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Abstract The maximum stable set problem is a well-known NP-hard problem in combinatorial
optimization, which can be formulated as the maximization of a quadratic square-free polynomial
over the (Boolean) hypercube. We investigate a hierarchy of linear programming relaxations for this
problem, based on a result of Handelman showing that a positive polynomial over a polytope with
non-empty interior can be represented as conic combination of products of the linear constraints
defining the polytope. We relate the rank of Handelman’s hierarchy with structural properties of
graphs. In particular we show a relation to fractional clique covers which we use to upper bound
the Handelman rank for perfect graphs and determine its exact value in the vertex-transitive case.
Moreover we show two upper bounds on the Handelman rank in terms of the (fractional) stability
number of the graph and compute the Handelman rank for several classes of graphs including
odd cycles and wheels and their complements. We also point out links to several other linear and
semidefinite programming hierarchies.

Keywords Polynomial optimization - Combinatorial optimization - Handelman hierarchy - Linear
programming relaxation - The maximum stable set problem

1 Introduction

In this paper we consider the maximum stable set problem, a well-known NP-hard problem in
combinatorial optimization. We study a global optimization approach, based on reformulating the
maximum stability number a(G) of a graph G as the maximum of a (square-free) quadratic poly-
nomial on the hypercube [0,1]", as in relation (2) below. We investigate a hierarchy of linear
programming bounds, motivated by a result of Handelman [11] for certifying positive polynomials
on the hypercube. While several other linear or semidefinite programming hierarchical relaxations
exist, a main motivation for focusing on the relaxations of Handelman type is that they appear to
be easier to analyze. Indeed, explicit error bounds have been given for general polynomials in [5]

Centrum Wiskunde & Informatica (CWI), Amsterdam and Tilburg University
CWI, Postbus 94079, 1090 GB Amsterdam, The Netherlands

Tel.: +31-20-5924105

E-mail: M.Laurent@cwi.nl

Tilburg University

PO Box 90153, 5000 LE Tilburg, The Netherlands
Tel.: +31-13-4663313

Fax: +31-13-4663280

E-mail: z.sun@Quvt.nl



2 Monique Laurent, Zhao Sun

and sharper bounds that apply at any order of relaxation have been given in [23,24] for square-
free quadratic polynomials, as we will recall below. Moreover, we focus on the maximum stable
set problem, since it is fundamental in the sense that any polynomial optimization problem on
the hypercube can be transformed into a maximum stable set problem using the so-called conflict
graph [1]. Moreover, Cornaz and Jost [3] give a direct explicit reformulation for the graph coloring
problem as an instance of maximum stable set problem.

Algebraic approaches for the maximum stable set problem have been long studied; see e.g.
the early work of Lovész [20] and the more recent work of De Loera et al. [9], where Hilbert’s
Nullstellensatz plays a central role to show the non-existence of a solution to a system of polynomial
equations. For instance, [9] uses the polynomial system: z; — 27 = 0 for i € V(G), z;z; = 0 for
ij € E(G) and ZieV(G) z; = k, to encode the question of existence of a stable set of size k in G. For
k > a(G)+1 this sytem is infeasible and [9] gives an explicit Nullstellensatz certificate certifying this
and such certificates can be searched using Gaussian elimination (or linear programming). Other
algebraic approaches, based on finding conditions for expressing positivity of polynomials, permit
to construct upper bounds for the stability number. Depending on the type of positivity certificates
one finds linear or semidefinite programming bounds (cf. e.g. [10,8,14,16,25,27]). In this paper we
focus on the Handelman approach, where one searches for positivity certificates obtained as conic
combinations of the linear polynomials defining the hypercube. This approach for the maximum
stable set problem was initiated by Park and Hong [24] (also in [23] for the maximum cut problem)
and we will extend several of their results.

We now introduce the Handelman hierarchy for polynomial optimization problems and recall
some known results for optimization on the standard simplex and on the hypercube.

1.1 Polynomial optimization

Given polynomials p,g1,...,gm € R[z] in n variables z = (z1,...,2n), we consider the following
polynomial optimization problem:

Pmax = max p(z) st. € K={z €R":g1(x) >0,...,gm(z) > 0}, (1)

which asks to maximize p over the basic closed semialgebraic set K. This is an NP-hard problem,
since it contains e.g. the maximum stable set problem and the maximum cut problem, two well-
known NP-hard problems. Both problems can indeed be formulated as instances of (1) where p is
a quadratic polynomial and K = [0,1]" is the hypercube. Namely, given a graph G = (V, E), the
maximum cardinality o(G) of a stable set in G can be computed via the polynomial optimization

problem:
ijER

and the maximum cardinality of a cut in G can be computed via the following problem:

mc(G) = max Zdeg )T — 2 Zmlx], (3)

€[o,1]"
2€l ijeE

where deg(i) denotes the degree of node ¢ in G. See e.g. [23,24] and Proposition 2 below.
With 2(K) denoting the set of real polynomials that are nonnegative on the set K, problem
(1) can be rewritten as
Pmax =min A s.t. A —p e P(K).

A popular approach in the recent years is based on replacing the (hard to test) positivity condition
A —p € Z(K) by a tractable, sufficient condition for positivity. For instance, one may search for
positivity certificates of the form A—p = 3" cm cagyt -+ go™, where the multipliers ¢o are nonneg-

ative scalars, which leads to the so-called Handelman hierarchy of linear programming relaxations
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for (1). When the g;’s are linear polynomials and K is a polytope, the asymptotic convergence to
Pmax 1S guaranteed by the following result of Handelman [11].

Theorem 1 [11] Assume that g1,...,g9m € R[z] are linear polynomials and that the set
K={zeR":g1(z) >0,...,9m(x) >0} (4)

is compact and has a non-empty interior. Then for any polynomial p € R[z| strictly positive on K, p can
be written as ZaeNm cag?1 - g™ for some nonnegative scalars co,.

In the case of the hypercube K = {z € R" : 0 < z; < 1 Vi € [n]}, this result was shown already
earlier by Krivine [13].

Alternatively, one may search for positivity certificates of the form »_  _m sagy" -+ gm™ (or of
the simpler form sg + Z;n:1 sj95), where the multipliers so (or so,s;) are now sums of squares of
polynomials. This leads to the Lasserre hierarchy of semidefinite programming relaxations for (1),
whose asymptotic convergence is guaranteed for K compact (satisfying an additional Archimedean
condition) by results of real algebraic geometry (see e.g. [14,17]).

Although the Lasserre hierarchy is stronger, it is more difficult to analyze and computationally
more expensive as it relies on semidefinite programming. This motivates the study of the linear pro-
gramming based Handelman hierarchy which is generally easier to analyze, and might yet provide
some insightful information, also for the SDP based hierarchies which dominate it. Some results
have been proved on the convergence rate in the case when K is the standard simplex or the
hypercube [0, 1], which we recall below.

1.2 The Handelman hierarchy

We now present a hierarchy of linear relaxations for problem (1), which is motivated by the above
mentioned result of Handelman for certifying positivity of polynomials on a semialgebraic set K
of the form (4). We let g denote the set of polynomials g1, ..., gm. For an integer ¢ > 1, define the
Handelman set of order t as

Hi(g) = Z cag® ica >0

aEN™:|a|<t
and the corresponding Handelman bound of order t as
p}(gn =inf{\: A —pe He(g)}
Clearly, any polynomial in H;(g) is nonnegative on K and one has the following chain of inclusions:
Hi(g) € ... CHe(g) € Hit1(g9) € ... C P(K),

giving the chain of inequalities: pmax < pga';l) < pfzn << pﬁlla)n for ¢ > 1. When K is a polytope
with non-empty interior and g, ..., gm are linear polynomials, the asymptotic convergence of the

bounds pgn to pmax as the order ¢ increases is guaranteed by Theorem 1 above. We mention two
cases where results are known about the quality of the Handelman bounds, when K is the standard

simplex or the hypercube.
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Application to optimization on the simplex.

We first consider the case when K = A is the standard simplex A = {z € R" : 2 >0, >I" | z; = 1}.
Define the polynomial 0 = }"I" | z;. Let (1—0) denote the ideal in R[z] generated by the polynomial
1—o0 and, for an integer ¢, let (1—o); denote its truncation at degree ¢, consisting of all polynomials
of the form u(1 — o) where u € R[z] has degree at most ¢ — 1. Moreover, let Ry [z] denote the set of
polynomials with nonnegative coefficients and R4 [z]; its subset consisting of polynomials of degree
at most t. With g standing for the set of polynomials z1,...,2n,+(1 — o), one can easily see that
the Handelman set of order ¢ is given by

He(g) = Ryfz]e + (1 — o).

Suppose we wish to maximize p over A, where p € R[z] is a polynomial of degree d which we
can assume to be homogeneous without loss of generality. It turns out that the corresponding
Handelman bound pl(gn coincides with the LP bound studied in [4,7], based on Pdlya’s positivity
certificate and defined as follows:

inf{\: (Ac? —p)o' ™% e R, [a]}.
This follows from the following lemma (based on similar arguments as in [6]).

Lemma 1 Let p be a homogeneous polynomial of degree d, A € R and an integer t > d. Then, A —p €
R [#]t+(1—0)s if and only if (Ao —p)ot =% € Ry [z]. Therefore, pl(lt;n =inf{\: (Ao%—p)o'~? € Ry [z]}.

Proof Assume (Ao — p)ot~¢ € Ry [z]. By writing 0 = 1 + (0 — 1) and expanding the products
o? and of, one obtains a decomposition of A — p in Ry[z]; + (1 — o). Conversely, assume that
A—p € Ryfz]s + (1 — o). This implies that \o? —p = f + u(l — o), where f € Ry[z]; and
u € R[z]4—1. By evaluating both sides at /¢ and multiplying throughout by o', we obtain that

ot=l(xo? - p) = f(z/o)ot € Ry[z], since f has degree at most ¢. ]

Therefore the results of de Klerk, Laurent and Parrilo [7] apply and give the following error
estimates for the Handelman bound of order t > d:

d
2d —1
pl(]ta)n — Pmax < dd( d > (2)(1 (pmax — pmin),
t— (2)

where pmin is the minimum value of p over the simplex A.

Application to optimization on the hypercube.

We now turn to the case when K = [0,1]" is the hypercube. Using Bernstein approximations, de
Klerk and Laurent [5] have shown the following error estimates for the Handelman hierarchy. If p
is a polynomial of degree d and » > 1 is an integer then the Handelman bound of order t = rn

satisfies:
L d+1
pggrll) — Pmax < E‘p) ( 3 )nd»

setting L(p) = maxq lg—i,|pa| In the quadratic case a better estimate can be shown.

Theorem 2 [5, Proposition 3.2] Let p = 2T Az + bz be a quadratic polynomial. For any integer r > 1,

- Zi:A,;,; <0 Aji
T

p&? — Pmax <
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We observe that the above results hold only for relaxations of order ¢ > n. Moreover, if p is a
square-free quadratic polynomial (i.e., A;; = 0 for all i), then equality pmax = p}(]?n holds and the
Handelman relaxation of order n gives the exact value pmax. This is consistent with the fact that a
square-free polynomial takes the same maximum value on the hypercube [0,1]" as on the Boolean
hypercube {0, 1}".

Using a combinatorial version of Bernstein approximations, Park and Hong [24] can analyze the
Handelman bound of any order ¢ < n, in the quadratic square-free case. They show the following

result (see Section 2.2 for a proof).

Theorem 3 [2/] Let p = 2T Az + b7z be a quadratic polynomial which is square-free, i.e., A;; = 0 for
all i € [n]. Assume moreover that A;; < 0 for all i # j € [n]. Then, for any integer 2 <t < n,

¢ n
pfm)n < ?pmax-

1.3 Contribution of the paper

The error analysis from Theorem 3 applies in particular to the bounds obtained by applying the
Handelman hierarchy to the formulation (2) of the maximum stable set problem and to the for-
mulation (3) of the maximum cut problem [23,24], whereas no error analysis is known for other
(potentially stronger) linear or semidefinite programming hierarchies. This is one of the main mo-
tivations for investigating the Handelman hierarchy. Park and Hong [23,24] give some preliminary
results on the rank of the Handelman hierarchy, defined as the smallest order ¢ for which the Han-
delman bound is exact. In particular, they show that when applied to both the maximum stable
set and cut problems, the Handelman hierarchy has rank 2 for bipartite graphs and rank 3 for odd
cycles (in the unweighted case) and they ask whether these results extend to weighted graphs. We
give an affirmative answer to this open question.

The paper is devoted to the Handelman hierarchy applied to the formulation (2) of the maximum
stable set problem. In particular, we bound the rank of the Handelman hierarchy for several graph
classes, including perfect graphs, odd cycles and wheels, and their complements, in the general
weighted case. Moreover we show that the Handelman bound of order 2 is equal to the fractional
stability number (see Theorem 5). We also prove two different upper bounds for the Handelman
rank for a weighted graph, one in terms of the (unweighted) stability number and one in terms of
the weighted stability and fractional stability numbers (see Theorem 6 and Corollary 4). For this
we develop the following two main tools.

First we show a relationship between the Handelman bound of order ¢ and the fractional ¢-
clique cover number, at any given order ¢t > 2, by constructing explicit decompositions in the
Handelman set of order t from clique covers. At the smallest order ¢ = 2, we show that both
bounds coincide, which implies that the Handelman bound of order 2 coincides with the fractional
stable set number. Additionally this allows us to upper bound the Handelman rank of any perfect
graph G by its maximum clique size, with equality when G is vertex-transitive (Proposition 5).

Second we observe a simple identity for square-free polynomials (Lemma 5), which can be used
to relate the algebraic operation of setting a variable to 0 (resp. to 1) to the graph operation of
deleting a node (resp., deleting a node and its neighbours). This technique permits to relate the
Handelman rank with structural properties of graphs and can be applied to show the upper bounds
and to deal e.g. with odd cycles and odd wheels.

In addition, for the maximum cut problem, we clarify how the Handelman hierarchy applies to
the formulation (3) and show that it can be reformulated as optimization over a polytope defined
by an explicit subset of valid inequalities for the cut polytope; as an application we find again
several results of [23,24] (see Section 5).

More specifically the paper is organized as follows. In Section 2 we present some preliminary
results about square-free polynomials and the Handelman hierarchy. In particular we prove the
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error bound from Theorem 3 (for polynomials of arbitrary degree) and we introduce the Handelman
hierarchy for the maximum stable set problem. Section 3 contains our new results. In Section 3.1
we show a relation to fractional clique coverings and we show that the Handelman bound of order
2 is equal to the fractional stability number. Section 3.2 contains the two new upper bounds for
the Handelman rank, in Section 3.3 we determine the Handelman rank of several classes of graphs,
and in Section 3.4 we study the behaviour of the Handelman rank under some graph operations
like edge deletion and clique sums. In Section 4 we point out links to the linear or semidefinite
programming hierarchies of Sherali-Adams, Lasserre, Lovasz-Schrijver, and de Klerk-Pasechnik. In
Section 5 we give an explicit formulation for the Handelman hierarchy applied to the maximum
cut problem in terms of valid inequalities of the cut polytope.

1.4 Notation

For an integer n > 1, we set [n] := {1,2...,n}. Given a finite set V and an integer ¢, P(V) denotes
the collection of all subsets of V, P¢(V) := {I CV : |[I| < t}, and P=(V) :={I C V : |I| = t}.
The support of z € R" is the set {i € [n] : ; # 0}. For x € R" and S C [n], z(S) = >, g xi. We
let e denote the all-ones vector in R"™ and ey, ..., e, denote the standard unit vectors in R™. For a
subset I C [n], x! € {0,1}" denotes its characteristic vector. The space of symmetric n x n matrices
is denoted as S,. A matrix A € S, is positive semidefinite (resp., copositive) if =% Az > 0 for all
z € R" (resp., 27 Az > 0 for all z > 0). Then, S;; denotes the positive semidefinite cone, consisting
of all positive semidefinite matrices in Sy, and Cy, is the copositive cone, consisting of all copositive
matrices.

Let R[z] = R[z1,...,zn] denote the ring of multivariate polynomials in n variables with real
coefficients. Monomials in R[z] are denoted as % = 27! ---z5" for a € N”, with degree |a| :=
> iy @i. For a polynomial p = 37 cyn paz®, its degree is defined as deg(p) := max,,, 4o || For
an integer ¢, R[z]¢ denotes the subspace of polynomials with degree at most ¢. The monomial z*
is said to be square-free (aka multilinear) if o € {0,1}" and a polynomial p is square-free if all its
monomials are square-free. For I C [n], we use the notation 2! = Hie 7 z;. Hence a square-free
polynomial can be written as ZIg[n] pra’. Given a subset S C R™, we say that p € R[z] is positive
(resp., nonnegative) on S when p(z) > 0 (resp., p(z) > 0) for all x € S. Given g1,...,9m € R[z]
and s € N™, we often use the notation g° = g7* --- gy, with g = 1. The ideal generated by a set
of polynomials g1, ..., gm € R[z] is the set, denoted as (g1,...,gm), consisting of all polynomials of
the form 377", u;g; where u; € R[z].

Given a graph G = (V,E), G = (V, E) denotes its complementary graph whose edges are the
pairs of distinct nodes i, € V(G) with ij ¢ E. Throughout we also set V = V(G), E = E(G) and
we often assume V(G) = [n]. K, denotes the complete graph and Cj, the circuit on n nodes. A set
S C V is stable (or independent) if no two distinct nodes of S are adjacent in G and a clique in
G is a set of pairwise adjacent nodes. The maximum cardinality of a stable set (resp., clique) in G
is denoted by a(G) (resp., w(G)); thus w(G) = a(G). The chromatic number x(G) is the minimum
number of colors needed to color the nodes of G in such a way that adjacent nodes receive distinct
colors. For a node i € V, G — i denotes the graph obtained by deleting node i from G, and G &1
denotes the graph obtained from G by removing i as well as the set N(i) of its neighbours. For
U C V, G\U denotes the graph obtained by deleting all nodes of U. For an edge e € E, let G\e
denote the graph obtained by deleting edge e from G, and let G/e denote the graph obtained from
G by contracting edge e. Consider two graphs G1 = (V1, E1) and G2 = (Va, E2) such that V4 NVa
is a clique of cardinality ¢ in both G7 and Ga. Then the graph G = (V1 U Vo, E1 U E3) is called the
clique t-sum of G1 and Gs.
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2 Preliminaries
2.1 Maximization of square-free polynomials over the hypercube

In this section we group some observations about the Handelman hierarchy when it is applied to
the problem of maximizing a square-free polynomial p over the hypercube:

max — a. .
Pmax = 555, P(7)
In what follows we let Z denote the ideal generated by the polynomials a:f — x; for i € [n]. Using

the description of the hypercube by the inequalities: x; > 0,1 —xz; > 0 for i € [n], the corresponding
Handelman set of order ¢ reads:

He = Z Co pr™ (1 — x)’B $Ca,3 >0 (5)
a,BENT: |a+B|<t

We also consider the following subset consisting of all square-free polynomials in H: involving only
terms which do not lie in the ideal Z:

H; .= Z cT’[mI(l — x)T\I ter;>00. (6)
TeP(V),ICT

Clearly, in the definition of H, we can restrict without loss of generality to sets T € P—(V).
Indeed, if T' < t, pick an element k € V \ T and elevate the degree of 2! (1 — m)T\I by writing
.’171(1 _ z)T\I _ :clu{k}(l _ l’)T\I + .’L’I(l _ z)(T\I)U{k}'

By construction, the Handelman bound pl(fa)n for the maximum value pmax of p over [0,1]" is
defined using the set H: in (5). We now show that it can alternatively be defined using the subset

H; in (6).
Proposition 1 Let p € R[z] be a square-free polynomial. For any integer t > 1,
P = inf{A: A —pe M} =inf{\: A\—pe H}.

This result follows directly from Lemma 4 below, whose proof relies on the following Lemmas
2 and 3.

Lemma 2 If p is a square-free polynomial and p € Z, then p = 0.

Proof We use induction on the number n of variables. In the case n = 1, we have that p = po+p1z1 =
f1- (z1 — %), which implies f1 = 0 and thus p = 0 by looking at the degrees of both sides. Suppose
now that the result holds for n = k — 1. Let p be a square-free polynomial in k variables lying in
the ideal Z. We can write p as p(z) = po(z) + zxp1(z), where po, p1 are square-free in the k — 1
variables z = (x1, -+ ,p_1). Say, po + xxp1 = p = Zle fi - (z; — x2) for some polynomials f;. By
setting z; = 0 we get: po(z) = 2?2_11 fi(z,0)(z; — 22). As po is square-free, we deduce using the
induction assumption that po = 0. Next, by setting z; = 1, we get: p1(z) = Z;:ll filz, 1) (z; — 22).
As p1 is square-free we deduce from the induction assumption that p; = 0. Thus we have shown
that p = 0. m]

Lemma 3 Givena,B €N, let I ={i € [n]:a; > 1} and J = {i € [n] : B; > 1} denote their supports.

(i) If 1N J #0 then (1 — z)” belongs to T.
(it) If INJ =0 then (1 —2)? — 2T (1 — )7 belongs to T.
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Proof (i) Say, 1 € INJ. Then z1(1 — 1) is a factor of *(1 — z)? and thus z®(1 —z)” € T.
(ii) The proof is based on using iteratively the following identities, for any k > 2:

2

af —i =@ —2) @+ 1) e,

-z’ (=) =—2;1—2)((1—a)* 2+ +(Q—2)+1) el

Indeed, 2%(1 — ) — 2! (1 — 2)7 = (2% — 21)2%(1 — 2)° 4 21 (2*(1 — 2)? — 2"\ (1 — 2)7), setting
z=(z2,- - ,zn) and a = (a2, -+ ,an). O

Lemma 4 Let p be a square-free polynomial and t > 1 an integer. The following assertions are equiva-
lent.

(i) p € He.
(ii) pe H +T.
(ii) p € Hy.

Proof (i) = (ii): Say, p = Y 4 ca,pz“(1 — z)? where Ca,3 > 0. Group in the polynomial po =
ZAD Ca,pr(1 —w)ﬁ all the terms of p where the supports of a and 8 are not disjoint. Let S, denote
the support of a. Then, we have:

p=po—+ Z Cap(z®(1— x)ﬁ — xS“(l — x)sﬁ) + Z ca,gxs“(l — m)Sﬁ.
A\ A A\Aq

By Lemma 3, the first two sums lie in Z and the last sum lies in H; and thus p € H; + 7.
The implication (ii) = (iii) follows from Lemma 2 and (iii) = (i) follows from the inclusion
Hy C Hy. O

As an application of Lemma 2, we also find the following representation for square-free polyno-
mials, which corresponds to the fact that the polynomials {z!(1 — z)™\ : I C [n]} form a basis of
the vector space of square-free polynomials.

Corollary 1 Any square-free polynomial p can be written as

p="> p(a" (1 —2)". (7)

IC[n]
Therefore, if p(z) > 0 for all z € {0,1}", then p € Hy,.

Proof The polynomial p — ZIC[H] p(xHat (1 - :c)["]\l is square-free and vanishes on {0,1}". Hence
it belongs to the ideal Z and thus it is identically zero, by Lemma 2. 0

In particular, as the polynomial pmax — p is nonnegative on the hypercube, we find again the
convergence: pl(f;zl = pmax Of the Handelman hierarchy in n steps, when p is square-free. We mention

another application which we will use later in the paper.

Lemma 5 Let f be a square-free polynomial in n variables x = (x1,...,2n) = (z,zn), setting z =
(z1,z2...,on—1). Then, one has

f(@) = (1 —2n)f(z,0) +znf(z,1).

Proof Using (7) (and splitting the sum into two sums depending whether I contains n or not), we
can write f(z) as f(z) = znfi1(z) + (1 — zn) f2(z). By evaluating f at (z,0) and (z, 1), we obtain
that f(z,0) = fa(z) and f(z,1) = f1(z), which gives the result. 0



Handelman’s hierarchy for the maximum stable set problem 9

2.2 Error bound of Handelman hierarchy

We now extend the result of Theorem 3 analyzing the Handelman bound of any order ¢ < n to
polynomials of arbitrary degree.

Theorem 4 Letp = ZJCW prJ be a square-free polynomial with p(0) = 0. For any integer t satisfying

deg(p) <t < n, we have

t
Phow S pmax+ Y. pAL

JC[n:| 7| >2.p>0

= () (i) (i) eroem

Hence, if py <0 for all J C [n] with |J| > 2, then

setting

t
pl(rla)n = tpmax

Proof The proof is along the same lines as the proof of [24, Proposition 3.2] and uses the following
‘combinatorial’ Bernstein approximation of p, defined as

Bip) = > et (1 -2)"M.

TeP_.(n]) ICT

One can check that

Bi(a)= Y Yo o da-a)T = f"(?-ﬁﬂ)
TEeP—y([n]):JCT

TeP_i([n]):JCT I:JCICT
for any J C [n]. Hence, the Bernstein approximation of p = ZJCM pya’ reads
n—|J
Bip)= >, ps ( |'J|> 8)
J:JCn],|J|<t

Now we divide throughout by (?:11) and add to both sides of (8) the quantity ZJpJAJx‘] to get

B
() + e’ =
t 1

As Bi(1) = () = 3= 1) this gives Zpmax = % and thus we obtain

t—1

n o B pmax —
?pmax_p t 1) Z)‘Jpr . (9)

As the polynomial pmax —p is nonnegative over {0, 1}", it follows from the definition of the Bernstein
operator that

Bi(pmax —p)= . > (Pmax — pO )2 (1 —2)™N € 1y

TEeP_,(In)) ICT

As Ay > 0 for all J, after moving the terms pyAyz’ with p; > 0 to the left hand side of (9), we
obtain the claimed inequalities. ]
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2.3 The maximum stable set problem

Let G = (V,E) be a graph and let w € RY be weights assigned to the nodes of G. The mazimum
stable set problem is to determine the maximum weight w(S) = ;. g w; of a stable set S in G, called
the weighted stability number of (G,w) and denoted as a(G,w). Let ST(G) denote the polytope in
RY, defined as the convex hull of the characteristic vectors of the stable sets of G:

ST(G) := conv{x” : S CV, S is a stable set in G},

called the stable set polytope of G. Hence, computing «(G,w) is a linear optimization problem over
the stable set polytope:

G,
(G w) Tensl%?c) Z Wit
It is well known that computing a(G,w) is an NP-hard problem, already in the unweighted case
when w = e [12]. An obvious linear relaxation of ST(G) is the fractional stable set polytope FR(G),
defined as

FR(G):={z eR" : 2 >0, zi+z; <1Vije E}.

By maximizing the linear objective function wlz over FR(G) we obtain an upper bound for the
stability number:

o*(G,w) := max Z WL, (10)

2EFR(G) !

called the fractional stability number.

We now consider another formulation for a(G, w) obtained by maximizing a suitable quadratic
polynomial over the hypercube. Given node weights w € RK, we consider edge weights w;; for the
edges of G satisfying the condition

w;j > min{w;, w;}  for all edges ij € E. (11)
For some of our results we will need to make a stronger assumption on the edge weights:
w;; > max{w;,w;} for all edges ij € E, (12)

More precisely, we will use (12) in Sections 3.2.2, 3.2.3, 3.3.1 and 3.3.2. In the weighted case, unless
specified otherwise, we will assume that the edge weights satisfy the weakest condition (11). In the
unweighted case (i.e. w; = 1 for all nodes ¢ € V'), we simply define w;; = 1 for all edges ij € E.
Once the edge weights are specified we define the (square-free quadratic) polynomials

= E WiT; — E WijTiTy,

icV ijeE
fG7w = a(G w) PGw — a G w szmz + Z Wi TiTyj. (13)
eV ijeEE

In the unweighted case pg ,, is the polynomial used earlier in the formulation (2).

In this paper we are interested in establishing positivity certificates for the polynomial fg 4,
and in understanding what is the smallest integer ¢ for which fg ,, belongs to the Handelman set
‘H¢, see Definition 1 below. It is clear that we get stronger positivity certificates if we can show that
fa,w € He for lower values of the edge weights. This motivates our distinction between the above
two conditions (11) and (12) on the edge weights.

Park and Hong [24] give the following reformulation for the maximum stable set problem (choos-
ing w;; = max{w;,w;} for the edge weights), we give a proof for completeness.
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Proposition 2 Given node weights w € ]RK and edge weights satisfying (11), the mazimum stable set
problem can be reformulated as

oG,w) = max, PG w(®) = e PGw (7). (14)

Proof As pg., is square-free, it takes the same maximum value on [0,1]" and {0,1}". Clearly,
the maximum value over {0,1}" is at least a(G,w) since pg ., evaluated at the characteristic
vector of a maximum weight stable set is equal to a(G,w). It suffices now to observe that the
maximum value of pg ., over {0,1}" is attained at the characteristic vector of a stable set. Indeed,
for S C V, pG,w(XS) = ies Wi — ZijeE:i,jeS wij. If ij is an edge contained in S with w; > w;,
then pg . (XS\{”) —pr(XS) > w;; —w; > 0. Hence we can replace S by S\{i} without decreasing
the objective value pg ,,. Iterating, we obtain that the maximum value of p over {0,1}" is attained
at a stable set. ]

By Proposition 1, the Handelman bound of order ¢ for problem (14) reads:
pff;)n(G, w) :=inf{\: X — pg . € Hi} (15)

and, by Theorem 3, it satisfies the inequality: Pl (G,w) < Fa(G,w).

han

Definition 1 We let rky (G, w) denote the smallest integer ¢ for which pl(zn(G, w) = a(G,w), called
the Handelman rank of the weighted graph (G, w). Equivalently, rky (G, w) is the smallest integer ¢
for which fg ,, belongs to the Handelan set #;.

For the all-ones weight function w = e (i.e., the unweighted case) we omit the subscript w and
simply write pg, fa, pl(f;n(G), and rky (G).

If G has no edge then rky(G,w) = 1, since a(G,w) — pg,w = D ;cy wi(l —x;) € Hi, and the
Handelman rank is at least 2 if G has at least one edge. As another example, it follows from
Corollary 1 that, for the complete graph Ky, the polynomial fx_ belongs to Hy.

Lemma 6 [24] The polynomial [k, = a(Kn) —pr, =1—> 1z + Zl<i<j<n zijxz; belongs to Hiy.

3 The Handelman hierarchy for the maximum stable set problem
3.1 Links to clique covers

In this section we show an upper bound for the Handelman bound in terms of fractional clique
covers, and we characterize the graphs with Handelman rank at most 2.

First, we introduce fractional clique covers. Let (G,w) be a weighted graph. A fractional clique
cover of (G, w) is a collection of cliques C of G together with scalars Ac > 0 satisfying > AexC = w.
Then the minimum value of )"~ A¢ is known as the weighted fractional chromatic number of G:

x*(G,w) = min {Z Ao : Z)\CXC =w, Ac > 0 VC clique of G} . (16)
C C

Note that if in addition we require the A¢’s to be integer valued in (16) then we obtain the chromatic
number x(G,w). Restricting to covers by cliques of size at most some given integer ¢ > 1, we can
define the parameter

pt(G,w) := min {Z Ac Y Aex® =w, Ag =0 VC clique of G with |C] < t} , (17)
C C
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which we call the fractional t-clique cover number of (G, w). Thus
pr(Gow) = x" (G w) if t>w(G),
where w(G) denotes the largest size of a clique in G. In addition,
pt(G,w) > X" (G, w) > oG, w).

As is well known, in relation (16) one can relax without loss of generality the equality >~ )\Cxc =w
to the inequality >" - /\Cxc > w. This extends to the fractional clique cover number. We include a
short argument for clarity.

Lemma 7 The parameter p:(G,w) from (17) is equal to the optimal value of the following program:

min {Z Aot Y Aex® = w, A = 0VC clique of G with |C| < t} . (18)
C C

Proof Comparing (17) and (18), one only needs to show that the optimal value of (18) is at least
pt(G,w). The argument is easier by looking at the dual linear programs. The dual of (17) reads

max {Z W;T; le < 1 VC clique of G with |C| < t} (19)
i€V eC
and the dual of (18) reads
max {Zwixi : Zml < 1VC clique of G with |C| <t, z; >0Vie V} . (20)
i€V ieC

Suppose z* € R™ is an optimal solution of the program (19). Then define y € R™ by setting y; = z;
if z; > 0 and y; = 0 otherwise. Then, >, w;z; <Y, wyy;. It suffices now to show that y is feasible
for the program (20). For this, pick a clique C' with |C| < ¢, and let C* denote the subset of C
consisting of all elements ¢ € C with zj > 0. Then C* is again a clique with |C*| < ¢ and thus
Yicc+ Yi = 2 icc+ i < 1, which concludes the proof. O

For t = 2, p2(G,w) is the fractional edge cover number, which coincides with the fractional
stability number o™ (G, w) of (10). Indeed, for ¢ = 2, the program (10) coincides with (20) which is
the dual of the program (18) defining p2 (G, w).

Proposition 3 Consider a weighted graph (G,w) with edge weights satisfying (11). For any integer
t>2,
pe(Gyw) = pew € He and i) (G, w) < py(G,w).

han

Proof Set k = pt(G,w). By definition (17), there exist scalars A¢ > 0 indexed by cliques C of size
at most ¢ such that (a) > Ao =k, and (b) w =), AexC, ie, w; = Y cicc dc foralli € V.
In particular, this implies that (c) EC:i.jGC Ao < min{w;, w;} < w;; for all ij € E. Moreover, by
taking the inner product of both sides of (b) with the vector (z1,---,2n)7, we get .7, wjz; =
> ¢ Acx(C). Therefore,

k —PGw = ZAC szxz + Z Wi TiT 5

i€V ijeR
“Te(1-Tar ¥ )+ Duwmn-ie T o
ieC i<j:t,je€C ijeER i<j:t,jeC

= Z/\Cfc + Z WijTiTj — Z)\C Z TiZj,

ijeE 1<j:1,j€C
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setting fo =1-3,cc 2 +Zi<j:i jec Tizj. By Lemma 6, each fc lies in Hy and thus the first sum
lies in H¢. We now consider the remaining part:

Z wijmixj - Z)\C Z {Eil'j = Z mixj wij — Z )‘C s

ijEE c i<ji,j€C ijEE CijeC

which belongs to Hz since the scalars w;; — ZC:ijGC A¢ are nonnegative by (c). Thus we have

shown that k — pg € Ht, which gives directly p(t) (G,w) < k. O

han
Next, we show that equality pl(fa)n(G,w) = pt(G,w) holds for t = 2. Note that for ¢ > 3, the strict
inequality pﬁta)n(G, w) < pt(G,w) is possible. For instance, for the odd circuit Copt1, pﬁ)n(CQn_,_l) =
a(Cont1) < p3(Cant1) = a*(Cant1) holds (see Proposition 6 below).

Theorem 5 Consider a weighted graph (G,w) with edge weights satisfying (11). Then, pfi)n(G,w) =
P2 (Gv ’LU) :

Proof Set k = p(2) (G,w). In what follows we construct a fractional 2-clique covering of (G,w) of

han
value k, which shows the inequality p2(G,w) < pg)n(G, w) and concludes the proof. By assumption,

the polynomial k — pg ., belongs to Hz and thus has a decomposition:

k=paw= Y aij(1—zi)(1—z)) + bigas(1 - z5) + iy (1 — ;) + dijwiz; (21)
ij€E,

where all scalars a;j,b;5,c;j,d;; > 0 and Ep denotes the set of ordered pairs ij with 1 <i < j < n.
By evaluating the coefficients of the monomials 1, z; and z;2; we get the relations:

k= Z CLij,

ijEER
—w; = — Z aj — Z aj; + Z bi; + Z cj; foranyicV,
Jig>i Jij<i Jig>i jig<i
wi; ifijeE S
ajj — by —cij +dij = {0 K OthjerWiSG. for any pair ij € Ep,. (22)

First we observe that we can find another decomposition of k —p¢ ., of the form (23) below, which
involves quadratic terms only for the edges of G but has additional linear terms. For any pair
ij € En, set

fz'j = aij(l — :c,-)(l — SL'j) + bz’sz’(l — xj) + Cij:vj(l — xi) + dijxi:ﬂj

so that the decomposition (21) reads: k—pg . = ZijEEn fij- We now show that, for any ij € En\ E,
the polynomial f;; belongs to Hi. Indeed, pick a pair ij which is not an edge. By (22), we have:
d;; = b;j + cij — a;j, so that we can rewrite f;; as

fij = @i (bij — aiz) + zj(cij — aij) + aij.

We distinguish several cases:
o If b;; —a;; > 0 and ¢;; — a;; > 0 then we get a representation in H; for f;;.
o If b;; —a;; <0 and ¢;; — a;; > 0 then rewrite f;; as:

fij = (1 — :ri)(a,-j — b”) erj(cij — aij) + bij S Hl.
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e Analogously if b;; — a;; > 0 and ¢;; — a;; < 0.
o If b;; —a;; <0 and ¢;; — a;; < 0 then rewrite f;; as:
fij = (L =) (aij — bij) + (1 — xj)(aij — cij) + by + cij — aij
which is again a representation in H; since b;; +¢;j —a;; = d;; > 0. Hence, we have shown f;; € Hy
for all nonedges and thus we obtain a new representation of k& — pg ,, of the form:

kpr’w = Z aij(l 7.%'@)(1 7£Cj) +bij$i(1 756]') +c,~jxj(1 71‘1‘) +dijmixj + Z fixi +gi(1 fx,'), (23)
ijERE 3%
where all coefficients a;j, b;;, ¢;j,dsj, fi, g; are nonnegative scalars. Then, we obtain:
k=Y aij+ Y g (24)
ijEE eV
and for all 1 € V:
—w; = — Z agj — Z aji + Z bij + Z cji + fi — gi- (25)
jii>iijeE jij<iijeE jij>iijeE jij<iijeE
We now build a fractional clique cover. For this consider the vector:
u= Z a7 + Z gix'".
ijeEEi<j eV
We check that u; > w; for all i € V. For this fix ¢ and set N = {j :ij € E}. We have:
u; = Z aij + Z @j; + gi-
JEN:j>1 JEN:j<i
Using (25) we get:

Wi = Z @ij + Z aji — Z bij — Z cji — fi + gi-

JEN:j>1i JEN:j<i JEN:j>1i JEN:j<i

0> - Z bij — Z ¢ji — fi-
JEN:j>i JEN:j<i
It suffices now to observe that indeed f; > 0, ENG>i b;; > 0, and ZjeN;j<iCji > 0. Hence u is
a fractional 2-clique cover of (G,w) with value iijeE aij + Y iev 9i = k by (24). This implies that
p2(G,w) < k and concludes the proof. ]

Thus u; > w; is equivalent to

Now we can characterize the graphs with Handelman rank equal to 2.

Corollary 2 The Handelman bound of order 2 is exact if and only if there is a fractional edge covering
of value a(G,w), i.e.,

P2 (G, w) = a(G,w) <= a(G,w) = pa(G,w) < a* (G, w) = (G, w).

It is well known that the equality o(G,w) = a*(G,w) holds for any node weights w € RY if
and only if G is bipartite [20, Section 4]. This implies that the Handelman rank of any weighted
bipartite graph is at most 2, settling an open question of Park and Hong [24] who proved the result
in the unweighted case.

Corollary 3 If G is bipartite, then rky(G,w) < 2 for any node weights w € RK.

On the other hand, the Handelman hierarchy is sometimes exact at order 2 for non-bipartite
graphs, as the next example shows.

Ezample 1 Let G be the graph on 2t nodes obtained by taking the clique sum of ¢ copies of K41
along a common clique K;. Then a(G) = t, p2(G) =t (since one can cover all nodes by ¢ disjoint
edges), and thus the Handelman relaxation of order 2 is exact: tkg(G) = 2.
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3.2 Bounds for the Handelman rank

In this section, we show some lower and upper bounds for the Handelman rank of weighted graphs.
The upper bounds hold when assuming that the edge weights satisfy (12).

3.2.1 Lower bound

We start with the following lemma from [24, Prop. 3.3] which we prove for completeness.

Lemma 8 Consider a square-free polynomial p(x) = a0+zi€[n] aixi+ZIC[n]:|I|>2 arz’. If \—p € Hy,
then X — ag > Zie[n] a;/t.

Proof Say, A —p = ZTGP:t(V),ICT cLTmI(l — x)T\I with ¢y p > 0. Evaluating the constant term

we find that
A—ap = Z -
TeP_ (V)

Evaluating the coefficient of x; we get:

—Q; = Z (c{i},T — C(D,T) .

TeP_,(V):ieT

Summing up over all : € V = [n] gives:

Y aw=Y Y ewmr- Y. Y. arz- Y ter=-th-a)

i€[n) i€[n] TEP_,(V):eT i€[n) TEP—, (V)4€T TEP_ (V)
which implies A — ag > Zie[n] ai/t. =

Applying Lemma 8 to the polynomial pg ,, we obtain the following lower bound on the Han-
delman rank.

Proposition 4 Consider a weighted graph (G, w) where the edge weights satisfy (11). Then, p(t) (G,w) >

s han
naw;
=i=l—_ Therefore,

Z:‘l:l Wy

I‘kH(G,’w) Z a(G,w) .

(26)

For the unweighted complete graph G = K, the lower bound is equal to n, which implies
rkg (Kp) > n. Hence equality holds: rky(Ky,) = n and the lower bound is tight.

8.2.2 The first upper bound

First we show an upper bound for the Handelman rank of a weighted graph (G,w), in terms of
parameters of the unweighted graph G.

Theorem 6 Consider a weighted graph (G,w) where the edge weights satisfy (12). Then,
rky (G, w) < [V(G)| - (G) + 1. (27)

Note that the upper bund (27) is tight for the unweighted complete graph K. The proof of
Theorem 6 relies on Lemma 9 below which will allow to use induction on the number of nodes.

In what follows we use the following notation: Given a weighted graph (G,w) and a subset
U CV, (G\U,w) denotes the weighted graph G\U where the node and edge weights are obtained
from those of G simply by restricting to nodes and edges of G\U.
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Lemma 9 Consider a weighted graph (G,w) where the edge weights satisfy (12). For any node i € V,
one has
rky (G, w) < max{rky(G — i,w) + 1,rkuy (G & i,w) + 1, 3}.

Proof Recall the polynomial fg ., = a(G,w) — pg . from (13). For convenience we consider the
node i = n and we set z = (z1,22,...,Tp—1) so that z = (z,z,). By Lemma 5,

few(@) =1 —2zn)fa,w(z,0) + znfaw(z, 1). (28)

First, we can write fg 4 (2,0) = fa—nw(z) + g1, where g1 = a(G,w) — a(G — n,w) > 0. Moreover,
we have the identity fg ., (z,1) = faonw(z) + g2(z), after setting

g2(z) = (G, w) —wn — a(G 6 n,w)+ Z (win, — w;) z; + Z wij zixj € Hoa.
5 iEN(n) 5 ijeE(G—n)\E(Gen):g'

Here we have used the assumption (12) in order to claim that w;, > w; for all i € N(n). Combining
with (28), we obtain

fG,w(a7) = (1 - mn)fon,w(g) + xnfG@n,w (@) + h(:lj),
where h(z) = (1 — zn)g1 + zng2(z) € Hs. Hence the lemma is proved. O

Proof (of Theorem 6) We show (27) by induction on the number of nodes [V(G)|. If G has no edge
then rky (G, w) = 1 and thus the result holds for |V(G)| = 1. If a(G) = |V| — 1 then G is bipartite
and thus rkyg(G,w) = 2 (by Corollary 3) and thus the result holds. Assume now that |V (G)| > 2
and a(G) < |V(G)| — 2. Then there exists a node i € V satisfying

a(G —1i) = a(G).

In particular, 7 is adjacent to at least one node: |N(z)| > 1. Using the induction assumption for the
graphs G — i and G © i, we obtain that

rky (G —d,w) < ([V(G)| = 1) —a(G —i) +1 = [V(G)| = (G — i) = [V(G)] — (@),
rkp(G @i, w) < ([V(G)| - IN(@)| -1) —a(Gei)+1=[V(G)] - IN(@)| - a(G 1) < [V(G)| - a(G).
Here we have used the (easy to check) inequality a(G) < a(GSi)+|N(i)|. Now we can use Lemma 9

and conclude that rky (G, w) < |V(G)| — a(G) + 1. O

8.2.8 The second upper bound

We now give another upper bound for the Handelman rank of a weighted graph (G,w), which
depends on the specific node weights. Consider an inequality w’z < b which is valid for ST(G),
where we assume w € NV and b € N; obviously b > a(G,w). Define the defect of this inequality as

defectg(w, b) = 2(a* (G, w) — min{b, a* (G, w)}). (29)

Note that the defect is a nonnegative integer number, since the node weights w are integer val-
ued and there is a {0,1/2,1}-valued vector # € FR(G) maximizing w’z over FR(G) (see [22,
Section 2.c]). We have the following result on the polynomial b — pg -

Theorem 7 Assume w’ x < b is valid for ST(G), where w € NY and b € N, and let the edge weights
satisfy (12). Then the polynomial b— pg . belongs to Hyya, where r = defectg(w, b) is defined in (29).
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The proof uses the result of Lovdsz and Schrijver [21] from Lemma 10 below. It is along the
similar lines as their proof of [21, Theorem 2.13] where they upper bound the N-index of the
inequality w?z < (G, w) by the quantity 2(a*(G,w) — a(G,w)). We return to the construction of
Lovész and Schrijver [21] in Section 4.2.

Lemma 10 /21, Lemma 2.12] Consider node weights w € NV for which
a(G,w) < o (G, w).

Then, there exists a node i € V such that every vector x € FR(G) mazimizing w! x over FR(QG) (i.e.,
T

wl'z = o*(G,w)) satisfies z; = 3.

Proof (of Theorem 7) The proof is by induction on the defect r := 2(a*(G,w) — min{b, a* (G, w)}).
If r=0,ie., b>a"(G,w) = p2(G,w), then the result follows from Proposition 3, since b — pg . =
(b= p2(G,w)) + (p2(G,w) _pG,w) € Ha.

Assume now that b < o*(G,w) (i.e., r > 0). Then a(G,w) < b < o*(G,w) and thus Lemma
10 can be applied. Hence there exists one node, denoted as n for convenience, such that every
vector © € FR(G) optimizing w? z over FR(G) has z,, = 1/2. This trivially implies wy, > 0. Let
we—n, denote the restriction of w to the nodeset of G —n and define w’ € RY which coincides with
w except wy, = 0. Analogously, wge, denotes the restriction of w to the nodeset of G © n and
w” € RV coincides with w except w} = 0 if i is equal or adjacent to n. Observe that o*(G,w') =
a*(G —n,wg_p) and o*(G,w") = a*(G & n,wgen)-

We consider the two inequalities wgfna: < b and wgena: < b — wp, which are clearly valid for
ST(G — n) and ST(G © n), respectively. Their defects are respectively denoted as r' = 2(a*(G —
n, WG—_n)—min{b, a* (G—n,wg_n)}) = 2(a*(G,w")—min{b, o* (G, w’)}) and " = 2(a*(GOn, wg_n)—
min{b—wn, o*(GOn, wg_,)}) = 2(a* (G, w"”) —min{b—wn, o* (G, w")}). We show that both defects
smaller than r, i.e., that /7" < r.

First, we show that 7’ < r. This is clear if b > o*(G,w') as then ' = 0 < r. Now, we can suppose
that b < o*(G,w’) and it suffices to show that o*(G,w’) < a*(G,w). For this, let y be a vertex of
FR(G) maximizing (w')?z over FR(G). Then,

wly = (@) Ty + wnyn = o’ (G, w') + wayn < a*(G,w).

If yn > 0, then o*(G,w’) < a*(G, w) —wnyn < o™ (G, w), since wy, > 0. If yp, = 0 then, by Lemma 10,
y does not maximize w’ z over ST(G) and thus w’y < a*(G, w), giving again o* (G, w') < o™ (G, w).
Thus ' < r holds.

We now show that r”” < r. This is clear if b — wn > o*(G,w"”) as then " = 0 < r. Now, we
can suppose that b — w, < a*(G,w”) and it suffices to show that o*(G,w") + wn < a*(G,w). For
this let z be a vertex of FR(G) maximizing (w”)?z over FR(G). Define the new vector z € RV
which coincides with z except z, = 1 and z; = 0 if ¢ is adjacent to n. Then, z € FR(G) and
wl'z = (") 2+ wn = a*(G,w") +wn. As Z, # 3, we deduce from Lemma 10 that v’ z < o* (G, w)
thus showing o* (G, w") + wn < o™ (G, w).

Thus ' +2,7”"4+2 < r+1 and using the induction assumption we can conclude that the following
two polynomials both lie in the Handelman set of order r + 1:

fi=b- Z w;T; + Z w;jx;T; € Hrya,

i€V (G—n) ijEE(G—n)
fo=b—wn — Z w;Ti + Z Wi Tix; € Hrq1.
eV (Gon) ijeB(Gon)

Define f := b — pg,, and observe that
f@,0)=f1 and f(z,1)=fo+ Y (win—wi)w;+ > Wi T Ty
i€N(n) ij€E(G—n)\E(GSn)

By Lemma 5, f(z) = (1 — zn) f(z,0) + znf(z, 1), thus implying f € Hy1o. O
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Fig. 1

Considering that the defect of w’z < a(G,w) is 2(a* (G, w) — a(G,w)), by Theorem 7 we have
the following upper bound for rky (G, w).

Corollary 4 Consider a weighted graph (G,w) with integer node weights w € NV and where the edge
weights satisfy (12). Then,
rky (G, w) < 2(a*(G,w) — a(G,w)) + 2. (30)

Remark 1 The upper bound (27) holds for any weight function w € RK, while the upper bound (30)
holds for integral weight function w € NV (which can be assumed without loss of generality). It
turns out that these two upper bounds are not comparable. Indeed, for the unweighted odd circuit
Can+1, (27) and (30) give n + 2 and 3, respectively. On the other hand, consider an unweighted
graph consisting of n isolated nodes, then (27) and (30) read 1 and 2, respectively.

3.3 Handelman ranks of some special classes of graphs

As an application we can now determine the Handelman rank of some special classes of graphs,
including perfect graphs, odd circuits and their complements.

3.3.1 Perfect graphs

A graph G is said to be perfect if equality w(H) = x(H) holds for all induced subgraphs H of G
(including H = G). We will use the following properties of perfect graphs and refer to [19] for
details. If G is perfect then its complement G is perfect as well and thus o(H) = x(H) for all
induced subgraphs H of G. Moreover, a(G,w) = x(G,w) for any node weights w € ]RK. We also use
the following well-known fact: For any graph G, |V(G)| < a(G)x(G), with equality if G is perfect
and vertex transitive (see e.g. [26, Section 67.4]). We can show the following upper bound for the
Handelman rank of weighted perfect graphs.

Proposition 5 Consider a weighted graph (G,w) where the edge weights satisfy (12). If G is perfect
then rky (G, w) < w(G). Moreover, in the unweighted case, tky(G) = w(G) if G is vertez-transitive.

Proof We know from Proposition 3 that x(G,w) —pg,w € Hu - As G is perfect, a(G,w) = x(G,w)
and thus a(G,w) —pgw € Hy(a), which shows tky (G, w) < w(G). Assume now that w is the all-ones
vector and that G is perfect and vertex-transitive. Then, we have equality: |V(G)| = o(G)x(G) =
a(G)w(G). Using Proposition 4, we obtain that rkg(G) > |V(G)|/a(G) = w(G), which implies
kg (G) = w(G). ]

Remark 2 The inequality rkg(G) < w(G) can be strict for some perfect graphs. This is the case,
for instance, for the graph G from Example 1, which is perfect with w(G) =t + 1 and rku(G) = 2.
Figure 1 shows this graph for the case t = 2.
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8.8.2 Odd circuits and their complements

Park and Hong [24] show that the Handelman rank of an odd circuit is equal to 3. Here we show
that the Handelman rank of a weighted odd circuit is at most 3, answering an open question of
[24], and we also consider the Handelman rank of complements of odd circuits.

Proposition 6 Consider a weighted odd circuit (Con+1,w) and its complement (Con+1,w), where the
edge weights satisfy (12). Then,

I‘kH(CQn+1,w) <3 and rkH(CZn+1,w) <n+1.
Moreover, equality holds in the unweighted case: Tk (Can41) = 3 and rky(Con+1) =n + 1.

Proof For any node ¢, both graphs Cay, 11 —i and Capn1 67 are bipartite and thus rkg (Cont+1 —1, w),
rkg (Cont+1 © i, w) < 2 by Corollary 3. Applying Lemma 9, we obtain that rkg(Cont1,w) < 3.
Similarly, for any node ¢, both graphs Ca,+1—i and Cay41 61 are perfect with clique number at most
n and thus, from Proposition 5, rkg (Can+1 — 1, w), tkg(Can+1 ©1,w) < n. Applying again Lemma 9
we deduce that rky(Can41,w) < n+ 1. In the unweighted case, the lower bounds rkg(Cony1) > 3

and rkp(Can+1) > n + 1 follow from Proposition 4. Indeed, rky(Cony1) > a(zc’%il) = 2”—# > 2
— 2n+1 _ 2n+1
and 1k (Cont1) > oy Tl i > n. O

As an application we obtain the following characterization of perfect graphs, which is in the
same spirit as the following well-known characterization due to Lovéasz [19]: G is perfect if and only
if [V(H)| < a(H)w(H) for all induced subgraphs H of G.

Corollary 5 A graph G is perfect if and only if rku(H) < w(H) for every induced subgraph H of G.

Proof The ‘only if’ part follows from Proposition 5. Conversely, assume that G is not perfect. Using
the perfect graph theorem of Chudnovsky, Robertson, Seymour and Thomas [2], we know that
G contains an induced subgraph H which is an odd circuit or its complement. By Proposition 6,
rky(H) = x(H) > w(H), concluding the proof. O

Remark 8 As noted earlier, the upper bound 3 for the Handelman rank of an odd circuit also follows
from the upper bound from Corollary 4 in terms of the defect. Indeed, a*(Can+1) = (2n+1)/2, so
that the defect of the inequality ZieV(Cznﬂ) z; <n=a(Capt1) is equal to 2((2n+1)/2—n) =1
and thus relation (30) gives the upper bound 3.

Park and Hong [24] show that the Handelman rank of an odd circuit is at most 3 by constructing
an explicit decomposition of the polynomial a(C2nt1) — PCy,,, in the Handelman set Hz. We
illustrate their argument for the case of Cs, see Figure 2. Then, we have:

5 4
a(Cs) —pe, =2— Y @i+ > miwit1 + 2105 = f123 + fias + f1 34,

i=1 =1

where
fizzs=1—(z1 + 22+ x3) + 122 + T123 + 22023 = (1 — 21) (1 — 22)(1 — z3) + 212273 € H3,

fias =1 — (z1 + 24 + 25) + 2124 + 2125 + 2425 = (1 — 1) (1 — 24)(1 — 25) + 12425 € H3,
fi3a = fisa(l — 21, 22,23) = 21 — 123 — T124 + 2374 = 21 (1 — 23)(1 — 24) + (1 — 21)2374 € Hs.
In the above decomposition, fi23 and fi4s are the polynomials corresponding to the two cliques
{1,2,3} and {1,4,5} (obtained by adding the edges 13 and 14 to Cs), and the polynomial f{734
permits to cancel the quadratic terms zj1x3 and 124 corresponding to the added edges 13 and 14

and to add the quadratic term zzxz4. This construction extends easily to an arbitrary odd circuit,
showing rky(Cant1) < 3.
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Fig. 2 Odd circuit Cs

3 6 9 3k-3 3k

1 4 7 3k-5 3k-2

Fig. 3 Graph Gj

We conclude with bounding the Handelman rank of two more classes of graphs.

Ezample 2 Consider the odd wheel Way,+1, which is the graph obtained from an odd circuit Can+1
by adding a new node (the apex node, denoted as vg) and making it adjacent to all nodes of Cap41.
Since by deleting the apex node vy one obtains Ca,41 with Handelman rank 3, Lemma 9 implies
that the Handelman rank of the wheel Wy, 41 is at most 4; note that this bound also holds for
any weighted wheel. Moreover, the complement of Way,+1 has the same Handelman rank as the
complement of Cap+1 (since node vy is isolated, and apply Lemma 12 (iv) below).

Ezample 3 We now consider the graphs Gy, constructed by Liptdk and Tuncel [18] and defined as
in Figure 3. Hence, for k = 2, G2 is the circuit C5 with a new node adjacent to three consecutive
nodes of C5. We show that, for any & > 2, the Handelman rank of the graph Gy, is equal to 3 or 4.

As Gj has 3k nodes and a(Gy) = k, the lower bound (26) for the Handelman rank gives
rkg(Gg) > 3. Now, we look at the upper bound for the Handelman rank. First, we consider the
case k = 2. As in Remark 3, we can give an explicit decomposition for the polynomial a(G2) —pg,,
obtained by adding the chords (3,4) and (4,6) to G2. Namely,

a(G2) — pa, = fi2sa + f156 + f4,36,
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Fig. 4

where

4
fleza=1-— Zl‘l + Z xjr; € Hy,
i=1

1<i<j<4
6
fase =1 — ZIi + (a5 + zaws + T526) € Ha,
i—4

f1.36 = faze(1 — x4, 23,76) = x4(1 — 23)(1 — w6) + (1 — z4)z376 € H3.

In the above decomposition, fi234 and fase are the polynomials corresponding to the two cliques
{1,2,3,4} and {4,5,6} (obtained by adding the edges 34 and 46 to G2), and the polynomial f} 36
permits to cancel the quadratic terms z3z4 and xz4x¢ corresponding to the added edges 34 and 46
and to add the quadratic term zsxs.

This construction extends easily to an arbitrary k > 3, showing rky(Gj) < 4. For example,
a(G3) — pa, = f123a + faser + frso + fi36 + f7.60 € Ha.

Observe that the upper bound from Corollary 4 is not strong enough to show this. Indeed
the defect of the inequality ZiGV(Gk) z; < a(GE) = k is equal to 2(a*(Gy) — a(Gy)) = k, since
a(Gy) = k and o (Gy) = 3k/2 (this follows from the fact EieV(Gk) z; < a(Gy) defines a facet of
ST(Gy), shown in [18, Lemma 32 and Theorem 34], so that a*(Gy) = 3k/2 by Lemma 2.10 of [21]).
Thus Corollary 4 permits only to conclude that rky(Gy) < k + 2.

3.4 Graph operations

In this subsection, we investigate the behavior of the Handelman rank under some graph operations
like node or edge deletion, edge contraction, and taking clique sums. For simplicity, we only consider
unweighted graphs, while some of the results can easily be extended to the weighted case.

8.4.1 Operations on edges and nodes

An interesting observation is that the Handelman rank is not monotone under edge deletion. As
an illustration, look at the three graphs in Figure 4. Consider the first complete graph K4 with
rky (K4) = 4. If we delete one edge (say edge 13), we obtain the second graph G with rank rky(G) =
2. However, if we additionally delete the edges 12 and 14, then the third graph G’ = K4\ {12, 13,14}
has rky (G') = 3, since it is the clique 0-sum of a node and a clique of size 3. (See Lemma 13 below.)
On the other hand, if we delete an edge whose deletion increases the stability number (a so-called
critical edge), then the Handelman rank does not increase.
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Lemma 11 Let e be an edge of G such that o(G \ e) = a(G) + 1. Then, tky(G\ e) < rky(G).

Proof Say e is the edge 12. Then, a(G \ €) —pe\. = (G) —pg + 1 —z122. As 1 —a122 = 1 — 22 +
z2(1 — z1) € Ha, this implies that rkg(G \ e) < rku(G). 0

The Handelman rank is not monotone under edge contraction either. For instance, the graph G
in Figure 1 has rkg(G) = 2. If we contract the edge 23, we get the new graph G’ is a triangle with
rky (G') = 3. If we contract one more edge 12, the resulting graph G” is an edge with rky(G”) = 2.
Analogously, deleting a node can either increase, decrease or not affect the Handelman rank. We
group several properties about the behavior of the Handelman rank under node deletion.

Lemma 12 Let G = (V, E) be a graph and j € V.

(i) If (G — j) = a(G), then tkg(G — j) < rkp(G).

(1) If a(G — j) = a(G) — 1, then rky(G) < rky(G — 7).
(13) If j is adjacent to all other nodes of G, then rku(G) < rku(G —j) + 1.
() If j is an isolated node, then rkp(G) = rku(G — j).

Proof (i) We use relation (28) applied to the polynomial fg (and node j). As before x consists of all
variables except zj, so that z = (z,z;). As a(G —j) = a(G), we have fg_;(z) = fa(z,0) € Huy (),
which implies rky (G — j) < rku(G).

(ll) If Oz(G — j) = CX(G) — 1, then fq = fG—j + (1 - 33]') + Zi:ijEE WijT;T5 € HrkH(ij)' Hence,

(iii) Assume that j is adjacent to all other nodes of G. If G — j has no edge then G is bipartite
and thus rky (G) = 2 = rkpy (G — j) + 1. Assume now that G — j has an edge so that rky (G —j) > 2.
Using Lemma 9, we deduce that rky(G) < rky(G —j) + 1.

(iv) G is the clique 0-sum of G — j and the single node j, and we can apply Lemma 13 below. O

Remark 4 In Lemma 12 (ii), the gap rkg (G —j)—rky (G) can be arbitrarily large. To see this consider
the graph G obtained by taking the clique ¢-sum of Ko and Kt4+1 along a common K;. Let j be the
node of K¢y1 which does not belong to the common clique K. If we delete node j, then G—j = Ko
has rkg (G — j) = 2t. On the other hand, rkg(G) < t+1, since a(G) = 2 = p4+1(G) as V(G) can be
covered by two cliques of size at most ¢ + 1. Thus rkg(G — j) —rkg(G) > 2t — (t+1) =t — 1.

8.4.2 Clique sums

Suppose G = (V, E) is the clique ¢-sum of two graphs G; and G2. We now study the Handelman
rank of G, whose value needs technical case checking, depending on the values of the stability
numbers of G, G1, G2 and of some subgraphs.

Lemma 13 Suppose G is the clique t-sum of G1 and G2 along a common t-clique Co and let H; = G;\Co
for i =1,2. The following holds.

(1) If a(G) = a(G1) + a(G2), then
rky (G) < min{max{rky(G1),rky(H2)}, max{rky(H1),rku(G2))}}.

Moreover, tku (G) < max{rky(G1),rku(G2)} ift < 3.

(ii) Assume a(G) = a(G1) + a(G2) — 1. Then a(Gg) = a(Hg) + 1 for (say) k = 1 and rky(G) <
max{rky (H1),rkg(G2)}.

(117) Assume a(G) = a(G1)+a(G2) —2. For k € {1,2} let C}, denote the set of nodes of Co which belong
to at least one mazimum stable set of Gy. Set Hy = G1\C1 and Hy, = G\ Hi = G2\ (Co \ C1).
Then a(Hy) = a(Gy) — 1 for k =1,2, and rku(G) < max{rkg(H1), rkg(H3)}.
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Proof In what follows, for subsets A, B C V, E(A, B) denotes the set of edges ij with i € A and
j € B, and E(A) the set of edges contained in A. We also set VG for V(G).
(i) We use the identities

fa = fa, + [, + (a(G) — a(G1) — a(Ha2)) + > TiTj,
iJEB(V G,V Hy)

fe = fa, + fu, + (a(G) — a(G2) — a(H1)) + Z T
ijeE(VG2,VHy)
As a(G) = a(G1) + a(G2), a(G) —a(G1) = a(G2) > a(Hz) and a(G) —a(G2) = a(G1) > a(H1), im-
plying rky (G) < min{max{rky(G1),rkg(H2)}, max{rkg(G2),rku(H1)}}. For the second statement,
we use the identity
fea=fa, + fa, + Z T — Z TiT;
i€Cy ij€E(Co)

combined with the fact that Eing T — EijeE(Co) zjr; € Ha when t = |Co| < 3. This is clear if
t < 1 and follows from the identities 1 + z2 — 172 = 21(1 — 22) + z2 € Hz and z1 + 72 + 3 —
z172 — x173 — x2x3 = x1(1 — w2) + @2 (1 — w3) + x3(1 — z1) € Ho if ¢ = 2,3. From this follows that
rkH(G) < III&X{I‘kH(GYl)7 rkH(Gg)}

(ii) As a(G) # a(G1) + a(G2), it follows that a(Hy) = a(Gy) — 1 for at least one index k =1, 2.
Say this holds for £ = 1. Then we use the identities

fo="fa +fa, —1+ ) zi— > mazy,

i€Co ij€E(Co)
and
le = .fG1 -1 + Z Ty — Z xixj — Z J}Z‘x]‘.
1€Cy ijeE(Cy) ij€E(Co,VG1\Co)
This gives:

fa=fu, +fa, + > Ty,

iJEE(Co,VG1\Co)
which implies rky (G) < max{rky(H1), rku(G2)}.

(iii) By construction, o(Hj) = a(G1) — 1. Moreover, as a(G) = a(G1) + a(G2) — 2, it follows
that C1 N Ce = B and thus «(H}) = a(G2) — 1. We now use the identities

fup="fo, 1+ ) @i— > T,

i€Cy i€ E(C1)UE(C1,VG1\Ch)
fry=fa, =1+ > wi— > T,
i€Co\C1 ij€E(Co\C1)UE(Co\C1,VG2\(Co\C1))
and
fa=fa, +fa, —2+ Z T — Z T
1€Co ij€E(Co)
Combining these relations, we obtain
Ja=Fu; + fuy + Z T;T;j

ij€E(C1,VG1\C1)UE(Co\C1,VG2\Co)

which shows kg (G) < max{rky(H}), kg (H3)}. O
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In the special case when G is a clique sum of two cliques, one can easily determine the the exact
value of the Handelman rank of G.

Lemma 14 Assume that G is the clique t-sum of two cliques Kn, and Kn, with n1 < na. Then,
rky (G) = max{[ 1227 ny — ¢},

Proof Obviously, a(G) = 2. Define n = |[V(G)| = n1 + n2 — t. Assume first that na —ni < t¢. Then
V(G) can be covered by two cliques of sizes [%] and | %] and thus rkg(G) < [§]. In addition, by
(26), rku(G) > % = 4. Hence we obtain rkg(G) = [§] = max{[5],n2 — t}.

Assume now that ns —n; > t. Then G can be covered by two cliques of sizes n1 and na — t,
which implies tkg(G) < n2 —t. On the other hand, by applying Lemma 12 (i) to all nodes :
in the common t-clique, together with Lemma 13, we obtain the reverse inequality rky(G) >

max{rkH (Kng—t)» rkyg (Knl —t)} =ng —t. ]

4 Links to other hierarchies

Several other hierarchies have been considered in the literature for general 0/1 optimization prob-
lems applying also to the maximum stable set problem, in particular, by Sherali and Adams [27], by
Lovész and Schrijver [21], by Lasserre [14], and by de Klerk and Pasechnik [8]. We briefly indicate
how they relate to the Handelman hierarchy considered in this paper, based on optimization on
the hypercube.

4.1 Sherali-Adams and Lasserre hierarchies

Consider the following 0 — 1 polynomial optimization problem:
max p(z) st. xe KN{0,1}", (31)

which is obtained by adding the integrality constraint z € {0,1}" to problem (1). Recall that T
denotes the ideal generated by z; — 7 for i € [n] and that the Handelman set H; is defined in (6).
Sherali and Adams [27] introduce the following bounds for (31):

m
p) =infdA:N—pecH + > 9iHi—deg(g)) T T ¢ - (32)
j=1

The above program is in fact the dual of the linear program usually used to define the Sherali-Adams
bounds. For details we refer e.g. to [27,15,16].

When applying the Sherali-Adams construction to the maximum stable set problem for the
instance (G, w), the starting point is to formulate a(G,w) as the problem of maximizing the linear
polynomial p(z) = wlz = Zie[n] wiz; over K N{0,1}", where K = FR(G) is the fractional stable
set polytope, so that the corresponding bound from (32) reads

pR(Gw)=inf{ X x—w s e Hy+ > (1—aj—a))Hi 1 +T . (33)
ijEE
For t > 2, let (x;z; : ij € E); denote the truncated ideal consisting of all polynomials ZijeE Ui T
where u;; € R[z] has degree at most ¢ — 2. One can formulate the following variation of the bound
(33):
sa (G, w) = min{\: A —wlz € H; + (wiz; 2 ij € E)¢ + 1},
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which satisfies sa®+1) (G, w) < pgi)(G,w) < sa® (G, w). (To see it use, for any edge ij € E, the
identities 1 —z; —2; = 1-—z)(1 - J,’j) —x;z; and —x;x; = (1 —z; — J:j) +z;(z; —1).) Comparing
with the hypercube based Handelman bound (15), we see that

sa (G, w) <p (G w),
since A — pgp = X — wla + zijGE wijx;x; € Hy implies A — wle € Hy + (i) @ if € E)s.
We now recall the following semidefinite programming bound of Lasserre [14]:
las(t)(G,w) =min{t: A — wlz € Yoy + (wiz; 2 ij € E)y + 1},

where Yo is the set of polynomials of degree at most 2¢ which can be written as a sum of squares
of polynomials. As is well known,

las® (G, w) < sa® (G, w);
this can easily be seen by noting that, for any set 7" with |T'| = ¢, we have

(11— 2TV = Hm H (1—z;)°+ Hml H (1fmj)foi2 H (1—z)? |,

i€l jET\I il jeT\I i€l jeT\I

€Yo €z
where the second term belongs to Z in view of Lemma 3. Summarizing, we have
a(G,w) <las (G, w) < sa® (G, w) < pl) (G, w).

Hence, the Sherali-Adams and Lasserre bounds are at least as strong as the Handelman bound at
any given order ¢, however they are more expensive to compute. Indeed the Sherali-Adams bound
is linear but its definition involves more terms, and the Lasserre bound is based on semidefinite
programming which is computationally more demanding than linear programming. For more results
about the comparison between Sherali-Adams and Lasserre hierarchies, see e.g. [15,16].

4.2 Lovasz-Schrijver hierarchy
Given a polytope K C [0,1]", Lovdsz and Schrijver [21] build a hierarchy of polytopes nested
between K and the convex hull of K N {0,1}" that finds it after n steps. When applied to the

maximum stable set problem, one starts with the fractional stable set polytope K = FR(G). For
convenience set V =V U {0} (where 0 is an additional element not belonging to V) and define the

(@) = {A(i) .2 € FR(G),\ > 0} cRY.

Define the following set of symmetric matrices indexed by V:
M(G) ={Y e 5‘7 Y=Yy VieV, Yei,Y(eo — ei) S C(G) VieV}

and the corresponding subset of RV :

N(FR(G)) = {m eRY: (i) =Yep for some Y € M(G)} .
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For t > 2, define the ¢-th iterate N*(FR(G)) = N(N'"1(FR(Q))), setting N} (FR(G)) = N(FR(G)).
It is shown in [21] that

ST(G) C ... C N'(FR(G)) C N*"1(FR(G)) C ... C N(FR(G)) C FR(G),

with equality ST(G) = N™(FR(G)). By maximizing the linear function w’z over N*(FR(Q)) we
get the bound 1s (G, w) which satisfies péﬁ{"l)(G, w) < 1s(G,w) for t > 1 (see [21,16]).

For any w € RY, the corresponding inequality w”z < a(G,w) is valid for ST(G). Following [21],
its N-indez, denoted as rkpg(G, w), is the smallest integer ¢ for which the inequality w’ z < (G, w)
is valid for N*(FR(G)) or, equivalently, a(G,w) = Is (G, w). The following bounds are shown in
[21] for the N-index:

Z?:l Wi

—2< < < _ _
(G, w) 2 <rkps(G,w) < defect(G,w), rkrs(G,w) < |V(G)] — a(G) — 1,

where defect(G,w) is as defined in (29). Note the analogy with the bounds (26), (27) and (30) for
the Handelman rank. There is a shift of 2 between the two hierarchies which can be explained from
the fact that the Lovasz-Schrijver construction starts from the fractional stable set polytope which
already takes the edges into account, so that ls(o)(G,w) = o*(G,w) = pfi)n(G,w). We also observe
this shift by 2, e.g., in the results for perfect graphs and for odd cycles and wheels. It seems moreover
that the Handelman bound and the bound obtained by using the N-operator are closely related.
We did some computational tests for the graphs K4, W5 and Gy, (k = 2,3,4,5) with different weight
functions; in all cases we observe that both bounds coincide, i.e., ls(l)(G,w) = pl(f;)n(G,w) holds.
Understanding the exact link between the two hierarchies of Handelman and of Lovész-Schrijver is
an interesting open question.

4.3 De Klerk and Pasechnik LLP hierarchy

Given a graph G = (V, E) with adjacency matrix A, de Klerk and Pasechnik [8] formulate its
stability number via the following copositive program:

o(G) =min{A: \(I + A) —ee’ € Cp},

which is based on the Motzkin-Straus formulation:

1

oG = mine (0 + A (34

where A = {z € RK : Y% @; = 1} is the standard simplex. As problem (34) is the problem of
minimizing the quadratic polynomial ¢(z) = z? (I + A)z over the simplex A, one can follow the
approach sketched in Section 1.2 and define, for any ¢ > 2, the corresponding (simplex based)
Handelman bound

q}(:;)n =max{\: (¢ — X))o’ ? e Ry[z]},

where ¢ = "' | z;. (Recall Lemma 1.) It turns out that it can be computed explicitly since it is
directly related to the following bound introduced in [8]:

¢(G) = min{u: (ug — 0°)o" € Ry[2]}
for any ¢t > 0. Indeed it follows from the definitions that

C(t)q}(;;';m =1 fort>0.
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De Klerk and Pasechnik [8] show that
(@) 2@ 2 2 1(0(6)] = al@)

for t > a(G)?~1. Moreover, Peiia, Vera and Zuluaga [25] give the following closed-form expression
for the parameter ¢(V)(@):

@3

O = oGy v

where t + 2 = ua(G) + v with u,v € N and v < a(G).

From this we see that ¢ (G) = 0o if t < a(G) =2 and (P (G) = a(G)+1 if t = a(G)? — 2. Moreover,
(@) < (M(@) < a(G)+1 for any ¢ > a(G)? — 1, with a strict inequality o(G) < ¢ (@) if G is not
a complete graph. Hence, in contrast to the LP bounds based on the Handelman, Sherali-Adams
and Lovdsz-Schrijver constructions (which are exact at order n), the LP copositive-based bound is
never exact (except for the complete graph), one needs to round it in order to obtain the stability
number.

From the above discussion it follows that the LP copositive rank rkxp(G), which we define as the
smallest integer ¢ such that |¢(V(G)| = a(G), can be determined exactly: rkxp(G) = a(G)? — 1 for
any graph G. We now observe that it cannot be compared with the (hypercube based) Handelman
rank rky(G). Indeed, for the complete graph G = Ky, we have rkxp(Ky,) = 0 while rky (Kyn) = n.
On the other hand, the graph Ki, has rkxp(K1,,) = n? — 1 and rkg(Ki,,) = 2. As another
example, for the graph Gy from Example 3, rkxp(Gg) = k? — 1 while rkg(Gg) < 4. Hence the
ranks of the two hierarchies are not comparable. These examples also show that the ranks of the
Lovéasz-Schrijver and of the LP copositive hierarchies are not comparable, since rkyg(Kn) =n — 2
and rkLS(Kl,n) =0.

5 The Handelman hierarchy for the maximum cut problem

In this paper we have studied how the (hypercube based) Handelman hierarchy applies to the
maximum stable set problem. A main motivation for studying this hierarchy is that, due to its
simplicity, it is easier to analyze than other hierarchies. We proved several properties that seem to
indicate that there is a close relationship to the hierarchy of Lovasz-Schrijver, whose exact nature
still needs to be investigated. Another interesting open question is whether the Handelman rank is
upper bounded in terms the tree-width of the graph.

We now conclude with some observations clarifying how the Handelman hierarchy applies to
the maximum cut problem. Given a graph G = (V, E) with edge weights w € R¥, the max-cut
problem asks to find a partition (Vi, V2) of the node set V so that the total weight of the edges cut
by the partition is maximized; it is NP-hard, already in the unweighted case [12]. As observed in
[23] the formulation (3) extends to the weighted case:

mc(G, w) max Zd z;—2 2 Wi T 5,

€[0,1]"
@€l ijeER

setting d; = ZjeV:ijeE wij. As the polynomial p(z) = 3,y diz; — 2 Ez‘jeE wijz;x; is square-free
the Handelman bound of order ¢ can be formulated as

min{A: A —p € H;}.

We show below that it can be equivalently reformulated in a more explicit way in terms of suitable
valid inequalities for the cut polytope. We need some definitions. The cut polytope CUT),, is defined
as the convex hull of the vectors (v;v;)1<i<j<n for all v € {£1}". So CUTy, is a polytope in the

space R(3) indexed by the edge set of the complete graph K. Given an integer ¢ > 2, among all
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the inequalities that are valid for CUT,, we consider only those that are supported by at most ¢
points of [n] and we let P,gt) denote the polytope in R(;) defined by all these selected inequalities.
Clearly, CUT,, C P,S,t). Moreover, for n # 4, equality CUT,, = P,S,t) holds if and only if ¢ = n (since
CUT,, has some facet defining ineqaulities supported by n points). The case n = 4 is an exception
since CUT4 = Pf’).

Proposition 7 Let t > 2 and, given an edge weighted graph (G,w), consider the above mentioned
polynomial p =), .y, diz; — 2 Zz’jEE wijxiz;. The following equality holds:

min{A: A —p € H;} = max wij (1 —yi5)/2.
Pt
yePn ijeE

Proof It is convenient to use +1 valued variables z instead of the 0/1 valued variables z. So we set
z; = 1-2x; for i € [n]. Then p(z) = q(2), after defining the polynomial q(2) = >, p wi; (1 —22;)/2.
Moreover define the 1 analogue of the Handelman set H; from (6):

He={ Z Z crr(l - Z)I(l + Z)T\I terr > 0}

TC[n]:|T|=t ICT

Furthermore let Z denote the ideal in the polynomial ring R[z] generated by 27 — 1 for i € [n],
and let Z; denote its truncation at degree t. One can easily verify that A — p € H; if and only if
\ — g € H¢ which, in turn, is equivalent to A\ — ¢ € H¢ + Z¢. Therefore we have

min{A: A —p € Hi} =min{\: A\ —q € Ht + It}
Now we apply LP duality and obtain that the last program is equal to

mLax{L(q):L(l) =1, L(f) >0Vf € Hy, L(f) =0Vf €L},

where the maximum is taken over all linear functionals L : R[z]s — R. Finally, we use the fact
that this maximization program is equal to the maximum of ZijEE w;j(1 — y;5)/2 taken over all

Yy € P,St)7 which is shown in [16] (top of page 20). This concludes the proof. O

For instance, for ¢t = 2, P7(12) = [—1,1](2) (since —1 < y;; < 1 are the only inequalities on

two points valid for CUTy). Hence, by Proposition 7, the Handelman bound of order 2 is equal
to > iep lwijl, as shown in [23] for the case w > 0. For ¢ = 3, P is defined by the triangle
inequalities y;; + yir, + ;5 > —1 and y;; — ¥ — yju > —1 for all 4,5,k € [n]. Therefore, for an
edge weighted graph G where G has no K5 minor, we find that the Handelman bound of order 3 is
exact and returns the value of the maximum cut (since the triangle inequalities suffice to describe
the cut polytope of G, after taking projections). In particular, the Handelman rank is at most 3
for a weighted odd circuit, which answers an open question of [24] (which shows the result in the
unweighted case). As a final observation, we find that the rank of the Handelman hierarchy for the
maximum cut problem in K, is equal to n for any n # 4 (which was shown in [23] for n odd).
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