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Abstract

Consider a 0/1 integer program min{c’z : Az > b, € {0,1}"} where A is nonnegative. We show
that if the number of minimal covers of Az > b is polynomially bounded, then there is a polynomially
large lift-and-project relaxation whose value is arbitrarily close to being at least as good as that given
by the rank < ¢ cuts, for any fixed q. A special case of this result is that given by set-covering problems,
or, generally, problems where the coefficients in A and b are bounded.

1 Introduction

Consider a 0/1 integer programming problem with nonnegative constraints,
min{c’z : Az > b, z € {0,1}"}. (1)
Here A is an m X n nonnegative matrix, and b € RT'. Let
Zap ={2ze€{0,1}" : Az >b}

denote the feasible region of (1). For an integer ¢ > 0, denote by K% , the polytope defined by the Chvétal-
Gomory inequalities of rank < ¢, and write

) = minfes 2 €1}

For P C RN (N > n) we denote by 7(P) the projection of P to R™. A special case of our results is the
following:

Theorem 1.1 For each integer ¢ > 0 and 0 < € < 1 there are integers d = d(q,€) and u = u(q, €) with the
following property. Consider the feasible region Z4 . for a set-covering problem, where A is an m x n, 0/1
matriz and e is the vector of m 1s. There is a polyhedron R such that:

(i) R is defined by a linear system with at most O ((n + m)d) variables and inequalities, which is com-
putable in time O ((n+ m)?),

(ii) the coefficients in this linear system are integral and have absolute value at most u,

(iii) Za.. C 7(R), and
(iv) For all c € R?, min{c"z : z € 7(R)} > (1 — 6)7’5{2(0).
[ |
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In contrast to this result, we show that there exist examples of set-covering problems where the Sherali-
Adams [SA90] and Lovédsz-Schrijver [LS91] “lift-and-project” methods provably require exponential time to
achieve accuracy as in Theorem 1.1 (iv), even for ¢ = 1 and for any fixed € < 1/2 (see Theorem 5.7).

Chvétal-Gomory cuts (see [NW88]) have long received attention; recently there has been renewed interest
as a result of computational success. In particular, the separation problem for Chvétal-Gomory closures
of arbitrary integer programs was shown to be NP-hard in [E99], also see [CL0O1]. Caprara and Letchford
[CLO3] have shown that it is NP-hard to separate over those rank-1 cuts (for set-covering) obtained by
using multipliers 0, 1/2. Recently, Letchford [Le04] has extended this result to set-packing and set-covering
problems. The issue of exact optimization over the rank-1 Chvatal-Gomory closure of a set-covering problem
remains open and appears quite interesting, though in view of the result in [Le04] the answer may be negative.

Theorem 1.1 is a special case of a more general result, which uses the standard concept of covers [NW8S].

Definition 1.2 Given an inequality o™z > 3 with o > 0, a cover is a set C C suppt(a) such that ngc a; <
B. The resulting cover inequality is Zjec x; > 1. The cover is called minimal if it is inclusion-minimal.

Let Rap = {x €[0,1)" : Az > b} denote the continuous relaxation of (1).

Theorem 1.3 For each integer ¢ > 0 and 0 < ¢ < 1 there are integers d = d(q,€) and u = u(q,€) with
the following property. Let A be nonnegative and m x n and b € RT'. Assume we are given the set of
minimal covers arising from each row of Ax > b, and let va, denote the number of such covers. Then, in
time O((n+m +va)?) we can compute a formulation described by at most O ((n+m +vap)?) rows and
columns, with coefficients that are integral and with absolute value at most u, and whose feasible region R
satisfies

(Z) ZA,b - W(R)7

(ii) for any c € R}, min{c’z : z € T(R)NRap} > (1— e)Ti({?)(c).
|

Note that under the conditions of the Theorem, Z4 ; equals the set of 0/1 solutions to Mz > e, where M is
the matrix whose rows are the minimal covers of Ax > b. However, even for ¢ = 1, it does not follow that
K%b = K?\Le. Thus, even though Theorem 1.1 directly follows from Theorem 1.3, the converse does not
necessarily hold.

There are several cases where Theorem 1.3 implies polynomial-time approximation of the polyhedron defined

by bounded rank Chvatal-Gomory cuts.

(i) Suppose that all the coefficients in A and b take values 0, 1, - - -, p for some integer p. Then v, = O(nP)

and there is a polynomial-size relaxation with value at least (1 — e)rﬁf)?,(c), for fixed ¢, € and p.

(ii) More generally, the same result as in (i) holds if every constraint in Az > b has pitch at most p. The

concept of pitch was introduced in [BZ02a] (or [BZ02b] for a more comprehensive version):

Definition 1.4 The pitch of an inequality o™z > 8 with nonnegative coefficients is the smallest integer k,
such that the sum of the k smallest nonzero o is at least (3.

In particular, an inequality o’z > oy with nonnegative (integral) coefficients a; €{0,1,---,p} (0<j <n)
has pitch < p.

Also see Section 5 for a more complex case where a similar approximability result holds.

1.1 Outline

We will first provide a brief outline of our approach, in particular in terms of Theorem 1.1. A critical
ingredient is provided by a result proved in [BZ02a] which we describe next.



Definition 1.5 Consider a problem of type (1). For integral k > 2, let Pfib denote the set of n-vectors &,
such that:

1.0<2; <1 for1<j<n,

2. % satisfies all inequalities a®x > ag of pitch < k that are valid for Z .

In the case of set-covering, the polyhedra P’j’b were considered in [BZ02a], where the following result was
proved.

Theorem 1.6 [BZ02a] For each integer k > 2 there is an integer gi with the following property. Given the
feasible region Z4 . for a set-covering problem with m rows and n columns, there is a polyhedron L such
that:

(i) Ly is described by a system of O((n +m)9) inequalities in O((n +m)9%) variables, that is computable
in time O((n 4+ m)9) , and whose coefficients are integral and with absolute value at most k,

(ZZ) Zpe C 7T(£k) - Plj’e.
|

In other words, L is a valid “lifting” of the continuous relaxation of Z, with polynomially many variables
and constraints.

In order to see how Theorem 1.6 is relevant towards the proof of Theorem 1.1, consider the special case
q = 1. Suppose we choose k large, and let # be the solution to min{c’z : = € 7(L})}.

Theorem 1.6 implies that & “nearly” satisfies all rank-1 inequalities — this will be shown in a more general
context in Section 2. In fact, for any rank-1 inequality a”z > ag, we will show that a2 > kL_Hozo, and this
is at least (1 — €)ag for k+1 > e L.

This fact almost suffices to obtain Theorem 1.1 in the rank-1 case. In particular, if we were to define
g = (1 - 6)71i‘7

then we would have that ¢ satisfies every nonnegative rank-1 inequality, while at the same time ¢’§ =
(1—¢€)~'c’s. However, the problem with this approach is that g, as defined, may not be feasible: it may be
the case that g; > 1 for some coordinate(s) j. In other words, simply scaling up & does not work. Instead
we will show that using y; = min{1, (1 —€)~'2;} (for all j) does work, that is to say, § satisfies all rank-1
inequalities. Proving this fact, in turn, requires a structural result pertaining rank-1 cuts.

1.2 Chvatal-Gomory cuts

The Chvétal-Gomory cutting-plane procedure for integer programs with nonnegative variables (see [NW88])
can be defined as follows. Consider a set S = {flx >bxe Zﬁ}, where A has m rows. Let 7 € R, Then
the inequality > ,[(>; miaij)]z; > [7Tb] is valid for S and is called a Chvatal-Gomory inequality. Note
that in the 0/1 case, the rows of Az > b include —z; > —1 for all j.

The Chvdtal-Gomory rank (for short, simply rank) of an inequality is defined as follows. First, any nonneg-
ative linear combination of the rows of Az > b is said to have rank-0, and any inequality that is dominated
by a rank-0 inequality is also said to have rank-0. Proceeding inductively, suppose that for integer ¢ > 0
we have defined the rank < ¢ inequalities. Then, any inequality a”x > o, which does not have rank < g,
and is dominated by an inequality obtained by applying the Chvatal-Gomory procedure to the set of all
inequalites of rank < ¢, is said to have rank-(q + 1).

Definition 1.7 Given two inequalities o™z > oy and BTz > By that are valid for an integer program with
nonnegative variables, we say that the first dominates the second if oy < B for 1 < j <n and ag > fo.



Consider a system Ax > b of inequalities where A and b are nonnegative. We are interested in the nondom-
inated valid inequalities for the polyhedron defined by the rank < ¢ inequalities for any given integer q > 0.
In what follows, we will refer to inequalities of the form

z; >0 or —x; > —1
as, respectively, type (A) and type (B) inequalities.
Definition 1.8 Let Ax > b be a system of inequalities with A and b nonnegative. Let ¢ > 0 be an integer.
An inequality oz > ag of is said to be of type (C% p) if a; >0 for 0 <j<n, and
(i) When q =0, then aTx > aq is one of the rows of Ax > b,
(ii) When q > 0, then for some integer p > 0, there is a family of p inequalities
n
> sigry >si0, of type (C1,) (1<i<p), (2)
j=1

nonnegative multipliers m; (1 <14 < p), and multipliers 0 < v; <1 (1 < j <n), such that

p

a; = ’7277571 - Vj—‘ for 1<j<mn, and (3)
=1
p n

a0 = | Ym0 - S @
i=1 Jj=1

Informally, the type (C% ,) have nonnegative coefficients, and are obtained using type (C’g(bl) inequalities,
and also inequalities —z; > —1 with multipliers strictly smaller than 1. Note: an inequality of type (C ;)

is also of type (C’Iqq';l). For completeness and future reference, we state the following result:
Lemma 1.9 Consider a system of inequalities Ax > b with A and b nonnegative, and let ¢ > 0.

(a) Any type (C} ,) inequality has rank < q.
(b) Any inequality valid for K‘i"b is dominated by a nonnegative linear combination of inequalities of type

(A), (B), and (Cgl’b)..

The proof of this Lemma is routine, with part (b) by induction on q.

1.3 Terminology and simple facts

For convenience, we list here various objects and simple results used throughout the paper. All definitions
concern a system Ax > b with A and b nonnegative.

o Zup = {ze€{0,1}" : Az > b} is the set of feasible 0/1 points.

e Rap = {z€][0,1]" : Az > b} is the continuous relaxation of Z4 .

. K?q,b is the polytope defined by the Chvatal-Gomory inequalities of rank < ¢, where ¢ > 0 is an integer.

. T,(ng,(c) = min{c"z : x € K% ,}; here c € R™.

. P,’:,{,b is the relaxation defined by the set of inequalities of pitch < k that are valid for Z4, together
with 0 < &; < 1Vj. Here k > 1 is an integer.

Remark 1.10 For any reals f and g, [f]1+ [g] > [f +g]-

Remark 1.11 Consider a system Ax > b where A and b are nonnegative. Then a 0/1 vector y satisfies
Ay > b if and only if y satisfies every cover inequality arising from each row of Ax > b.



2 Main result

In this section we present a proof of Theorem 1.3. This proof will be contingent upon a structural result
stated below (Lemma 2.1) whose proof we will give later. First we outline our approach.

Suppose we have a system Ax > b with A and b nonnegative. Let k be a large integer, and suppose that
S Pf"b NRap. We would like to argue that £ 'nearly’ satisfies all rank < 1 inequalities valid for Z4 .
Since & € R4, it satisfies all rank-0 inequalities, so consider any rank-1, type (C£7b) inequality

Zajxj Z (a7 (5)

Suppose first that ag < k. Then, since Zj min{ag, oj}r; > ag is valid for Z4 3, and of pitch < k, it follows
that & satisfies this latter inequality and therefore & satisfies (5).

On the other hand, suppose now that ag > k. By definition of the rank-1, type (C}Lb) inequalities, it follows
that for some real @&y > k with ag = [ag], D a;x; > &g is a rank-0 inequality, and as such is satisfied by .
Hence, in any case, > a;T; > kiﬂozo — this is what we mean by Z nearly satisfying (5).

There are two issues that arise from this analysis. First, we must extend the analysis to inequalities of rank
higher than 1. The second issue was indirectly mentioned before — suppose we have a vector y € [0, 1] such
that y “nearly” satisfies some set of inequalities Az > b. Despite this, it may still be the case that, for some
¢ € R?, ¢Ty is much smaller than min{c’z : Az >b, z € [0,1]"}.

In order to overcome these hurdles, our analysis makes use of two ingredients. The first one is that we will
not merely rely on “nearly” satisfying the rank < q inequalities. Instead, our vector Z satisfies all pitch < k
inequalities exactly, regardless of their rank, and we are using a large k. The second ingredient is that, as we
will show, for each fixed q the type (ng,b) inequalities have a very special structure. The combination of the
two ingredients suffices to bridge the gap between 'nearly’ and ezxactly satisfying the rank < g inequalities.

In order to describe our key structural result we need a simple construction. In what follows, given an
n-vector y and nonnegative integers k and ¢, define the vector y*:9) by

E+1\7
yﬁk,q) — mjn{l, (%) yj} for 1 <j<n. (6)

Lemma 2.1 Let Az > b be a system of inequalities with nonnegative coefficients. Let k > 0 be an integer,
and suppose T € Pfj,b (\ Rap. Then for any integer ¢ > 0, (k) ¢ K% ,.

A proof of Lemma 2.1 is given in Section 4. The key observation here is that for each fixed ¢, we will have
that #(%9) ~ & if we choose k large enough. We can now prove Theorem 1.3.

Proof of Theorem 1.3. Let ¢ > 0 integer and 0 < € < 1 be as in the statement of Theorem 1.3. Choose
k > 0 integral large enough that
kE+1\*
(%) <(1-o "

Let Mx > e be the system of all minimal cover inequalities arising from all rows of Az > b. By definition,
M has v4, rows. By Theorem 1.6, for some integer g, > 0 there is a polyhedron £; defined by a linear
system on O((n + m + v4,)%) constraints and variables, and with coefficients with absolute value at most
k, such that Zp; . C 7w(Ly) C P]’\})e. By Remark 1.11 Z4 = Zp.. Thus, writing

o = min {cTa: sz €n(Li) mRA,b} ,
in order to complete the proof we just need to show that TI(L;{Z(C) < (1—e) o
Choose & € m(Lr) [ Rap so that T2 = 0.
Zap = Zum,e implies PJ’\“Le = wa. Hence z € Pf‘,b (MR a.p, and by Lemma 2.1, k) ¢ ngb, and therefore
7D () < T®D < (1),

where the second inequality follows from our choice of k. The proof is complete. Il



Thus, Lemma 2.1 is the key to our main result. Our proof of Lemma 2.1 will be by induction on ¢. This
requires an appropriate inductive hypothesis, which brings about our second ingredient. In order to motivate
our approach in this case, we will sketch a proof of Lemma 2.1 in the set-covering case, when ¢ = 1.

In the set-covering case, A is a 0/1 matrix and b = e, the m-vector of 1s. To handle the rank-1 case, assume
that & € Pk (\Ra.. Let § = 2"

Let a”x > ag be any rank-1, type (C}Lb) inequality. For simplicity, we will assume that o’z > « is
obtained by rounding a nonnegative linear combination of the original set-covering constraints (i.e., none of
the constraints —z; > —1 are used).

We wish to argue that a”j > ag. Certainly (since aTéki_Hao) this is going to be the case if %iﬂj <1 for

all j with a; > 0. Thus, let U(«) be the set of indices j with «; > 0 and %:ﬁj > 1. We will show that
aT§ > ag by induction on |U(a)|; the case |U(a)| = 0 is clear as we just outlined.

So assume, without loss of generality, that 1 € U(«).

Since a’x > «p has rank-1, for some integer p > 0 there are p set-covering inequalities of the original
formulation
JES:

(e.g. S; is the support of the i inequality) and multipliers ; > 0 (1 <14 < p) such that:

a; = Z | (1<j<n)and ay = ’VZWZ“ (8)
i=1

i:JES;

Since we are assuming a; > 0, we have that 1 € §; for at least one index 1 < ¢ < p. Without loss of
generality, we may assume that there is an index h such that 1 € S; for 1 <i < h,and 1 ¢ S; for i > h.

Hence we can rewrite:

h
ar = {me 9)

Note that if h = p then a1 = g, and so a7 § > a191 = ag, and we are done.

So assume h < p, and consider the rank < 1 inequality &’z > &g which is obtained by rounding the linear
combination yielded by using multiplier m; on the i*" constraint (7) for A < i < p. Thus

p
o = { 3 } 7 (10
i=h+1
&; = Z m|, forl<j<n, (11)
h<i<p:j€S;

Note that &; = 0 definition of h. So |U(&)| < |U(a)|, and by induction,

aly > ap.
But clearly, o > ¢&. Hence,
n
Ty o= o+ Y oy (12)
=2
n
> o+ Y d50 (13)
=2
h P
> a1 + qy = ’VZTQ-‘ + ’V Z '/Ti-‘ (14)
i=1 i=h+1
> Qp, (15)



where the last inequality follows from Remark 1.10. This completes our sketch of the proof of Lemma 2.1 in
this special case. l

This proof sketch suggests that rank-1 inequalities for set-covering can be “decomposed” in a way that
the right-hand sides behave in an additive manner. It turns out that this view extends to higher rank
inequalities, as well. This fact, properly applied, is our second ingredient, and will be used in our inductive
proof of Lemma 2.1.

3 The additive property

Definition 3.1 A system I' of inequalities with nonnegative coefficients is called additive if for each in-
equality oz > o in T and each integer h, 1 < h < n, there is an inequality 3Tz > (o, such that:

(h.i) BTz > By isin T,
(h.ii) Bp =0,
(h.iii) B; < o, 1 < j<mn, and

(hw) ap + B > ag.

Theorem 3.2 Consider an additive system Ax > b. Then the type (C}X,b) inequalities form an additive
system.

Proof. Let aTx > ag be a type (C}Lb) inequality. Thus, for some integer p > 0 there are p inequalities
chosen from Az > b,

n
ZSi,jwj > S0, 1<i<p, (16)
j=1
multipliers 0 < 7; (1 <i<p)and 0<+; <1 (1<j<n),such that:

p
Qaj = ’727‘-1’51}]’ - %‘l, 1<j<mn, and (17)
i=1

P n
ay = Zﬂ'isi,o - Z”Yj . (18)
i=1 j=1

We want to show that for any 1 < h < n there is an inequality 372 > (3, satisfying (h.i)-(h.iv). For simplicity
of notation we set h = 1.

Since the system Ax > b is made up of additive inequalities, for each 1 < i < p there is an inequality

Z tijx; = tio, (19)
j=1
in Az > b such that
Sij = ti; Vi>1, (20
ti71 = 0, and (21
Si,1 + ti,O Z 5i,0- (22)
Consider the type (Cix,b) inequality
Z Biz; = Bo (23)
j=1



where

1

3

p
B = [Z mitij — WJ‘—‘ for 1<j<n, (24)

[
M»d

ﬁO Wztz 0 — Z 7] (25)

=1 7>1

We claim that (23) satisfies (1.i) - (1.iv). By construction (1.i) follows. Also, 51 = 0 is implied by (21) and
~1 > 0, and thus (1.ii) holds. By (17) and (20), o; > §; for j > 1, hence (1.iii) holds. Finally

[ p P
o+ By = Zﬂism - -‘ + Zm i,0 — Z’Y] (26)
i=1 i=1 j>1

P

> | milsia+tio) ;% (27)
p=

=1

where the inequality follows from Remark 1.10. Continuing with (27), and using (22), we obtain

p n
ar+Bo > | misio— > v| = oo, (28)
i=1 j=1
by (18). So (1.iv) is satisfied. B

Corollary 3.3 Consider an additive system Ax > b. Then for any integer g > 0 the type (C’Zl’b) inequalities
form an additive system.

Lemma 3.4 Let Ax > b be a system of inequalities with nonnegative coefficients. Let Az > b be the system
containing each inequality

Zaijxj Z max O, bi—Zaij

Jj¢J jeJ
for every choice of row }_; aijxy > b of Az > b and subset J of {1,2,---,n}. Then
(i) Az > b is additive.
(i) For any integer ¢ > 0, any type (C% ;) inequality is a type (CZK 13) inequality.
(i) For any integer ¢ > 0, K" Ny = =K%,

Proof. (i) follows by definition of additiveness. Also note that Az > b is a subsystem of Az > b. Thus (i)

holds. Finally, each inequality of Az > b has rank 0 with respect to the system Az > b, 0 < z; <1 Vj, and
hence (iii) holds as well. H

In essence, Lemma 3.4 shows that given a system Az > b there is an “equivalent” additive system.

4 Proof of Lemma 1.3

Our proof of Lemma 1.3 will proceed in three steps.

Lemma 4.1 Consider a system of inequalities Ax > b with both A and b nonnegative. Let 0 < q be an
integer, and let oTx > ag be a type (C% ) inequality of rank q. Suppose z is a vector such that z € Pﬁ’b,

for some integer k > 0, and such that in addition z € K?Ll_bl . Then

k
T, (_F
« Z<k+l>a0



Proof. The inequality >, min{ao, aj}z; > o is valid for Z44; if it has pitch < k the Lemma is clear by
hypothesis. Hence we assume that cg > k + 1.

Now since a’z > o is of type (C%,), by definition we have that for some integer p > 0, there exist

multipliers 0 < 7; (1 <i<p)and 0<+; <1 (1<j<n),such that:

p
a; = [Zﬂisi,j - %‘—‘ for 1 <j<mn, and (29)
i=1

p n
Qo = Zﬂ'isi,o - Z’Yj ) (30)
i=1 j=1

where for 1 < ¢ < p, the inequality
n
D sigri = sio (31)
j=1

is of type (Cf"_bl), and thus of rank < ¢. Since z > 0,

n n P
ZO&ij > Z (Z T;Sq,5 — ")/J) Zj (32)
j=1 j

and since z satisfies all inequalities (31) (because they have rank < ¢), the right-hand side of (32) is at least

p n P n
Zﬂ'isi,o - Z%‘Zj > ZWiSi,o - Z’Yja (33)
i=1 j=1 i=1 j=1

where (33) follows since z; < 1 Vj. By (30), the difference between the right-hand side in (33) and «yg is
smaller than 1; since we are assuming that ag > k + 1 the proof is now complete. B

Lemma 4.2 Consider an additive system Ax > b. Let & € [0,1]™ be such that A% > b. Suppose 0 < e <1
is such that
ol > (1 -€)ag

for each type (Cil,b) inequality o™ x > og. Define

9 :min{l,lxj } 1<j<n.

— €

Then § € K .

Proof. All we need to show is that any type (C}‘Lb) inequality o’z > o satisfies a”'§ > ag. Let
Ul@)={1<j<n:g;=1 and «; >0}

The proof will be by induction on |U(a)|. Suppose first that |U(«)| = 0. Then the result clearly follows.
Assume now that for some 1 < h < n we have h € U(«a). Let

Bz > By (34)

satisfy (h.i) - (h.iv). Then since g, = 1, we have that (h.iii), (h.iv), and the inductive hypothesis (since
U@ < [U(a)| by (h.ii)) imply:

g >an + Y9 > an + Bo > ao (35)

as desired.

Remark 4.3 Note that in the proof above we do not really need z € P]X,b — we only need that z satisfy all
valid inequalities with coefficients in {0,1,--- k}.



Proof of Lemma 2.1. By induction on ¢, with the case ¢ = 0 clear. Thus, assume ¢ > 0, and, inductively,
that (k9= satisfies all inequalities valid for Zap of rank < g — 1. Since AU [0,1]™, all we need to
show is that &%) satisfies all type (C4% ) inequalities, and since #R9) > 7(ka=1) e just need to look at
the rank-g, type (C ,) inequalities.

Consider a type (Ci’b) inequality a”z > ag of rank ¢. Since £(*4=1) > & Pj’b, by Lemma 4.1 we have
that

(kg— k
oTapka-1) > (lm)ao' (36)

Let Az > b be the system described in Lemma 3.4. By Lemma 3.4 (i), aZz > ag is a type (CZX 5) inequality.

By the inductive hypothesis, and Lemma 3.4 (iii), we know that (%9~ satisfies all type (C’Z{El) inequalities

since these have rank < ¢. Further, by Lemma 3.4 (i) and Corollary 3.3 the type (C:f{gl) inequalities form
an additive system. Since

k+1 -
:i’gk’q) = min{l,—]: :i’;k’q 1)}, 1<j<n,

by Lemma 4.2 and (36) we have that a”2(*9 > aq, as desired. B

5 Related results

The proof of Lemma 2.1 shows that the system Mz > e of minimal covers derived from Az > b plays a
critical role — if we can “quickly” optimize over the system PJ’\“Le of pitch < k valid inequalities for Mx > e
then we can “explain” all low rank valid inequalities for Az > b. In the proof of Theorem 1.3 we explicitly
list out all inequalities in Mx > e; as we saw above in the case where each inequality in Az > b has pitch
bounded by a fixed constant p, Mx > e will have a polynomial number of rows.

It is possible to generalize this situation to cases where Mz > e does not need to be explicitly stated, and
still one obtains polynomial-time approximation algorithms.

Theorem 5.1 Consider an optimization problem min{c'x : Az > b, x € {0,1}"}. Let u >0 and t > 0 be
given integers, such that each entry in A is nonnegative, integral, and with value at most u; and that the
support of any row of A intersects the support of at most t other rows. Then for each rank q and 0 < e <1
there is a relazation with value at least (1 — 6)7'27,)((:) that can be computed in polynomial time (for fixed u,
t, q and €).

Proof. The key point in the proof is that, because no bound is assumed on the entries of b, the number of
minimal cover inequalities can be exponentially large. However, because of the bounds u and ¢, it turns out
that there is a succinct representation of the set of minimal covers.

In order to capture this representation, our proof will use an extended formulation using n variables y in
addition to the x variables, and three sets of constraints in addition to Az > b. One set of constraints involve
the y variables only, and it consists of a certain set-covering system My > e. The second set of constraints
involves both x and y variables. The third set of constraints exercises Theorem 1.6 on the set-covering system
My > e. The value k, as before, is such that (1+1/k)? < (1 —¢€)~ %

We will prove:

(a) that this formulation is valid,

(b) that any point in the projection of this formulation to the space of the x variables is contained in Pﬁyb,
and

(c) that alinear program over this formulation can be solved in polynomial time. The number of constraints
and variables in the first and third sets of constraints is polynomial. The number of constraints in the
second set is exponential, but we show that they can be separated in polynomial time.
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Together, (a), (b) and (c) complete the proof.
In what follows the support of row i of A, 1 <1i < m, will be denoted by suppt (7).

A cell will be an inclusion-maximal set of columns C, with the property that for each i, 1 < i < m all
entries a;; for j € C have the same value (which of course depends on i, and which could equal 0.) If
C N suppt (i) # 0, we say that C is a cell for row 1.

Remark 5.2 For any row i there are at most O(u') cells C' for row i. O

Suppose that S is a minimal cover for some row of Az > b, let C be a cell, and let J C C be such that
|J| = |SNC. By definition of cell, it follows that S’ = (S\ (SN C))JJ is also a minimum cover. It follows
that given a row ¢ of Az > b, we can specify all minimal covers arising from row 7, up to permutation of the
elements of the cover within in each cell.

Moreover, we can use this observation to implicitly enumerate all minimal covers arising from any row ¢ in
polynomial time: we simply specify, for each cell C' for row ¢, an nonnegative integer v < |C|. This integer
serves a candidate for |SNC| for some (hypothetical) minimimal cover S. Clearly, once we specify a value v¢
for each cell C then it is a simple matter to check whether indeed there is a minimal cover whose intersection
with each C' has cardinality v¢.

In what follows, we will refer to any vector of values v that does give rise to a minimal cover as a specification.

By Remark 5.2 the total number of specifications corresponding to a row 4, and the work needed to enumerate
t

them,is O(n®®")).

Now we proceed to present our extended formulation.

For each cell C, we define new 0/1 variables y©', 52, ... y©I€l. Although this will altogether define n new

variables, the labeling we use will be helpful.
Let v = {ve : C acell for row i} be a specification. Suppose we choose, for each cell C for row ¢ with
vo > 0,

(i) An integer 0 < r(C) < |C],

(i) asubset J(C) C {r(C)+1,7(C)+2,...,min{r(C) +vc +k—1,|C|} } with |J(C)| = vc.

Then we impose the constraint

K(v,r,J): Z Z Yyl > 1. (37)
)

C:vc>0 jeJ(C

Note that the total number of terms in the left-hand side of (37) is exactly > . vc — so the inequality
can be viewed as a generic representation of all the minimal covers with specification v. We note that we
form constraint (37) for each specification v and for each combination of choices J(C,v). Constraints (37)
constitute the set-covering system mentioned before.

Next, we impose the following constraints. Let C be a cell. Let Ly, L1, Lo, ..., L be k disjoint subsets of C,
some of which may be empty, which form a partition of C. For 0 < h < k, write ¢, = |Lo| + |L1| + ... |Lnl,
and c_; = 0. Then we impose

k k Ch,
SN hay =Y > mt = o, (38)

h=0 j€Ly h=0 j=cp—_1+1
where we interpret a sum as being zero if its range is empty.

The final set of constraints is that obtained by applying Theorem 1.6 to the set-covering system given by
constraints (37) — these new constraints use additional variables 2 € RY, where N is polynomially large
for each fixed k, and the projection of its continuous relaxation to the space of the y variables satisfies all
inequalities valid for Z;s . with pitch < k. The system used by Theorem 1.6 is of the form

Py+Qz > d, (39)
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for appropriate P, @) and d.

Now we prove the desired results. First, as a consequence of the above observations regarding the number
of specifications, we have:

Remark 5.3 The number of constraints (37) is polynomial for each fixed k, t and w.
Proof. This follows because for given v, C, and r(C), the number of choices for J(C,v) is O(vE) = O(|C|").

d

Next,
Remark 5.4 Suppose T € Z4,. Then there exists a 0/1 vector § such that (Z,y) satisfy (37) and (38).

Proof of Remark 5.4. Let C be a cell. Then we set g©J =1 for every j < min{r(C), |suppt(z) N C|}, and
zero otherwise. To put it differently, 77 equals the j* largest Z; with i € C. It is easily seen that this
satisfies (37) and (38), as desired. O

Remark 5.5 Inequalities (38) can be separated in polynomial time.

Proof of Remark 5.5. Suppose (Z,7) € [0,1]*". Let C be a cell. Note that there are polynomially number of
ways to choose nonnegative integers cp, 0 < h < k, such that ¢g < ¢y < ... < ¢ = k. For each choice of such
numbers, the second term of inequality (38) is determined. The inequality becomes most binding when we
choose Lo to consist of the ¢y largest &; with j € C, L1 to consist of the next ¢; — co largest ; with j € C,
and so on. Thus we can indeed check whether (38) is satisfied by (&, §), as desired.O

Finally, we have:
Remark 5.6 Suppose (#,7,2) € [0,1]2"*N satisfies constraints (37), (38) and (39). Then % € P]X}b.

Proof of Remark 5.6. Let
oz > o (40)

be valid for Z4 3 and such that for 0 < j < n, «; is integral and 0 < o; < k. We wish to show that & satisfies
(40). Consider the inequality

Z Z BIyCI > a, (41)

¢ 1<i<(o]

constructed as follows. Consider any cell C. Then, for 1 < j < |C|, let h = h(j) € C be such that ay, is the
j1 smallest o, with ¢ € C. We then set 397 = ay,.

If we can show that (41) is valid for the set of y € {0, 1}™ satisfying (37) then we have that ¢ satisfies (41),
and therefore, since (Z, §) satisfy (38), & satisfies (40), as desired.

In order to show that (41) is valid, consider, for each cell C, a (possibly empty) subset W¢ such that 7 > 0

for all j € W¢ and
Z Z ﬁc’j < «p.
C jeWe

What we need to show is that the inequality

Do v =1 (42)

C j¢Wc

is valid for the set of y € {0, 1}" satisfying (37) (in which case it must be dominated by one of the constraints
in (37)). We will show that an inequality of the form (37) dominates (42).
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To see that this is the case, for any cell C' let Wo = {h(j) : j € W¢}. It follows that

Z Z ap < o,

C heWce

and consequently there is a minimal cover S C suppt(a) with (SN C)NWe = 0 for each cell C. Let v be
the specification of S (i.e. vo = |S N C| for each cell C).

Consider any cell C. Since all the «; are nonnegative integers, and ag < k, it follows that |[Wc| < k.
Furthermore, SN C C suppt(a) N (C \ W¢). Since |We| = |W¢|, we conclude that

ve +[Wel + {1 <j <[C| : 77 =0}| < |C].
We use this now to construct the desired inequality (37). For each cell C, let:

(i) 7(C) =max{j < |C| : B =0},
(i) J(O)={r(C)+1,7(C)+2,...,7(C) +vec + |[Wc|} \ We.

It is clear that the resulting inequality (37) dominates (41). This concludes the proof of Remark 5.6. O
The theorem is now proved. ll

Another issue concerns the effectiveness of standard lift-and-project methods, such as the t-iterate Lovész-
Schrijver procedure Nt [LS91], the level-+ Sherali-Adams procedure S [SA90], and others (see [BCC96],
[Las01], [Lau0l]) in approximating Chvatal-Gomory closures of, say, set-covering problems. Here we have
a negative result, extending one from [BZ02a], [BZ02b]. This concerns a set-covering problem with a full-
circulant constraint matrix,

ij >1, foreach k, 1<k<n (43)
J#k
xz € {0,1}"

which gives rise to the rank-1 inequality

> x> 2 (44)

j=1

Theorem 5.7 Let 0 < t < n — 2 integral. Consider the set-covering problem given by the full-circulant
matriz on n rows. The vector
n—1

AT ) o ey YR (45)

satisfies the constraints of the t-iterate Lovdsz-Schrijver procedure N and of the level-t Sherali-Adams pro-
cedure S . W

This result can be proved using a straightforward extension of the proof of a closely related result given in
[BZ02b]. For completeness, a proof of this fact is given in the Appendix, where we also provide a definition
of the Sherali-Adams operators. In fact the vector x* is consistent with the constraints of an operator that
is exponentially stronger than the combination of Nt and S (). In any case, for fixed t > 0 and n large,

t+1
Yo~ 1e
J n

i.e. x* violates (44) by nearly a factor of 2, for ¢ fixed and n large.

Related results concerning the Ny operator are given in [CDO01] [GT01], [Lau01]. In particular, [CD01] shows
that starting from the system {3, z; > 1/2}, the N-rank of the inequality > ;z; > 1 is n. [GTO01] gives
an example of a set-covering problem (with an exponential number of constraints) where a certain valid
inequality has high N;-rank. On the other hand, Letchford [Le01] has produced a disjunctive procedure (on
the original space of variables) that, when applied to system (43), guarantees that (44) is satisfied. We note
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that many results are known regarding the effectiveness of lift-and-project methods on packing problems;
some of the earliest are in [LS91]. For some recent results, and a more thorough bibliography, see [BO04].

An open issue concerns the rank of pitch < k inequalities for (say) a set-covering problem: is it bounded
as a function of k7 We do not know the answer to this; but there is a (perhaps not unexpectedly) positive
answer to a simpler question:

Theorem 5.8 Consider an optimization problem min{c’x : Az > b, x € {0,1}"} where A is nonnega-
tive. For integer k > 0, the Chvdtal-Gomory rank of any valid inequality oTx > 3 with all coefficients in
{0,1,---,k} is at most k.

Proof. First we claim that any cover inequality derived from any row of Az > b has rank (at most) 1. To
see this, consider a cover inequality

> ap>1 (46)

jeJ

derived from some row i of A. Write K = b; +>_ ; @ij, and consider the linear combination obtained by using

multiplier % for row ¢ of Az > b, and, for each j ¢ J, multiplier afg for —x; > —1. This yields

Z%:ﬂj > b; —Z(lij /K (47)

JjeJ Jj¢J
Rounding (47) yields (46), as desired, and the claim is proved.

Further, if an inequality of the form

> ap>1 (48)

jeJ

is valid then J must be a cover for at least one of the rows of Az > b, and hence (48) has rank at most 1.

Consider now an inequality of the form

Zajmj Z 6 (49)

jeJ
where every a; and § are in {1,---,k}. We will show that (49) has rank at most 3, by induction on 3 (with
the case § =1 clear).

Since (49) is valid, then so is 3. ; min{a;, 8}z; > 3, so without loss of generality, a; < § for all 1 < j <mn.
Let T={jeJ :0o; <P}, and t = |T|. If t =0 we are done, since in this case (49) is a multiple of a cover
inequality.

Assuming otherwise, since (49) is valid, then for each h € T the following inequality is also valid:

(ap — Dap + Zozjxj > -1 (50)
i#h
Further, by induction, each inequality (50) has rank at most (5 — 1). Noting that a; = g for all j € J\ T,
the arithmetic average of the ¢ inequalities (50) is:

Z(ah—§>xj+62xj > -1 (51)
JET jeJ\T

Now since (49) is valid, then so is:

/BZ%‘ > . (52)

jeJ

Since (52) is a multiple of a cover inequality its rank is at most 1. Let 0 < v < 1 be such that

7ﬂ + (1_7) <ah_ %) < Qhp,

for all h € T. Then if we multiply (52) by 7, and (51) by 1 —+, add, and round up, we obtain an inequality
that dominates (49), as desired. l
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In summary, then, on the one hand given a set covering problem the valid inequalities with small coefficients
have small rank. On the other hand we can separate in polynomial time over the valid inequalities with small
coefficients, which results in “nearly” optimizing in polynomial time over all inequalities with sufficiently
small rank.
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Appendix — A rank-1 inequality that is hard to approximate by
Sherali-Adams and N,

In this section we consider a set-covering problem defined by a full-circulant matrix, i.e., a feasible region of
the form (43) which we restate here for convenience

ij >1, foreach k, 1<k<n (53)
Jj#k
z €{0,1}" (54)

for n > 1, and show that for any fixed integer ¢ > 0, there is a point satisfying the constraints of the Ni
procedure and the level-t Sherali-Adams procedure, which violates the valid inequality

Do = 2 (55)

by a factor of 2 (asymptotically) as ¢ remains fixed and n grows arbitrarily large. The analysis here is a
strengthening of a similar proof given in [BZ02b], which only shows that (55) has high rank.

First, we describe the level-t (0 < ¢t < n) Sherali-Adams procedure. As before, we indicate this procedure by
S®) . The procedure creates a variable w(Q, P) that approximates the polynomial

F@. Py =1 [[(0—=))

JEQ jep

for each pair of disjoint subsets @, P of {1,2,---,n} with |Q U P| < min{t + 1,n}. The procedure operates
as follows. Suppose we have a set of the form

Ar > b (56)
z € {0,1}™

For each polynomial f(Q, P) where |Q U P| = t, we multiply each constraint r of (56) by f(Q, P), obtaining
a (valid) polynomial inequality of the form

(arx —b.)f(Q,P) > 0. (57)
(where a, denotes the " row of A). In addition, we write the (valid) inequalities

QUG P) +f(QPUj) = [f(QP), VY j¢gQUP, (58)
f(Q,P) > 0,V Q, P, with |QU P| <min{t+ 1,n}, (59)

where we abbreviate {j} as j. Next, we linearize the constraints (57), (58) and (59): for each j, any positive
power of z; (resp., 1 — x;) is replaced with x; (resp., 1 — x;), and any expression containing z;(1 — z;) is
replaced with 0. Finally, we require f(0,0) = 1. We are left with a system of linear inequalities on the
polynomials f(Q, P) where |Q U P| < min{¢t + 1,n}. Each of these polynomials is then replaced by a new
variable w(Q, P), thus obtaining a linear system on the variables w. We will refer to this linear system as
the S constraints; see [SA90] for further background.

Now we return to the full-circulant set-covering example (53). Suppose we consider an assignment to the
variables w(@, P) of the form w(Q, P) = z(|Q|,|P|), for an appropriate function z. It is not difficult to see
that this assignment satisfies the S(*) constraints if z > 0 and:

2(g+1,p) +2(¢,p+1) —2(¢;p) = 0 ifg+p<t (60)
(g—2)z(q,p)+ (n—q—p)z(g+1,p) > 0 if ¢g+p<tand ¢>0 (61)
(n—p—1)2(1,p)—2(0,p) > 0 ifp<t (62)

2(0,0) = 1. (63)

We will next show how to choose such values z(g,p) so as to violate (55) as desired. In fact, we will do
something stronger: we will define z(q, p) for any nonnegative ¢,p with ¢ + p < n, and we will require

2(g+1,p)+2(¢,p+1) —2(¢,p) = 0 if g+p<n-—1, (64)
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instead of (60). These additional conditions will be of use later.
To this effect, define
(n—t—1)(n—t—2)
nn—1)+ n—t—1)(n—t-2)’
2
nn—1) +n—-t—1)(n—t—-2)

and set, for 0 <p<n-—2,

z(2,p) = B, (67)
z(Lp) = (n—p—1)8, and (68)
o) = ot BZREZPZD, (69)

For all other cases of ¢,p, define z(q,p) = 0. Then a calculation shows that (64), (61)-(63) are satisfied.
Thus, indeed the values w(Q, P) = 2(|Q|,|P|) satisfy the S*) constraints, and these values are a lifting of
the vector z* defined by

n—1

B L) Bter ey gy prry e > B CRAOF (70)

What is more,
2% = TG i I DET o (71)

t+1
~ 1y (72)
n

for fixed ¢t as n grows large. This proves half of Theorem 5.7. Clearly x* satisfies the constraints imposed
by Nt (because S is a stronger operator, see e.g. [Lau01]); we need a little further analysis to show that it
satisfies the constraints imposed by N%. This is done as in [BZ02b].

Let V,, = {1,2,---,n}. For each h C V,, let (" be the zeta — vector of the subset lattice of V,, corresponding
to h (this is the 0-1 vector with an entry for each subset of V,,, where the entry for subset s equals 1 iff

s Ch). Let
y= > A",
hCVy,
where
a ifh=10,
An=19 B if|n]=2, (73)

0 otherwise.

By construction, it is not difficult to show that for any h C V,,, yn = z(|h],0) = w(h, D). Further, consider
the 2 x 2™-matrix W¥ defined by:

wy o= > e (74)

hCVy,
By construction, WY can be equivalently defined as follows:
Wpy7q = ypUq7 v b, q g Vn (75)

Clearly W¥ is symmetric positive-semidefinite, and its (-row and -column, and its main diagonal, all equal
y —and as a consequence, W/, = 1.

We have already shown that z* satisfies the S) constraints; the fact that W¥ is of the form (74) with A
defined as in (73) implies that z* satisfies the Nfr constraints as well. Formally, this is proved as follows.

Assume that the (-column of WV is its 0*” column, and that for 1 < j < n, the j** column of W¥ corresponds
to the singleton {j}. Since w satisfies the constraints imposed by S (in particular, since z satisfies (64)),
it is clear that for any h C Vj,, the htP-entry of (eo — ej)TWy equals w(h, j). In other words, the appropriate
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subvector of (eg — e;)T WV satisfies the S*~1) constraints. Further, define P(j) to be the set of pairs {i, k}
of distinct elements of V,, with ¢ # j and k # j. Then:

(co—e) W =al® + 8 Y (H

{i.k}eP(5)

which shows that (eg —e;)TW¥ can be lifted to a symmetric, positive-semidefinite (2" x 2") matrix. Induc-
tively, these facts shows that (the singletons subvector of) (eq — e;)T W satisfies the N{ ™! constraints.

Also,
eijy =5 Z (‘UJC}’
{4k}, 5#k

But for any pair {j, k} any vector « with z; = x; = 1 is a feasible solution to the system (53)-(54). Since
ejTWy is a sum of nonnegative multiples of vectors ¢1"*} it must satisfy all constraints consistent with the
N7 operator. This concludes the proof.

Note that we have proved that z* satisfies the constraints of a far stronger operator than either S®*) or Ni.
This is because the matrix W¥ constructed above is 2™ x 2™. This stronger procedure lifts a vector x to a
2™ x 2™ matrix W, with rows and columns indexed by the subsets of V,,, such that

(a) The vector occupying entries 1,2, ---,n of the f-column of W equals x,

(b) W > 0 and Wy ¢ = 1. For any subsets p,q,p’,q of V,,,if pUq = p' Uq' then W, g = Wy 4.

(¢) For any 1 < j < n, the restrictions of both eJTW and (eyp — e;)T WY to the (t + 1)-tuples satisfy the
S(t=1) constraints, and the restriction of these vectors to the singletons satisfy the Ni_l constraints.

Conditions (b) and (c) embody the difference between this procedure and N% or S®) — they constrain the
entire 2™ x 2™ matrix.
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