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Abstract

Recently, tools from algebraic geometry have been successfully applied
to develop solution schemes for new classes of optimization problems.
A central idea in these constructions is to express a polynomial that is
positive on a given domain in terms of polynomials of higher degree so
that its positivity is readily revealed. This resembles the “lifting” phase
of the lift-and-project procedures for 0-1 programming.

We propose an enhancement to these solution schemes via a construc-
tion that is reminiscent of the “projecting” phase of the lift-and-project
procedures. Our construction applies to domains that can be represented
as the intersection of a set and an affine variety.

To illustrate the power of our approach, we provide novel derivations
of some of the lift-and-project procedures for 0—1 programming due to
Balas, Ceria and Cornuéjols; Sherali and Adams; Lovédsz and Schrijver;
and Lasserre. These derivations add new insight into this interesting
subject, and suggest a number of variations and extensions.
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1 Introduction

The motivation for this work is to provide a connection between two major
trends in optimization. One of these trends is the lift-and-project procedures
for 0—-1 programming. The other one is the recent research activity in opti-
mization that draws on tools from real algebraic geometry to devise solution
schemes for polynomial optimization problems, whose objective and constraints
are multivariate polynomials. The first trend includes the relaxation schemes
of Balas-Ceria-Cornuéjols [1], Sherali-Adams [20], Lovasz-Schrijver [12], and in
more generality, the so-called Reformulation Linearization Techniques and Con-
vexification Techniques (for surveys see [21] and [25]). The second trend includes
the recent work by de Klerk [4], Kojima et al. [7], Laurent [11], Lasserre [8, 9, 10]
and Parrilo [16, 17, 18], along with previous work by Shor [22, 23] and Nes-
terov [13], among others.

The first trend, lift-and-project procedures, originally aims to describe the
convex hull of the 0-1 points inside a given polyhedron. The fundamental ideas
underlying these procedures are: 1) lift the problem to a higher dimensional
space where the structure of the 0—1 polyhedron is more clearly revealed, and
valid inequalities can be inferred; 2) project the problem back to the original
space.

The second trend relies on representation theorems from real algebraic ge-
ometry to derive solution schemes for polynomial optimization problems. Such
representation theorems characterize the set of polynomials that are positive
on a given domain. This typically involves writing a given polynomial p(z) in
terms of polynomials of higher degree, so that the positivity of p(z) is readily
revealed. This resembles the lifting phase of the lift-and-project procedures
mentioned above.

Our central goal is to enhance the solution schemes for polynomial opti-
mization problems by incorporating a construction that is reminiscent of the
projecting phase of the lift-and-project procedures. Specifically, we consider
polynomial optimization problems over a domain S of the form S = DNV,
where D is a set and V is an affine variety (i.e., a set defined by a finite system
of polynomial equations). We formalize the following basic idea: use informa-
tion about the (conceivable simpler) set of polynomials that are positive over D
to infer information about the (more complicated) set of polynomials that are
positive over DNV

Our results yield novel derivations from a dual viewpoint of the lift-and-
project procedures of Balas-Ceria-Cornuéjols [1]; Sherali-Adams [20]; Lovész-
Schrijver [12]; and Lasserre [8]. The unified derivation of these results is similar
in spirit to the work by Ceria [2] and Laurent [11]. However, in contrast to
Ceria’s lift-and-project approach [2] and Laurent’s combinatorial approach [11],
we follow an algebraic-geometric approach similar to the one introduced by
Parrilo in [18]. This adds new insight into this interesting subject, and suggests
a number of variations and extensions.

The rest of the paper is organized as follows. In Section 2, we present



the relevant problem, terminology, and notation. We also formally state our
central objective; namely, to obtain information about the set of polynomials
that are positive over a domain S, by exploiting the particular decomposition
structure S = D NV of such domain. Section 3 presents the first formalization
of the above idea. We show that under suitable assumptions, a modulo-ideal
construction takes information about the set of polynomials that are positive
over D, and yields information about the set of polynomials that are positive
over D N V. Sections 4 and 5 refine the results of Section 3. In particular,
we obtain new derivations for certain known hierarchies of relaxations for 0-1
programming via the modulo-ideal construction. Finally, in Section 6 we discuss
an issue of crucial algorithmic relevance: We show that if a set of polynomials
has a computable description, e.g., as a polyhedron or as a system of linear
matrix inequalities (LMI), then the modulo-ideal constructions yield a set of
polynomials with the same property.

2 Preliminaries

2.1 Problems and notation

The following optimization problem is our central object of study:

p= inf f(z)
s.t. €S, (1)

where f(z) is a given polynomial in n variables and S C R" is a given set. We
can rephrase this problem as

p= sup A (2)
st. f(x)—A>0 forallxeS.

As it has been recognized by several researchers (see, e.g., [7, 8, 13, 16, 22]),
the latter formulation suggests working with a dual object; namely, the set of
polynomials that are non-negative in the domain S. Specifically, let H,, :=
R[x1,...,2,] be the set of polynomials in n variables with real coefficients, and
consider the cones of polynomials P, (S), P2(S), ¥, defined as follows.

Let P,,(S) be the cone of polynomials in H,, that are positive semidefinite
(non-negative) in the domain S C R™; that is,

Pn(S) ={p € H,:p(x) >0 for all z € S}.

Let P2(S) be the cone of polynomials in H,, that are positive definite in the
domain S C R"; that is,

P2(S)={p € Hp:p(x) >0 for all z € S}.

Finally, let 3, be the cone of polynomials in H,, that are sum of squares of
polynomials; that is,
¥, = conv{q(z)?: q € H,}.



We will also work with the subsets of H,,, P, (S),P2(S) and %,, obtained
by considering only polynomials of bounded degree: For a positive integer m,
let H,, m be the set of polynomials in H,, with degree at most m, Py, (S) =
Pr(S) N Hpms Py (S) := P (S) N Hpm and By, 5 i= X5 N Hpy -

2.2 Approximation schemes

Consider problem (2) above and let m = deg(f). Notice that for any K satis-
fying

Prm(S) € K € Pom(S5), (3)
we have
p= sup A
st. flx)—AeK. (4)
Also, given a sequence K., r =0,1,... satisfying

K, CKppy € Pum(S), 7=0,1,... and P, (S) C | J Kr € Pum(S). (5)
r=0

consider the sequence p,., r =0,1,..., defined by

pr= sup A
st. flx) —XeK,. (6)

Observe that p, T p. In other words, for a fixed r, (6) yields an approximation
to (2).

Throughout the sequel, we use the following notational convention. We write
K =~ P, m(S) to indicate that K satisfies (3), and K, T Py, (5) to indicate
that the sequence K,, r = 0,1,... satisfies (5). Likewise for K ~ P,(S) and
K, 1 Pn(S).

As the examples in Section 2.3 below show, for certain domains S C R™,
representation results from real algebraic geometry can be used to obtain K =
Prm(S) or K, T Py m(S) with computable descriptions. In such cases problem
(4) or (6) can be cast as a linear, second order cone or semidefinite program,
and hence be amenable to modern optimization technology. These types of
approzimation schemes underlie some of the main constructions in [4, 8, 9, 16].

Our central goal is to enhance these approximation schemes by exploiting
the particular structure of the domain S. Specifically, we consider domains of
the form S = DNV, where D is a set and V is an affine variety, that is,

V=V(f,.... o) ={z €eR": fr(x) =0, k=1,...,v} (7)

for some given fr € Hn, k=1,...,v.

A particular case of a domain with this form, and central to integer pro-
gramming, is
S={zeR": Az > b} n{0,1}",



which can be written as D NV for

D={zeR": Az >b},V={zeR" :z;(x; —1)=0,i=1,...,n}.

In the sequel we develop several constructions that formalize the following
basic idea: use information about the (conceivable simpler) set Py, ., (D) (or
Pn(D)) to describe P, (D NV). We illustrate these constructions by pro-
viding alternative derivations of some known hierarchies of relaxations for 0-1
programming.

2.3 Computable descriptions

Observe that a polynomial p(x) € H,, can be identified with its (finite-
dimensional) vector of coefficients. We shall use p to denote this vector of
coefficients, assuming some ordering of the monomials in H,, ,, is set. With this
identification in mind, we shall say that K C ‘H,, ,, has a computable description
if K can be written in the form

K={peHnm: Ap=Bz, z€ C}, (8)

where A, B are suitable linear maps, and C is a cone amenable to modern
optimization technology, e.g., modern interior-point methods. This is known to
be the case if C is the non-negative orthant, the positive semidefinite cone, or
the second order cone. These are indeed special cases of the broader class of
self-scaled cones (also known as symmetric cones), for which there are interior-
point algorithms (see [14, 15]). We use the term “computable description”
because such a description for K ~ P, ,,(S) yields conceptual algorithms for
problem (4). This is illustrated by Examples 1, 2, and 3 below.

Example 1 Let S = {x : Az > b} be a non-empty polyhedron. Then by Farkas
Lemma it follows that

T
p(z) = c'z+d € P, 1(9) if and only if {(ci] = {AbT ﬂ [j] for some {i] > 0.

Furthermore, if in addition {z : Ax > —b} = ) then, again by Farkas Lemma

T
p(x) = cTz+d € P,1(S) if and only if Lcl] = {AbT] z for some z > 0. (10)

Example 2 Let S = {# € R" : 2T Mx + 2dTx + e > 0}, where M € S", d €
R™, e € R. Then by the S-lemma [26, 24]
p(x) = 27Qx + 2Tz + ¢ € P, 2(S) if and only if

L?r i] —L‘[% g] = 0 for some ¢ > 0.



(X = 0 denotes that X is a positive semidefinite matrix.)

Example 3 Let S = R. Using the fact that an univariate polynomial is non-
negative if and only if it is a sum of squares (see, e.g., [13]) it follows that

p(x) = ag + a1z + ... + agma®™ € P12, (S) if and only if

Yoo Yo1 --- Yom
Yor Y11 .-+ Yim
ap = Zyij,k:O,...,Zm for some Y = | . - .| =0.
itj=k : : h :
Yom Yim s Ymm

In a similar fashion, the following example illustrates a case where there
exists an inner approximation K, 1 Py, ,(S), where each K, has a computable
description.

Example 4 Let S = {z € R} : &1 +--- 4+, = 1}. Then by Pélya’s Theorem,
K, T Pnm(S), where

K, ={p€Hnm: (x1+ -+ z,) p(x) has non-negative coefficients}.

3 Approximation schemes for P,(DNV)

Throughout the sequel we shall make the following assumption.

Blanket Assumption: D C R™ is a given set, and V is an affine variety as
in (7).

We next present a modulo-ideal construction that yields approximations for
Pn(D NV), given approximations for P, (D).

First recall some basic terminology and notation from algebraic geometry
(for an excellent reference on the subject see [3]). Given an affine variety V
in R™, I(V) is the ideal of V, in other words, I(V) = {f € H, : f(z) =
0 for all x € V'}. Also, given g1,...,q € Hn, let {g1,...,9;) be the ideal gener-
ated by {g1,..., a1}, i-e., (g1,.--,q1) = {p € Hpn : p(x) = 22:1 hi(z)gi(x), h; €
Hn,i=1,...,1}. Given p,q € H,, the notation p = ¢ mod I(V) indicates that
p and ¢ are congruent modulo I(V'); that is, p — q € I(V).

Lemma 1 Given K C P,(D), let Q ={p € H, : g€ K, p=q mod I(V)}.
Then Q C P, (DNV).

Proof. Let p € Q. Then there exists ¢ € K such that p = ¢ mod I(V).
Thus p(z) — ¢(x) = 0 for any € V. Therefore, since K C P, (D), we have
p(z) =q(x) >0forallz e DNV, ie,pe P, (DNV).

O

The following theorem shows how to obtain a one-step approximation @ ~
Pn(DNV) given a one-step approximation K ~ P, (D).



Theorem 2 (one-step approximation) Assume D is compact. Given K =
Pn(D),letQ={peH,:Tqe K, p=q mod I[(V)}. Then Q =~ P,(DNV).

Proof. If D = then D = DNV = () and there is nothing to show. Hence
assume D # (). The inclusion @ € P,(D N V) follows from Lemma 1. For the
other inclusion, take p € P2(DNV) and let f(z) =Y ,_, fu(z)? (recall (7)). It
suffices to show that there exists ¢ > 0 such that p(x) + c¢f(z) € P2(D) C K.
If DNV = 0 take ¢ > |min{p(x) : € D}|/min{f(x) : z € D}. Otherwise let
p=min{p(z) :z € DNV} >0, and fix € > 0 such that x € D and d(z,V) < ¢
implies p(x) > p/2, where d(z, V) is the distance from z to the set V. Notice
that if f(x) =0, then z € V. Let 0 = min{f(x) : € D,d(x,V) > €} > 0. To
finish, take ¢ > 1| min{p(z) : z € D}|.

O

The following theorem shows how to obtain a sequential approzimation Q, 7
Pn(DNV), given a sequential approximation K, 1 P, (D),

Theorem 3 (sequential approximation) Assume D is compact. Given K, 1
Pu(D), let Q. ={p€Hy:3q€ K,, p=q mod I(V)}. Then Q. 1 Pn(DNV).

Proof. This follows by putting together Lemma 1 and Theorem 2. O

Given an approximation for the set P, (D), Theorems 2 and 3 yield theo-
retical tools that yield an approximation for P, (D N V). However, their state-
ments concern polynomials in H,,, which is an infinite-dimensional space, as
the polynomials in H,, have unrestricted degree. In the subsequent sections
we provide refinements of these results that concern the relevant subsets of the
finite-dimensional space H,, ,,. Furthermore, as we show in Section 6, these
refinements have an important property; namely, if the starting cone K (or se-
quence K.) has a computable description, then the resulting cone @ (or sequence
Q@) has a computable description as well.

4 Refining the one-step approximation scheme

We next provide refinements of the one-step approximation in Theorem 2 to
construct Q ~ Pp (D NV) given K = P, (D) or, more generally, given
K C P,(D).

4.1 Restricted-degree modulo-ideal construction

The first natural attempt to obtain Q ~ P, (D NV) given K ~ P,, 1, (D) is to
restrict the construction in Theorem 2 to polynomials of degree bounded by m.
Although this simple idea does not always work, it does work when the degree
m satisfies a suitable lower bound. The next corollary follows from the proof of
Theorem 2.



Corollary 1 Assume D is compact and m > deg(f), where f(z) =Y, _, fu(z)?
(recall (7)). Given K ~ Pp (D), let Q = {p € Hpm = 3¢ € K, p = ¢
mod I(V)}. Then Q = Ppm(DNV).

Furthermore, if each fi € Pn(D), k = 1,...,v then the same holds under
the weaker condition m > max{deg(fx) : k=1,...,v}.

Corollary 1 yields a direct derivation, via the S-lemma [26, 24], of one of the
main results presented by Sturm and Zhang in [24]: Let V = {z : r(x) = 0} and
D = {x : r(x) > 0}, where r is a strictly concave quadratic polynomial. The
latter condition ensures that D is compact. By the S-lemma [26, 24], the set
K ={p(x)+tr(z) : t > 0,p € X, 2} satisfies K ~ P, 2(D). Thus Corollary 1
yields @ = {p € Hp2:3g € Kst.p=¢ mod I(V)} = P,2(DNV). But
I(V) = (r(z)), thus Q = {p € Hp2:3q € K s.t. p(z) — q(z) =t'r(z),t' € R} =
{p(@) +t'r(z) :t' € R,p € £,, 2}, which is equivalent to [24, Thm. 2].

For a second application of Corollary 1, consider the affine variety
Vap={z e R":a"z —b=0},

where a € R™, b € R are given. Define the operator Z,; as follows: Given
K CHpm, let

Zop(K)={peHpm:p=q mod I(Vy;),q€ K}.
(Notice that I(V,p) = (a"x —b).)
The following result follows from Corollary 1.

Corollary 2 Let a € R", b € R, D be a compact set and m > 1. If K ~
Prm(D), then Z, p(K) = Ppm(D N Vay).

Without the lower bound condition on m, the statement in Corollary 1 may
not hold. For example, when m =1and V = {z € R : z; € {0,1}} it is easy to
see that for any given K C Hyp 1, {p € Hp1:3¢ € K, p=gq mod I(V)} = K.
Hence in this case this restricted-degree modulo-ideal construction does not yield
anything new.

We next present several constructions that give one-step approximations for
Pnm(D NV) for any m. The tradeoff for dropping the condition on m is to
apply a “lifting” step to K ~ P, (D) to get a richer subset of P, (D). The
restricted-degree modulo-ideal operation is then applied to such set. The latter
operation can be seen as a “projecting” step. The following lemma provides the
core of the constructions presented in the subsequent sections.

Lemma 4 Assume K C Pp(D) and let Q@ = {p € Hpm : 3¢ € K, p = ¢
mod I(V)}. Then Q C P, (D NV). Furthermore, if K is such that for all
p € Py (DNV) there exists ¢ € K with p—q € I(V), then Q = Py m(DNV).

Proof. The inclusion Q C Py, (D NV) readily follows from Lemma 1. For the
second part, let p € Py, (DNV). Then ¢ —p € I(V) for some ¢ € K. Thus
p € Q. This shows Py, ,,(DNV) C Q as well. 0



4.2 Some relaxations for 0—1 programming

We next present some refinements of the one-step approximation scheme for
the following particular variety, which plays a central role in 0—1 programming;:
Given j € {1,...,n}, let

Vi={xeR":2; € {0,1}}.

The constructions in this section give alternative derivations and extensions
of some well-known relaxation hierarchies for 0-1 programming.

4.2.1 Balas-Ceria-Cornuéjols

In the same spirit as the lift-and-project operator P; of Balas, Ceria and Cornué-
jols [1], the following construction yields a one-step approximation for P,, ,, (DN
V;) given a one-step approximation for P, (D). Given j € {1,...,n} and
K CHpm, let

B;(K)={p € Hpnm:3q,q € K s.t. p(x) = (zjq(z)+(1—z;)¢' (z)) mod I(V;)}.
(Notice that I(V;) = (z;(1 —x;)).)

Theorem 5 Let j € {1,...,n}. Assume D is compact and D C {x e R" : 0 <
zj <1}, If K = Py (D), then Bj(K) = Ppm(DNVj).

Proof. By Lemma 4, it suffices to show that given p € Py, (DNV;) there exist
¢,q" € K such that zjq(x) + (1 — ;)¢ (z) — p(x) € I(V;). If p € Py (D) or
D = (), then simply take ¢ = ¢’ = p. Otherwise let e = min{l—z; : p(z) <0,z €
D} >0, ¢ =min{z; : p(x) < 0,2 € D} >0, and p = |min{p(z) : € D}|. Put
q(w) = p(x) + c(1 —5),q'(x) = p(x) + 'z; where ¢ > £ and ¢ > L. It follows
that ¢,¢' € P, (D) and zjq(x) + (1 — z;)¢'(z) — p(z) € I(V;). ]

For J = {j1,...,5k} € {1,...,n} and K C H,, ,, define
By(K) = Bj, (Bj,_, (- -+ (Bj, (K)) ---)),
and
w:ﬁw
jeJ

The next corollary follows by induction from Theorem 5.

Corollary 3 Let J C {1,...,n}. Assume D is compact and D C ;. {z €
R":0<2; <1}. If K~ Pym(D), then By(K) & Pom(D N V7).

Notice that under the conditions of Corollary 3, we obtain a finite sequential
approximation of P, ,,(DNVy). That is, if J; = {j1,...,4i}, i =1,...,|J]|, then

KQBJl(K) QBJZ(K) g QBJ(K) Q'J'Pnym(DﬂV‘])



Remark 1 The compactness hypothesis on D in Theorem 5 is only used to
ensure that €, ¢’ and p are attained and finite. When m = 1 and D is a poly-
hedron, this compactness hypothesis is not necessary, as in this case €, ¢ and p
are simply the optimal values of feasible bounded linear programs. As a conse-
quence, in this case the operator B; is precisely the dual of the lift-and-project
operator P; in [1]. We next discuss this in more detail.

The operator B; defined above is closely related to the operator P; in [1].
Indeed, for linear polynomials, i.e., for m = 1 and D a polyhedron, the operator
B; is the dual counterpart of P;. Specifically, for D = {z : Az > b} with
DC{zx:0<a; <1} and K = P, 1(D), Theorem 5 together with Remark 1
imply that the polynomials in B;(K) are precisely the set of valid inequalities of
the convex hull of DN {z : z; € {0,1}}, which is denoted P;(D) in [1]. Observe
that in this case, by (10),

Ppa(D)={cTz+d:32>0 st.c= A%z, d=-b"z}.
Hence for K = P, 1(D), it follows that o™z + 3 € B;(K) if and only if there
exist u,v > 0 such that
e+ B=a;(ATw) Tz —0Tu) + (1 — 2;)(ATv)T2 — bTw)  mod I(V}).

This in turn holds if and only if 3 = —bTv, a; = (ATv); = (ATu);, i # j, and
aj = (ATu); +bTu—bTv. In other words, aTz + 8 € B;j(K) if and only if there
exist u,v > 0 and ug, vy € R such that

= ATu+ uge;
= ATv +vge;
= —bTu—ug

= —bTo.

D@ e Qe

So we recover the characterization of P;(D) in [1, Thm 2.10].

In the case D C {x € R": 0 < z; <1, j € J}, Theorem 5 and Corollary 3
extend some of the central properties of the lift-and-project constructions in [1,
2]. Furthermore, when m = 1 and D is a polyhedron, the identity (9) readily
yields a polyhedral representation for P,, ,,, (D). In contrast, for m > 1, imposing
the linear constraints 0 < xz; <1, j € J on D poses a difficulty as there is no
current result analogous to (9) that yields a computable description for P, ,,, (D).
Fortunately, when m > 1 this extra condition on D is no longer necessary.

Theorem 6 Let j € {1,...,n}, and D be a compact set. Assume m > 1. If
K % Py (D), then Bj(K) % Ppm(DN V).

Proof. Modify the proof of Theorem 5 by using x? instead of z; and (1 — :L'j)z
instead of (1 — z;) in the construction of ¢,¢’, €, and €. a

It thus follows that the condition D C {x e R" : 0 < z; < 1,j € J} can
also be omitted in Corollary 3 when m > 1.

To see how Theorem 6 and Corollary 3 extend the range of application of
the ideas developed in [1], consider the following example.

10



Example 5 For Q € S"*!, consider the following pure 0-1 quadratic program:

o=min (1,2")Q(1,z")"
st. ze{0,1}"™.

Let D={z e R": (1,2")M(1,2™)" > 0}, where

0 le
— 2
u-l4 5]
Here, e = (1,...,1)* € R™ and I € R™*"™ is the identity matrix.
Let J; = {1,...,i}, 7« = 1,...,n. Since D is the n-dimensional sphere of
radius y/n/2 centered at %e, it follows that

o=sup A
s.t. (1,$T)(Q — )\500)(1,$T)T S Pn)Q(D n an),

where o9 € S"*! is the matrix with all zeros except for a 1 in position (0,0).
Notice that D is compact, and by the S-lemma [26, 24], K = {(1,2")Z(1,2™)" :
Z —tM = 0,t > 0} = Py, 2(D). Therefore, the sequence

0, =sup A
s.t. (17£CT)(Q—)\500)(1,1'T>T S B]l(K-)7
for ¢« = 1,...,n satisfies o5, > -+ > 05, = 0. Furthermore, since K has an
LMI description, each problem in the sequence o, % = 1,...,n is a semidefinite
program.

Notice that in Example 5 we have used an important feature common to
both the one-step and sequential approximation schemes; namely, that if we are
interested in approximating P, (D’ N V), there is a lot of freedom to choose a
compact set D such that D’V = DNV. In turn, this provides room towards
obtaining the necessary K or sequence K,.,r = 0,1,... in Theorems 2 and 3, or
their corresponding refinements.

Other authors have already recognized that the lift-and-project procedure
of Balas, Ceria and Cornuéjols can be generalized in various ways (see, e.g., [6]
and [25]). Our goal in this presentation is to emphasize a novel perspective to
these generalizations via simple algebraic-geometric tools.

4.2.2 Sherali-Adams

The lift-and-project procedure of Balas, Ceria, Cornuéjols is related to the hie-
rarchy of relaxations by Sherali and Adams [20]. The latter inspires the following
sequential approximation scheme for P(D N V).

11



Assume J C {1,...,n} and K C H,, ,, are given. For ¢t = 0,1,...,|J|, put
F(t) = {(Jl,JQ) 1, o CJ JiNdy = (Z), |J1 U J2| < t} and let

W}(K) = {p €Hnm:3as,,5, €K, (J1,J2) € T(t) s.t.

p(x) = Z QleJQ(x) H Ljy H (1—.13]'2) mod I(VJ)}7

(J1,J2)€r(t) J1€J1 Jj2€J2

with the convention Hhe@ Tj = Hj2€®(1 —xj,) =1

Notice that for t =0,1,...,|J|, if (J1,J2) € ['(¢) and j € J \ (J1 U Jz2) then

H Ly H (1_‘27.7'2) = H L1 H (1_Ij2)+ H Lj1 H (1—1‘]‘2).

Ji€J1 jo2€J2 j1€J1U{j} J2€J2 Jj1€J1 j2€J2U{j}
Therefore, W4(K) C W§+1(K) for t =0,1,...,|J]. Also, K C WI(K).

Theorem 7 Let J C {1,...,n} and D be a compact set. If K ~ Py (D),
then
KCWYK)C - CWYNK) ~ Pom(DNV)).

Proof. From the discussion above and by Lemma 4, it suffices to show that
given p € Py . (D NVy) there exist qj, 5, € Py ,,(D), (J1,J2) € T'(]J]) such

that
p—= Z 4j,,J; H Lj1 H (1 - sz) € I(VJ) (11)
(J1,J2)€r(|J]) J1€J1 Jj2€J2
Fix (J1,J2) € I'(|J]|). Let g, 4,(x) be the polynomial obtained by fixing the
variables z;, j € J in p(x) as follows: z;, = 1,51 € J1 and z;, = 0,72 € Ja.
Since p € Py, (D NVy), it follows that each q;, 5, € Py ,,,(D). Furthermore,
this construction ensures that (11) holds. O

For the special case m = 1, and proceeding as in Section 4.2.1, it can
be shown that the operator W defined above is the dual counterpart of the
operator in the hierarchy of relaxations for 0-1 programming by Sherali and
Adams [20].

4.2.3 Lovasz-Schrijver

The lift-and-project construction by Balas, Ceria and Cornuéjols [1] and the
hierarchy of relaxations by Sherali and Adams [20] are related to a third class of
relaxations for 0-1 linear programming proposed by Lovédsz and Schrijver [12].
Again, the latter inspires a third finite sequential approximation of P,, ,,, (DNVy).
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Given J C{l,...,n} and K C H,, ,,, let
L;(K)= {pe Hom Elqj,q; eK,jeJ st.

p(x) =) ajqi(x) + (1 - 2;)qj(z) mod I(VJ)}v

jeJ
and for t = 2,3, ..., define
Ly(K) = Ly (L5 H(K)).

Notice that K C L;(K); therefore L defines an increasing sequence; that is,
LY(K) C LP(K) for t > 1. Also, from their explicit constructions, it is easy
to see that for J' C J with |J'| =¢

Bi(K) € Ly (K) € WS (K).
Hence the following result readily follows.

Theorem 8 Let J C {1,...,n} and D be a compact set. Assume either D C
NjesAr €R":0<a; <1} orm > 1. If K = Py (D), then

KCLyK)C--CLYN(K)~ P, (DNV)).

Once again, proceeding as in Section 4.2.1 it can be seen that for the case
when m = 1 and D is a polyhedron, the operator L ; is the dual counterpart of
the operator N in [12].

We can also strengthen the construction of L; to get an operator that cor-
responds to the dual counterpart of the operator N™ in [12]. This can be done
by defining L:'} as follows

LY (K)={peEHpm:p=q+¢ modI(Vy),q€ Ly(K),p € Xpmi1}. (12)

The operator L'Jf clearly dominates Lj, consequently it also satisfies the
statement of Theorem 8.

4.3 Other varieties

Although we have concentrated on refining the one-step approximation scheme
for 0—1 programs, the same approach can be used to obtain refinements for other
affine varieties. For example, given j € {1,...,n}, let

V,={zeR":z; € {-1,0,1}}.

13



Define Ej as follows: Given K C H,, p, let

Ej(K) ={peHnm:390,9-1,q1 € K s.t. p(z) = (2(1 — ;) (1 + z;)qo(z)+
(1~ 2;)q-1(2) + 23 (1 + 2;)qu(x)) mod I(V)}.

(Notice that I(V;) = (z; — x;’))

Proceeding as in the proof of Theorem 6, we obtain the following result.

Theorem 9 Let j € {1,...,n}. Assume D is compact and m > 1. If K =~
Prnm(D), then B;(K) = Ppm(DNVj).

5 Refining the sequential approximation scheme

We next show that under suitable conditions on D and V, the statement in
Theorem 3 can be strengthened to obtain a finite sequential approximation
Qo C - CQn = Ppm(DNV), given a sequential approximation K, T P, (D).

We start with the following corollary of Theorem 3.

Corollary 4 Assume D is compact. Given K, T Pn(D), let Q. ={p € Hn,m :
p=q mod I(V),q € K,}. Then Q, 1 Ppm(DNV).

We show below that for suitable D, V, and K. 1 P, (D), the sequence @,, r €
N in Corollary 4 eventually becomes constant, and in consequence @, yields a
finite sequential approximation to P, ,, (DNV’). The crux of these constructions
is the specific choice of K, 1 P, (D).

5.1 A finite approximation scheme for D polyhedral and
vV =A{0,1}"

Our next construction relies on a theorem due to Handelman [5]. We present
this result below in a format appropriate for our exposition.

Theorem 10 (Handelman) Let a; € R", b; € R, j=1,...,d and assume
D={zeR":ajz—b;>0,j=1,...,d} (13)

is a bounded polyhedron. If p € P2(D), then for some positive integer N there
exist Ao >0, « € N4, |la|l; < N such that

d
pl@)= > Xa]](afz—b)>.

aeN" Jla1 <N j=1
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Based on Theorem 10, we can construct K, T P,(DN[0, 1]™) for D polyhedral
as follows. Assume D = {z € R™: a;r:z: —b;>0,7=1,...,d}. Forr € N put

Kr:{pEHn,r: (aﬁﬁ’ ( ﬁﬁ) () .
P=2 Napp) H Je—bp)o [Tal 0 —20™}. (19)
T'(r) i=1

where T'(r) = {(a, 3,8) € N¢ x N* x N" : ||(a, 3, 8)||1 < r}. By Theorem 10,
K, 1 Pum(DN[0,1]7).

Remark 2 As we shall discuss in Section 6, each K, above is a polyhedral
cone.

Theorem 11 Assume D ={x € R":ajxz —b; > 0,j=1,...,d} and K, is as
in (14). Let

Qr={pEHnm:3qEK, st.p=q mod I({0,1}")}.
Then QO g Ql g o g Qner ~ Pn,m(D N {07 1}n)

Proof.  Since K, 1 Pn(D N [0,1]™), by Corollary 4 it suffices to show that
Qr = Qniq for ¥ > n 4+ d. This in turn is an immediate consequence of the
following observations:

(i) 2?2 =x; mod I({0,1}") and (1 — z;)? = (1 — x;) mod I({0,1}").

(ii) Let a € R",b € R. Then (a™x — b)? =D pefo13n A8 I, a: 1 — )P
mod I({0,1}") for some \g € Ry, 3 € {0,1}",

both of which follow from the identity

)= > (B H 27 (1 — ;)% mod I({0,1}").
ge{o}r =1
O

5.2 A finite approximation scheme for D semialgebraic
and V = {0,1}"

Another finite sequential approximation for P(D N {0,1}"™) can be obtained by
using other representation theorems from real algebraic geometry to construct
K, 1 P(D). Lemma 12 below is one of such representation theorems stated in a
format appropriate for our exposition. This result is a direct consequence of [19,
Thm. 6.3.4].

Assume D ={x € R": g;(z) >0, =1,...,d} where g; € H,,,j =1,...,d
and either all g; have even degree or all g; have odd degree. Assume also that
gj, J =1,...,d satisfy the following technical condition:

For all z € R™ \ {0} there exists i € {1,...,d} s.t. g;(z) <0,

15



where g;(z) is the homogeneous component of g;(z) of highest degree. It is easy
to see that the conditions above imply that D is compact.
The following lemma is a special case of [19, Thm 6.3.4].

Lemma 12 Let D = {x € R™ : gj(z) > 0,5 = 1,...,d} be such that above
conditions hold. If p € PS(D), then p(x) = po(x) + Z?:l g;j(x)p;(x), for some
©j €Xn, j=0,...,d.

Based on this result, we can construct K, 1 P,(D) in a number of ways.
One possible construction is the following. Let m; = deg(g;) and for r € N put

K, := {p € Hn,2r : 3900 € En,Qrv@j € Z11,2(7“7mj) s.t.

d
p(z) = pol@) + Zgj(x)%(x)} (15)

Remark 3 As we shall discuss in Section 6, each K, above can be defined in
terms of the cone of positive semidefinite matrices.

Theorem 13 Assume D satisfies the conditions of Lemma 12, and let K, be
as in (15). Let

Qr={p€Hpm:p=q mod I({0,1}"),q € K, }.

Then Qo € Q1 C -+ C QN = Pum(DNA{0,1}") for N =n+ max{m; : j =
1,...,d}.

Proof. Since K, T P,(D), by Corollary 4 it suffices to show that @, = Qx for
r > N. This in turn is an immediate consequence of the following observation:
if p € ¥, 21, then p = ¢ mod I({0,1}") for some g € £, 2. ]

In parallel to the connection between the operators Bj, L ; of Section 4 and
the operators Pj, N of [1, 12], there is a connection between the sequence Q.
defined in Theorem 13 and the sequence of relaxation for 0-1 programming
proposed by Lasserre [8]. Indeed, with a suitable choice of the sequence K,
in (15), it can be shown that the problems (Q;) in [8] are precisely those obtained
when the cone P, (D N {0,1}") is approximated by the sequence @, given
by Theorem 13 in problem (2). Since each @, has an LMI description (see
Section 6), then each problem (QF) can be cast as a semidefinite program, as
Lasserre showed [8].

However, observe that the statement in Theorem 13 applies to any sequence
Q, derived from a given K, T P, (D), as long as the specific construction of K,
ensures that the sequence @, eventually becomes constant. This readily suggests
a number of variations of Lasserre’s scheme. For example, we could conceivable
exploit other algebraic geometry machinery such as the Positivstellensatz (see,
e.g., [18]) to construct other sequences K,. T P, (D).
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6 Computable descriptions revisited

We now turn our attention to some details concerning the computable descrip-
tion of the cones obtained in our constructions. The two main goals of this
section are: First, to show that if the starting cone K (or sequence K,) has a
computable description, then the constructions in Sections 4 and 5 yield cones
Q@ (or sequences ) with computable descriptions. Second, to show that the
sequences defined in (14) and in (15) have computable descriptions. More pre-
cisely, the first one is a polyhedral cone, and the second one can be described
in terms of the positive semidefinite cone.

We begin with some simple observations. Recall that for p(x) € Hy, i, we use
p to denote its (finite-dimensional) vector of coefficients under a given ordering
of the monomials in H,, p,.

Observation 1 Let ti,...,t; € Hp m be given. Then there exists a linear map
M :Hym X X Hym — Hnmtm such that

l

th(x)qj(x), ¢; € Hn,m if and only if p = M(qq,...,q).
=1

p(x)

Observation 1 shows that the cones K, r € N defined in (14) have a com-
putable description; and in particular, that each K, is a polyhedral cone.

Observation 2 Assume n,m,m’ are positive integers, p,q € Hp.m, [ € Hnm
and I = (f). Then

p=¢q modI ifand only if p(z) = g(z) + f(x)h(z) for some h € H,, .

Since (Vo) = (a'z —b), I(V;) = (z; — 23)), and I(‘N/J) = (x; — z3),
Observations 1 and 2 show that if a cone K has a computable description, then

so do the cones Z, ,(K), B;(K), and Ej(K).

Observation 3 Assume n,m are positive integers and p,q € Hy,m. Let J C
{L,...;n} and I = I(Vy) = (xj(x; — 1) : j € J). Then

p=gq mod I if and only if p(z) = ¢(z),

where t +— t is the map defined by putting t(z) = Zaeanlalgm tax® for
P
di:{ S T

0 otherwise,

Observation 1 and 3 show that if a cone K has a computable description, then
so do the cones W4(K) and L;(K). To show that the same property is satisfied
by the remaining constructions in Sections 4 and 5 (i.e., those in (12), and in
Theorems 11 and 13), as well as to show that each cone in the sequence (15) has
a computable description, it suffices to show that that X, »,,, has a computable
description. This fact readily follows from the following observation.
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Observation 4 Let p € Hy, 2m. Then
PEXpom e IP>0st.p=LD,

for a suitable linear map L (see, e.g., [16, 27]).
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