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Abstract

In real algebraic geometry, slack variables play a fundamental role in transforming a semi-algebraic set
into an algebraic set. Specifically, for a semi-algebraic set S C R", there exists an algebraic set S c R+
such that the natural projection of S onto R™ is S, where k slack varlables are used to convert inequalities
to equations.

We consider the number of slack variables necessary for the transformation, corresponding to the
auxiliary dimension & in R™™*. In general such &k depends on the boolean expression of a given semi-
algebraic set. It is known that if a semi-algebraic set consists of only inequations, then only one slack
variable is sufficient for the transformation. We show that for a general semi-algebraic set expressed by a
disjunctive normal form (DNF), | 2 | variables are sufficient for the transformation where m is the maximal
number of inequalities appeared in a single conjunctive clause which comprises the DNF.

1 Introduction

Semi-algebraic sets have been actively studied in real algebraic geometry. Since a semi-algebraic set can
express open conditions defined by a set of inequalities, it has a wide variety of real-world applications
including robotics, automatic geometry theorem-proving [1] and algebraic statistics [2].

In order to analyze inequations within a framework of algebraic geometry that treats only equations,
slack variables are typically used to “transform” inequalities into equations. For example, let S ¢ R?
be a semi- algebraic set in the zy- plane defined by an inequality f(z,y) ==y — 2% > 0. When we define
ScRas S = {(z,y,2) € R* | 2% — f(z,y) = 0}, S is an algebraic set in R®. Then it is easy to see
that (z,y) € S if and only if there exists a z € R such that (z,y,2) € S. Hence we can study S by
investigating S with the tools of algebraic geometry.

In this paper we consider the number of slack variables that are necessary to transform inequalities
into equations (formal definition is given later). First, we present our problem definition. Next, we
briefly review the result of [3] for the case when all inequalities appeared in the given semi-algebraic set
are inequations. To the best of our knowledge, it is an open problem to determine the minimum number
of slack variables for general semi-algebraic sets. We show an upper bound of the number which is about
a half of the maximal number of inequalities appeared in a single clause of the given semi-algebraic set
in disjunctive normal form. Finally, we give some remarks on the problem.

2 Problem Definition

Let & be a real closed field, for example, k¥ = R. Let R := k[z;,---,%,] be an n-dimensional polynomial
ring over k. For f € Rlet V(f) := {(a1,---,an) € k™ | f(a1, -,an) = 0} be an algebraic set defined by
fyand D(f) := k™ \ V(f). Also, we define V5(f) := {(a1,-,an) € k™ | f(a1,"--,an) > 0}.

We say that a subset X C k™ is a semi-algebraic set of k™ if there exist fi,g; € R (i = 1,---,p;j =
1,---,q) such that X is represented as
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When p = q = 0 we define the right-hand side of (1) as k™.

More generally, we define an algebraic constraint set as follows. We define a literal over R to be a
symbol f or fs for f € R. We define the set of algebraic constraints AC(R) over R to be a Boolean
Algebra generated by literals over R. For example, f A (9> V h) € AC(R) for f,g,h € R.

For C € AC(R), we define V,(C) to be the subset of k™ obtained by replacing f, f> with V(f), V5 (f)
respectively, and replacing A, V, = with N, U, and the complement of the specified subset respectively.
We call V,(C) the algebraic constraint set corresponding to C, or simply an algebraic constraint set when
C is clear from the context.

It is well-known that any boolean formula can be converted into DNF, so any algebraic constraint is

equivalent to a constraint C in the following form:

a
C= \/( /\fu AA h,~,->)), )
i=1 j=1
where f;; and h;; are elements of R, and one of p; or g; can be zero. When r = 0 we define C = 0, and
when r = 1 we call C a minimal algebraic constraint.
In this case, V,(C) is given by
T P qi
v.(0) = J((N VD) NN Vs (i) 3)
=1 j=1 j=1
It is clear from definition that an algebraic constraint set for a minimal constraint (that is, r = 1
in (3)) is simply a semi-algebraic set. Note that D(f) is naturally expressed in a form of (3) because
D(f) = V5>(f)UVs(—f) and hence fV f> is the corresponding constraint. Let ~f := (f V f>). Then an
inequality (f > 0) does not essentially appear in

qi
C= \/( /\fu A( /\ﬁhij)), (4)
= i=1 Jj=1
and the corresponding algebraic constraint set is given by
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In general, an algebraic constraint set ((3) or (5)) is not an algebraic set in k™. We consider an
algebraic set that fully reflects the property of a given algebraic constraint in the following discussion.

For a given algebraic constraint C given by (2) or (4), in most practical cases it is interesting to see
whether there exists a point z € k" satisfying C. In other words, we want to know whether V,(C) = 0 or
not. We introduce the notion of slack dimension, which indicates the number of “auxiliary” dimensions
necessary for embedding V,(C), in some sense, into a space of higher dimension.

Definition 1

Let C be an algebraic constraint over R. The slack dimension of C over R, denoted by sdimpg(C), is
the minimum of t € N such that there exists an algebraic set V.(C) C k™t and the natural projection
m k™t =k (21, -, Zn, 21,0005 2t) & (21,00, Zn) satisfying 1r(17c(C)) = V,(C).

Note that sdimg(C) is always finite. For each V5 (f) or D(f) that appears in V.(C) we can introduce a
new “slack” variable z and consider V(1 —22f) or V(1 —zf) (these are algebraic sets in k»**) respectively.
For example, V3.(f) # 0 & 3z € k", f(z) >0 & 3z €k z¢€k, 1-22f(z) =0 & 3(z,2) €
k™t (z,z) € V.(C). Hence n(V(1 — 22f)) = V5(f) as expected. If k = Q then 1 — 322 = 0 does not
have a solution in &, so V(1 — 22 f) does not work. Thus k must be a real closed field.

We are interested in the minimal number of slack variables necessary for constructing V.(C).
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3 Slack Variables for Inequations

First we consider the case that a given constraint C is expressed by (4). In this section we describe the
result given in [3].

Definition 2

Let (x1,--+,%n) be the coordinate system of k™ and 7 : k™! — k™ be a natural projection defined by
(#1,++,Zn,2) = (21,---,2n). For an algebraic constraint C defined by (4), we define an algebraic set
Ve(C) on k™1 as
r bi
V(€)= (N V) NV = 2hir -+ hig)) (6)
=1 j=1

When C = 0 we define V,(C) = k™.

Note that f;; and h;; can be seen as polynomials of R[z] even though they do not actually contain
the variable z. Then the following holds.

Proposition 3 (see [3])
(V. (C)) = V.(C) for any algebraic constraint C given by (4).

_Proposition 3 implies that there exists a point satisfying the given algebraic constraint if and only
if V¢(C) is non-empty. The variable z newly introduced here is sometimes called a slack variable. The
proposition says that only one slack variable is sufficient for expressing the given constraint C by an
algebraic set, in particular the number of slack variables is independent of C or the dimension n. Refer
to (3] for a constructive proof of Proposition 3 in which a set of algebraic equations defining V,(C) is
explicitly calculated from the given C. The next proposition just restates Proposition 3.

Proposition 4
sdimp(C) = 1 for any algebraic constraint C given by (4).

4 Slack Variables for Semi-algebraic Sets

The following two facts are essential to show that only one slack variable is sufficient for any case when
C is given by (4).

Lemma 5 (see [3])
(1) Let C1,C> be algebraic constraints in a form of (4). If X,Y C k™ such that n(X) = V,(C1) and

7(Y) = Vo(Cs), then (X UY) = V.(C, vV C2)
(2) i) £0 A - A fo(2) #0 & 3z€k, 1L —zfi(z) - folx) =0

(1) says that when we consider the number of slack variables it is sufficient to concentrate on a single
conjunction that appear in a DNF of (4). This shall be understood by the following example: f(z) > 0
Vgz) >0 & 3Fz,1—2f(z) =0V 3w,1 —wg(z) =0 & Iz, “1 - zf(z) =0V 1 - 29(z) =0". This
technique can also be applied to the case when C is in a form of (2). Hence it is sufficient to consider the
case when C is represented as

c=(/:\]fi>/\(/:\lh,->)

Moreover, since we do not have use slack variables for each f;, the problem is reduced to the case
when C is represented as

p
C = /\ hfi>
i=1



66

and the corresponding semi-algebraic set is

P
Ve(C) = (| Vo (hi) = {a = (a1, ,85) € k™ | ha(a) > 0, -+, hp(a) >0 }
i=1
On the other hand, (2) cannot applied to this case. For a € k™, apparently hi(a) >0 A hz(a) > 0is

not equivalent to that 1 — 22k, (a)ha(a) > 0 for some z € k.
Proposition 6 is the main result in this paper.

Proposition 6
Let hy,---,h, € R=k[zy,---,z,]. Then there exists an algebraic set V C k™*+181 such that

m(V) = [ V>(hs)

i=1
where 7 : k%] — k™ is the natural projection.

This proposition says that the number of slack variables necessary for construction of an algebraic set
is about half the number of inequalities in the constraint.

Proof We prove that for hy,hy € R there exists V C k™*! such that n(V) = V5 (h1) N V5 (he).
The proposition follows from this by introducing a new slack variable for each pair of (ho;—1,he:) (i =
L, (8] =1).

For given h, and hg, define the hypersurface Z(hy, hp) C k™*! by

Z(h1, ha) = V(1 = 221 (@) + (1 - 2h(2))? — 2*ha1(2)*ha(a)’) (")

where z is a new variable corresponding to the (n+1)-th coordinate of ¥"*1. We show that 7(Z(hy, h2))
= V>(h1) N V>(h’2) Let (3}', Z) = (xlv e ,xn»z) € kn+1'
Suppose x € m(Z(h1, hs)). There exists z € k such that (z,2) € Z(hy, hy). By definition of Z(hy, h2),

(1= 22h1(2))? + (1 = 22hs(2))? — 2*hy () *ha(2)? = 0

By substituting A1 (z) = 0 or ha(z) = 0 into this equation, neither h;(z) nor hz(z) can be zero. Hence
by dividing both sides by (h,(z)hz(z))?, we obtain

-t

(8) means that in the ab-plane k2, the point (h;(z), ha(z)) is on the circle (a — 22)% + (b — 22)? = 2*.
Since z cannot be zero, the circle is contained in the first quadrant of ab-plane {(a,b) | a > 0,b > 0}.
This shows hy(z) > 0 and ho(z) > 0, hence z € V5 (h1) N V5 (hy).

Conversely, suppose z € Vo (h1) N Vs (he), that is, hi(z) > 0 and ha(z) > 0. It is easily seen that
U,»0{(a,d) | (a—22)% + (b— 2%)%? = 2%} = {(a,b) | a > 0,b > 0}. Hence there exists z € k satisfying the
equation (8), from which =z € 7(Z(h,, ha)) follows. 1

5 Concluding Remarks

The technique we used in the proof of Proposition 6 cannot be extended straightforward to three or more
h;, because for p > 3 the family of p-dimensional spheres parametrized by z € k, as we constructed in
the proof, is not a covering of a; > 0, - -, a, > 0 anymore. It is an open problem to determine sdimg(C)
for a general algebraic constraint C. Proposition 6 gives a non-trivial upperbound of sdimg(C) for an
individual C.

Related to our problem, minimization of the number of inequalities expressing a semi-algebraic set
having certain properties (for example, convexity) is actively studied [4]. To begin with such special
semi-algebraic sets is a possible direction to give a tighter lower-bound of sdimg(C).
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