (¢, x1,...,Xx,) wWe can
construct in polynomial time a circuit €1 with the same input nodes doing the fol-
lowing:

if & < O return 0O, else return C (g, x)

and, clearly, G € STANDARD(3*H) if and only if €T € STANDARD ' (F*H).
Now we claim that, for a circuit € with n 4 1 input variables (e, x1, ..., x,),

C € STANDARDT (F*H) <= ({¢ =0}, @) € LOCSUPPR.
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In order to see this, suppose that ¢ € STANDARD T (3*H). Then there exist x € R”
and 6 > O such that, for all y € B(x, §), there exists p, > 0 satisfying

SeN((—uy,0) x {yh =¥ and ((0, uy) x {y}) € Se.

By the theorem on the cylindrical decomposition of semialgebraic sets (see [7, §2.3]
or [3, §5.1]), we may assume that (1, is a continuous function of y in a suitable closed
ball B(x’,4’) contained in B(x, §). By taking the minimum of w, over this closed
ball, we may therefore assume that (., can be chosen independently of y. Hence, we
obtain

C € STANDARD T (3*H)
< 3x38>03u>0(Se N ((—w,0) x Bra(x,8)) =9
A (0, w) x Bre(x,8) € Se)
& 3x38 > 0(Se N {e <0} N Bgat1((0,x),8) =0
Adim(Se N {e > 0} N {e =0} N Ba+1((0,x),8)) =n —1)
<— ({¢ =0}, @) e LocSuPPR.

The 3*H-hardness of LOCSUPPR follows from the claim.

For showing membership, let £(x) = £1x1 + €yx2 4+ --- + £,x, + ¢ be a linear
function such that, without loss of generality, £, # 0, and let C be a circuit with
n input nodes. A point x € R” is in {¢ = 0} if and only if x, = ¢(x1,...,x,—1) =
—1x1 +Laxa+ -+ €y—1x,—1 + ¢)/£,. Therefore, by the reasoning above with ¢
taking the role of ¢ and X = (xy, ..., x,—1), we have (¢, C) € LOCSUPPp if and only
if

% € R" He (C((X, o (X)) +e (i, ..., ) = IAC((X, 9(®)) —e(l1, ..., £y)) = 0)
and this shows membership. g

We noted in Remark 6.3 that, unlike for 3, V, 3%, and V*, the equality HH = H is
not known to be true. Denote by H the class HH . . . H, k times. Proposition 7.1 readily
extends to H¥. To do so, for a polynomial f = Za fo X% in the variables X1, ..., Xk,
where & = (ay, ..., o) and X* = X' --- X;*, define its smallest order coefficient
(with respect to the ordering X1 > X» > --- > Xj) to be the coefficient f“T where o
is defined by

a,’f:min{ﬂ |E|Ol1,...,ak_1f(a] ,,,,, Oék—lyﬂ)#O}’

a;:—l = mln{ﬂ | EIO[] LIRS ] Olk72f(a] ,...,(Xj(_z,ﬂ,ol;:) # 0}7

Olik = mll’l{ﬂ | f(ﬂ,o{;,...,a/’:) 75 O}

The k variables version of SOCSg(1) is the following.
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SOCSR(k) (Smallest-Order Coefficient Sign, k Variables). Given a division-free
straight-line program I' in k input variables Xi,..., X§, decide whether the
smallest-order coefficient of fr is positive.

This notion of smallest-order coefficient is at the center of the work on ordered
fields developed by Artin and Schreier [2] to solve Hilbert’s 17th problem. Consider
a (necessarily transcendental) ordered extension K; = R(«) of R. By replacing «;
by 1/a1 we may assume that «; is finite (in the sense that there exists b € R such
that || < b). The completeness of R then implies that there exists a; € R such that
ay — o is an infinitesimal (i.e., 1/(a; — «1) is not finite). By replacing o1 by a; — o
we can assume that ¢ is an infinitesimal. Repeating k times this process we obtain a
finitely generated ordered extension K = R(«q, ..., ;) of R in which, for all i <k,
«; is an infinitesimal with respect to R[aq, ..., o;—1]. We can denote this by writing
o1 >0 > > 0.

Comparing elements in K reduces to computing the sign of elements in this field,
a task which itself reduces to computing signs of elements in R[e, ..., ax]. If f is
such an element, this can be done by looking at the coefficients of f: f =0 if and
only if all its coefficients are zero and, otherwise, f > 0 if and only if its smallest-
order coefficient is positive. If f is given explicitly, its sign can then be trivially
computed. But this is not so if f is given by a (division-free) straight-line program.
In this case we have already remarked that deciding whether f = 0 is precisely the
problem SLPOR and that this problem can be solved using randomization. We now
observe that to deciding whether f > 0 amounts to deciding whether f € SOCSg (k).

The following result is proved as Proposition 7.1.

Proposition 7.3 The problem SOCSg (k) is H-complete for Turing reductions.

Remark 7.4 Let SOCSR () be the union of SOCSR (k) for k > 1. Similarly, let H® be
the class resulting from allowing a polynomial time machine to use the quantifier H
(in the same way PATR is defined by allowing a polynomial time machine to use the
quantifiers 3 and V [15]). Then, SOCSR () is H®*-complete and the hierarchy

PRCHCH CH C...CH®

collapses if and only if SOCSg (%) € H* for some k > 1.

8 Some Inclusions of Complexity Classes

Koiran [29] describes an efficient method to express generic quantifiers 3* using
instead existential quantifiers. We briefly recall this method in the following.

Recall that Fr denotes the set of first-order formulas over the language of the
theory of ordered fields with constant symbols for real numbers. Let F (u, a) € Fr be
a formula with free variables u € R® (viewed as parameters) and let a € R (viewed

as instances). Let F (u, ¥1, ..., Yk+s+2) denote the following formula derived from F':
k+s+2
JaeRMIe>0 N Fu.a+ey). (7

i=1
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Hereby, each variable y; is in RK. Let W(F) denote the set of wimess sequences
for F, that is, the set of points y = (y1, ..., ykts42) € RE*+5+2) qatisfying the prop-
erty

Yu € R® (El*a eRF F(u,a) & f(u, Visenos yk+s+2)). )

Koiran [29] proved the following result.

Theorem 8.1

(i) W(F) is Zariski dense in RE&TS+2) for any F(u, a) € Fg.

(ii) Suppose that F is in prenex form with free variables u € R*,a € R¥, and
n bounded variables, w alternating quantifier blocks, and m atomic predicates
given by polynomials of degree at most d > 2 with integer coefficients of bit size
at most £. Then a point in W (F) can be computed by a straight-line program of
length (k + s + n)o(w) log(md) + O(log £), which is division-free, has 1 as its
only constant, and no inputs.

This theorem implies the following inclusion of complexity classes.
Theorem 8.2 Let C be a polynomial class. Then 3*C C 3C and V*C C VC.

Proof 1t suffices to prove that 3*C C 3C. Let the polynomial class C be defined by
the sequence of quantifiers Q1, ..., Qp, where Q; € {3,V, 3%, V*, H}. It is sufficient
to show that the standard complete problem STANDARD(3I*C) belongs to 3C. We
prove only the case Q, € {3*,V*, H} (the case Q, € {3,V} being simpler). Thus,
STANDARD(3*C) is the problem of deciding, given a circuit C withk +ny+---+n,
input gates and constants u € R®, whether 3*a € R¥F (u, a), where F(u,a) denotes
the formula

Qix1 eR" ... Qpx, eR"7C(a, x1,...,xp,u)=1.

According to Theorem 8.1, a witness sequence 5 = (31,..., Ykts42) € REEFTs+2)
in W(F) can be computed by a constant-free, division-free, straight-line program
of length polynomial in size(C) without input gates. From (7) and (8), we see that
I*a € R¥F (u, a) is equivalent to

k+s+2
JaeRFIe >0 /\ F(u,a+ €5;).

i=1

We next show that the problem to decide /\fif T2 F (u,a + €y;) for given u, a, and €

is in the class C.
This can be shown by induction on p. Suppose first that p = 1, that is, F (u, a) is

in the class Q1. Then, introducing additional variables x{i) forl <i<k+s+2,we
see that /\fcilwr2 F(u,a+€y;),ie.,

k+s+2
/\ Qixi €R" Ca+ €5, x1,u)

i=1
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is equivalent to

k+s+2
Q1xfl) e R™ ...lefkﬂﬂ) e R™ /\ Cla ~|—e')7i,x§l), u)
i=1
(if Q1 = H we do not even need to introduce additional variables). Since 37, is com-
puted in time polynomial in size(€), the computation of C(u,a + €5;, xl(’) ) is also

done in time polynomial in size(C). Hence /\f:lﬂ'z F(u,a + €y;) can be decided in
the class Q.

The induction step can be settled similarly, which concludes the proof. g
Corollary 8.3

(i) We have 3*V* C IV* C IV and F*V* C I*V C 3v.
(i1) We have 3*3 = 3. In particular, IMAGEZDENSER is 3-complete.

Proof This follows immediately from Corollary 5.3 and Theorem 8.2. g
The next observation will be of great use in the next section.
Proposition 8.4 We have 3 C H23* and ¥ C H2v*,

Proof 1t suffices to prove the first statement. To do so, let f € R[Xy,....X,]. Then
Wf(x)=0 = HSEIx(||x||2§8_1/\f(x)=0)
=  HéHeIx(IIxI* <87 A f0) <)
= HéHeF'x(Ix[? <87 A f()* <e)

the second equivalence by the compactness of closed balls. This shows that
STANDARD(J) can be solved in H23*. Il

9 Exotic Quantifiers in the Discrete Setting

It is common to restrict the input polynomials in the problems considered so far
to polynomials with integer coefficients (represented in binary), or to constant-free
circuits (i.e., circuits which use only 0 and 1 as values associated to their constant
nodes). The resulting problems can be encoded in a finite alphabet and studied in
the classical Turing setting. In general, if L denotes a problem defined over R or
C, we denote its restriction to integer inputs by LZ. This way, the discrete problems
ISOLATEDZ, SURIZ, CONTZ, etc., are well defined.

Another natural restriction (considered, e.g., in [17, 27, 28]), now for real ma-
chines, is the requirement that no constants other than 0 and 1 appear in the machine
program. Complexity classes arising by considering such a constant-free machines
are indicated by a superscript 0 as in PJ, NP?R, etc.

The simultaneous consideration of both these restrictions leads to the notion of
a constant-free Boolean part.
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Definition 9.1 Let C be a complexity class over R. The Boolean part of C is the
discrete complexity class

BP(C)={SN{0,1}>*|SeC}.

We denote by C° the subclass of C obtained by requiring all the considered ma-
chines over R to be constant-free. The constant-free Boolean part of C is defined as
BPY(C) :=BP(C").

Some of the classes BP?(C) do contain natural complete problems. This raises
the issue of characterizing these classes in terms of already known discrete complex-
ity classes. Unfortunately, there are not many real complexity classes C for which
BP?(C) is completely characterized in such terms. The only such result that we
know is BPY(PARR) = PSPACE, proved in [16]. An obvious solution (which may
be the only one) is to define new discrete complexity classes in terms of Boolean
parts. In this way we define the classes PR := BPY(Pr), NPR := BP’(NPR), and
coNPR = coBP?(NPRr) = BPY(coNPR).

While never explicited as a complexity class (to the best of our knowledge) the
computational resources behind PR have been around for quite a while. A constant-
free machine over R restricted to binary inputs is, in essence, a (unit-cost) Random
Access Machine (RAM). Therefore, PR is the class of subsets of {0, 1}* decidable by
a RAM in polynomial time. In [1] it was shown that PR is contained in the counting
hierarchy and some empirical evidence pointing towards P # PR was collected.

The class NPR naturally occurs when considering the existential theory of the reals
(ETR), over the language {{0, 1}, +, —, x, <}. This is a discrete decisional problem
which is NPR-complete (see Corollary 9.4 below).

The main result of this section is the following.

Theorem 9.2 Let C be a polynomial class. Then
BPY(HC) = BPY(0).

From this theorem, Corollary 5.3, and Proposition 8.4 the following immediately
follows.

Corollary 9.3

(i) Forall k> 1, BP°(H*) = PR.
(ii) Forall k > 1, BPY(3*) = BPO(H¥3*) = BPY(H¥3) = BPY(3) = NPR.

Corollary 9.4

(i) Forall k > 1, the problem SOCS]R(k)Z is PR-complete.

(i) The discrete versions of the following problems are NPR-complete: FEASR,
DIM(d), EADHR, ZDENSERr, UNBOUNDEDR, LOCDIMR, IMAGEZDENSER,
DOMAINZDENSER. The same is true for the discrete problem ETR.

(iii) The discrete versions of the following problems are coNPR-complete: EDENSER,
ISOLATEDR, BASICCLOSEDR, BASICCOMPACTR. TOTALR, INJgr, DOMAIN-
EDENSER, CONTR, CONTR", CONTPOINTR', LIPSCHITZR (k), LIPSCHITZR.
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Proof The claimed memberships follow from the definition of BPY, Corollary 9.3,
and a cursory look to the membership proofs for their real versions which show that
the involved algorithms are constant-free.

For proving the hardness we first remark that, for any polynomial class C, the
problem STANDARD(C)Z is hard for BP?(C). This follows by inspecting the original
reduction for CEVALR as given in [22] and noting that, when restricted to binary
inputs, it can be performed by a Turing machine in polynomial time. Since this re-
duction is extended to arbitrary polynomial classes by adding quantifiers, our remark
follows. We next note that the reductions shown in this paper for all the problems
above can also be performed by a Turing machine in polynomial time when restricted
to binary inputs. This finishes the proof. U

Thus, based on Theorem 9.2, we obtain in Corollary 9.4 the completeness for the
discrete problems CONTH%, CONTEF, Z, and LIPSCHITZ%, even though we do not
have completeness results for the corresponding real problems. This suggests that we
are not far away from completeness and this situation deserves a proper name.

Definition 9.5 We say that a problem S has a narrow gap for the class C when S
is C-hard and there is a complexity class C C D satisfying that S € D and BP?(C) =
BPY(D).

We turn now to the proof of Theorem 9.2, which uses a few facts from various
sources.

The separation sep(h) of a nonzero univariate polynomial & € C[Y] is defined
as the minimal distance between two distinct complex roots of ki, or co if 4 does
not have two distinct roots. We denote by ||%]| the Euclidean norm of the coefficient
vector of .

A proof of the following lower bound on the separation can be found in [30].

Lemma 9.6 Let h € Z[Y] be a nonconstant integer polynomial of degree D. Then

1
sep(h) = STy -1

The easy proof of the next lemma is left to the reader.

Lemma 9.7 Let C be a division-free and constant-free algebraic decision circuit of

size N in n variables. There exist K < N2V polynomials g1, ..., gx of degree at
most 2V and coefficient bit-size at most O(2N) such that Se = G(x1, ..., x,,), where
G is a Boolean combination of equalities and inequalities of g1, ..., 8k -

Let C be a polynomial class and STANDARD(C) its standard complete problem
as defined in Section 3. The standard problem STAN DARD%(C) := STANDARD(C)Z
is obtained by requiring that the circuit C (or the polynomial f) given as input in
STANDARD(C) has no real constants (respectively, has integer coefficients). The re-
ductions in Proposition 3.1 show that STANDARDZ(C) is BPY(C)-complete.
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Proof of Theorem 9.2 Let C = Q10Q>...0Qy where Q; € {3,V,3* V* H} for
i < w. Assume that Q, € {3*,V*,H}. In this case, an input for the problem
STANDARDZ(HQ1 Q> ... Qy) is a constant-free algebraic decision circuit € and this
input is in STANDARDZ(HQ{ Q5 ... Qy) if and only if

He Q1x1Q2x2 ... QuXuw (€, X1, X2, ..., Xy) € Se.

Here x; € R" for some n; > 1.

The problem STANDARDZ(HQl 0>...0y) is BPO(HC)—complete. It is therefore
sufficient to prove that this problem belongs to the class BP?(C).

Let N be the size of €. By Lemma 9.7, Se¢ = G (¢, X1, X2, ..., Xy) Where G is a
Boolean combination of equalities and inequalities of polynomials g1, ..., gx where
K < N2V and the degree and coefficient bit-size of these polynomials is at most
O@2N). Now consider the formula

Q1x102%2 ... Quxu G (e, X1, X2, ..., Xu)

with free variable €.

We may replace the generic quantifiers (or H) by the usual quantifiers as in (2).
Then, by a well-known result on the efficient quantifier elimination over the reals [31,
Part III], this formula is equivalent to a quantifier-free formula in disjunctive normal
form

I
\/ /\(hiinjO), 9
i=1j=1

. oa . . . . .
with le 1 Ji < 2V atomic predicates involving (nonzero) polynomials 4;; of de-

ow . . . om
gree at most 2V and integer coefficients of bit size at most 2V .

2N0(1)2NO(1) _ 2NO(I)

The polynomial & := ]_[l-, j h;ij has degree at most and sat-

isfies log ||a|| < 2N By Lemma 9.6, the separation u := sep(h) of h satisfies
oa
> 2_21\/ (1)

Let S € R be the semialgebraic set defined by formula (9). Note that every con-
nected component of S, which is not a point, has length at least u, and the same is
true for the complement R — S. Therefore, the following algorithm works in BP%(C)
and solves STANDARDZ(HQl 0>...04):

input C

NOw 1
compute an upper bound U := 2

if Q1x102%2 ... QuXxy G(1/(2U), X1, %2, ..., Xy) then accept

on

else reject.

This proves that BPY(HC) = BP(C) in the case that Q,, € {3*, V*, H}. The other
cases are simpler. 0

We finish with some comments and remarks following from Theorem 9.2.
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Remark 9.8 We have just seen that, for all £k > 1, BPO(Hk) = PR and thus
SOCSR(k)Z € PR. We now note that, in contrast, we do not know the equality
BP?(H®) = PR—or, equivalently, the membership SOCS (%)% € PR—to hold.

Remark 9.9 We suggested in Remark 6.3(ii) that we believe that H is fundamentally
simpler than the alternation of two quantifiers. In some aspects, it is even simpler
than a single quantifier. Indeed, consider the problem of deciding whether, given a
decision circuit C with n input gates, there exists x € {0, 1}"* such that x € Se. This
problem is complete in the class DNPr which captures the complexity of problems
where nondeterminism restricted to {0, 1} suffices (e.g., the real versions of the trav-
eling salesman problem or the knapsack problem) [18]. It also belongs to BP?(3l1])
(see Section 2(4)) since we can guess a real number z € [0, 1] such that the first n bits
of its binary expansion encode the candidate x € {0, 1}".

On the other hand, we believe that it is unlikely that the discrete version of prob-
lems in DNPR (many of them known to be NP-complete) can be solved in PR, which
would be the case if 311 C H since BP?(H) = PR.

10 Summary

In this section we try to give a summary of our main results “at a glance.” First, we
consider the landscape of complexity classes in the lower levels of PHr emerging
from the previous sections. This is done in Fig. 2. Here all upward lines mean in-
clusion. In addition, a dashed line means that the Boolean parts of the two classes
coincide. Note that not all possible classes below E% or H%R are in the diagram. We
restricted attention to those which have played a visible role in our development (e.g.,
because of having natural complete problems).

Boxes enclosing groups of complexity classes do not have a very formal mean-
ing. They are rather meant to convey the informal idea that some classes are “close
enough” to be clustered together (for instance, because of having the same constant-
free Boolean part).

Next we summarize complexity results for a number of natural problems over R.
Recall:

FEASR (Polynomial Feasibility). Given a polynomial f € R[X1,..., X;], decide whether
there exists x € R" such that f(x) =0.

DiMR(d) (Semialgebraic Dimension). Given a semialgebraic set S and d € N, decide
whether dim § > d.

CONVEXR (Convexity). Given a semialgebraic set S, decide whether § is convex.

EULER-YAO (Euler—Yao Characteristic). Given a semialgebraic set S, decide whether it is
empty and if not, compute its Euler—Yao characteristic x*(S).

EADHR (Euclidean Adherence). Given a semialgebraic set S and a point x, decide whether
x belongs to the Euclidean closure S of S.

EDENSER (Euclidean Denseness). Given a decision circuit ¢ with n input gates, decide
whether Se =R".

ERDR (Euclidean Relative Denseness). Given semialgebraic sets S and V, decide whether
S is included in V.
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Fig. 2 A landscape of complexity classes in the lower levels of PHg

LERDgR (Linearly Restricted Euclidean Relative Denseness). Given a semialgebraic set
V € R" and points ag, ay, ...,a; € R"?, decide whether ag + {(ay, ..., ax) is included in
V.

ZADHR (Zariski Adherence). Given a semialgebraic set S and a point x, decide whether x
belongs to the Zariski closure EZ of S.

ZDENSER (Zariski Denseness). Given a decision circuit € with n input gates, decide
whether %Z =R"

UNBOUNDEDR (Unboundedness). Given a semialgebraic set S, is it unbounded?

LocDiMR (Local Dimension). Given a semialgebraic set S C R”, apointx € S,and d € N,
is dimy S > d?

ISOLATEDR (Isolated). Given a semialgebraic set S € R" and a point x € R", decide
whether x is an isolated point of S.
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Table 1 Previously known complexity classes

Problem Complete in
CEVALR Pr
FEASR 3
DIM(d) E|
CONVEXR v
EULER-YAO FP%PR

EXISTISOR (Existence of Isolated Points). Given a semialgebraic set S € R”, decide
whether there exists a point x isolated in S.

BASICCLOSEDR (Closedness for Basic Semialgebraic Sets). Given a basic semialgebraic
set S, is it closed?

BASICCOMPACTR (Compactness for Basic Semialgebraic Sets). Given a basic semialge-
braic set S, is it compact?

SOCSR (k) (Smallest-Order Coefficient Sign, k Variables). Given a division-free straight-
line program I' in & input variables X, ..., X, decide whether the smallest-order coefficient
(with respect to the ordering X| > Xp > --- > Xj) of fr (the polynomial in X computed by
I') is positive.

LocSupprg (Local Support). Given a circuit € with n input nodes and a linear equation
£(x) = 0, decide whether there exists xg € R” and § > 0 such that Se N{£ < 0}N B(xp,8) =¥
and dim(Se N {£ =0} N B(xg,8)) =n — 1.

TOTALR (Totalness). Given a circuit C, decide whether fe is total.

INJR (Injectiveness). Given a circuit C, decide whether fe is injective.

SURIR (Surjectiveness). Given a circuit C, decide whether fe is surjective.

IMAGEZDENSER (Image Zariski Dense). Given a circuit C, decide whether the image of
fe is Zariski dense.

IMAGEEDENSER (Image Euclidean Dense). Given a circuit C, decide whether the image
of fe is Euclidean dense.

DOMAINZDENSER (Domain Zariski Dense). Given a circuit C, decide whether the domain
of fe is Zariski dense.

DOMAINEDENSER (Domain Euclidean Dense). Given a circuit C, decide whether the do-
main of fe is Euclidean dense.

CONTR (Continuity). Given a circuit C, decide whether f is continuous.

CONT%F (Continuity for Division-Free Circuits). Given a division-free circuit C, decide
whether fe is continuous.

CONTPOINT%F (Continuity at a Point for Division-Free Circuits). Given a division-free cir-
cuit C with n input gates and x € R", decide whether fe is continuous at x.

LIPSCHITZR (k) (Lipschitz-k). Given a circuit C, and k > 0, decide whether fe is Lipschitz-
k, i.e., whether, for all x, y e R, || f(x) — fOD) Il <k|lx — y].

LIPSCHITZR (Lipschitz). Given a circuit C, decide whether fe is Lipschitz, i.e., whether
there exists k > 0 such that fe is Lipschitz-k.

Table 1 shows the main previously known results (we emphasize on completeness)
for the problems in the list above.
Table 2 does the same for the results shown in this paper.
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Table 2 Summary results of this paper

Complete Lower Upper Discrete version
Problem in bound bound complete in
SOCSg (k) H¥ PR
ZDENSER 3I* NPR
DOMAINZDENSER 3* NPR
EDENSER v* coNPR
DOMAINEDENSER v* coNPR
IMAGEZDENSER 3 NPR
TOTALR v coNPR
INIR v coNPR
LIPSCHITZR (k) \4 coNPR
ZADHR 3 ?
EADHpR H3 NPR
UNBOUNDEDR H3 NPR
LocDiMp H3 NPR
ISOLATEDR HY coNPR
CONTR v H3v coNPR
CoNTRF v H2v coNPR
CONTPOINTRF HY coNPR
LIPSCHITZR v HY coNPR
LocSUPPR I*H BPY(3*H)
EXISTISOR HY av
BASICCLOSEDR HY coNPR
BASICCOMPACTR HY coNPR
LERDg v*3 BPY(v*3)
IMAGEEDENSER v*3 BPO(v*3)
ERDp v*3 v3
SURIR v3 BPO(v3)
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