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Abstract

We propose a very simple preconditioning method for integer programming feasibility problems:
replacing the problem
V< Ax <b
x € 7"

with
V< (AU)y <b
y € z,

where U is a unimodular matrix computed via basis reduction, to make the columns of AU short
(i.e., have small Euclidean norm), and nearly orthogonal (see e.g., [26], [25]). Our approach is
termed column basis reduction, and the reformulation is called rangespace reformulation. It
is motivated by the technique proposed for equality constrained IPs by Aardal, Hurkens and
Lenstra. We also propose a simplified method to compute their reformulation.

We also study a family of IP instances, called decomposable knapsack problems (DKPs).
DKPs generalize the instances proposed by Jeroslow, Chvatal and Todd, Avis, Aardal and
Lenstra, and Cornuéjols et al. They are knapsack problems with a constraint vector of the form
pM +r, with p > 0 and r integral vectors, and M a large integer. If the parameters are suitably
chosen in DKPs, we prove

e hardness results, when branch-and-bound branching on individual variables is applied;
e that they are easy, if one branches on the constraint px instead; and

e that branching on the last few variables in either the rangespace or the AHL reformulations
is equivalent to branching on px in the original problem.

We also provide recipes to generate such instances.
Our computational study confirms that the behavior of the studied instances in practice is
as predicted by the theory.
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1 Introduction and overview of the main results

Basis reduction Basis reduction (BR for short) is a fundamental technique in computational
number theory, cryptography, and integer programming. If A is a real matrix with m rows, and n
independent columns, the lattice generated by the columns of A is

L(A) = { Az|z € Z"}. (1.1)

The columns of A are called a basis of L(A). A square, integral matrix U is unimodular if det U =
+1. Given A as above, BR computes a unimodular U such that the columns of AU are “short”
and “nearly” orthogonal. The following example illustrates the action of BR:
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We have L(A) = L(AU). In fact for two matrices A and B, L(A) = L(B) holds, if and only if
B = AU for some U unimodular matrix (see e.g. Corollary 4.3a, [33]).

In this work we use two BR methods. The first is the Lenstra, Lenstra, and Lovasz (LLL for
short) reduction algorithm [26] which runs in polynomial time for rational lattices. The second is
Korkhine-Zolotarev (KZ for short) reduction — see [23] and [32] — which runs in polynomial time
for rational lattices only when the number of columns of A is fixed.

Basis reduction in Integer Programming The first application of BR for integer program-
ming is in Lenstra’s IP algorithm that runs in polynomial time in fixed dimension, see [27]. Later
IP algorithms which share polynomiality for a fixed number of variables also relied on BR: see, for
instance Kannan’s algorithm [25]; Barvinok’s algorithm to count the number of lattice points in
fixed dimension [8, 18], and its variant proposed by de Loera et al. in [28]. A related method in
integer programming is generalized basis reduction due to Lovéasz and Scarf [30]. For its implemen-
tation see Cook et. al in [I3]. Mehrotra and Li in [31] proposed a modification and implementation
of Lenstra’s method, and of generalized basis reduction. For surveys, we refer to [33] and [24].

A computationally powerful reformulation technique based on BR was proposed by Aardal,
Hurkens, and Lenstra in [2]. They reformulate an equality constrained IP feasibility problem

Ax = b
(< x <u (1.2)
ez"

with integral data, and A having m independent rows, as follows: they find a matrix B, and a
vector xp, with [B, xp] having short, and nearly orthogonal columns, x;, satisfying Az, = b, and the

property
{zeZ"|Ax =0} ={BAX|AxeZ"™}. (1.3)

The reformulated instance is

f—xp < BX <u-—umx

1.4
Aoezrm (14



For several families of hard IPs, the reformulation turned out to be much easier to solve
for commercial MIP solvers than the original one; a notable family was the marketshare problems
of Cornuéjols and Dawande [I5]. The solution of these instances using the above reformulation
technique is described by Aardal, Bixby, Hurkens, Lenstra, and Smeltink in [I].

The matrix B and the vector x; are found as follows. Assume that A has m independent rows.
They embed A and b in a matrix, say D, with n+m+1 rows, and n+ 1 columns, with some entries
depending on two large constants Ny and Na:

In 0n><1
D=10i1xn, N |- (1.5)
Ny A —Nob
The lattice generated by D looks like
x
x
L(D) = Nz | < ) ezt b (1.6)
NQ(A:E — b.To) 0

in particular, all vectors in a reduced basis of L(D) have this form.

For instance, if A = [2,2,2], and b = 3, (this corresponds to the infeasible IP 2z + 2x9 + 223 =
3, z; € {0,1}, when the bounds on x are 0 and e), then

x
L(D) = Nizg | < ; ) eZ¥xz!}. (1.7)
Ny (2a1 + 229 + 225 — 30) 0

It is shown in [2], that if Ny >> Nj >> 1 are suitably chosen, then in a reduced basis of L(D)

a;) with Ax = bxg, x9 = 0, and
o

e 1 —m vectors arise from some (

x) with Az = bxg, zg = 1.

e 1 vector will arise from an (
Zo

So the z vectors from the first group can form the columns of B, and the = from the last can serve
as xp. If LLL- or KZ-reduction (the precise definition is given later) is used to compute the reduced
basis of (D), then B is a basis reduced in the same sense.

Followup papers on this reformulation technique were written by Louveaux and Wolsey [29],
and Aardal and Lenstra [3, [4].

Questions to address The speedups obtained by the Aardal-Hurkens-Lenstra (AHL) reformu-
lation lead to the following questions:



(Q1) Is there a similarly effective reformulation technique for general (not equality constrained)
IPs?

(Q2) Why does the reformulation work? Can we analyse its action on a reasonably wide class of
difficult IPs?

More generally, one can ask:

(Q3) What kind of integer programs are hard for a certain standard approach, such as branch-and-
bound branching on individual variables, and easily solvable by a different approach?

As to (Q1), one could simply add slacks to turn inequalities into equalities, and then apply the
AHL reformulation. This option, however, has not been studied. The mentioned papers emphasize
the importance of reducing the dimension of the space, and of the full-dimensionality of the refor-
mulation. Moreover, reformulating an IP with n variables, m dense constraints, and some bounds
in this way leads to a D matrix (see ) with n + 2m + 1 rows and n + m + 1 columns.

A recent paper of Aardal and Lenstra [3], and [4] addressed the second question. They considered
an equality constrained knapsack problem with unbounded variables

ar =pf
z >0 (KP-EQ)
x €7,

with the constraint vector a decomposing as a = pM + r, with p,r € Z", p > 0, M a positive
integer, under the following assumption:

Assumption 1. (1) rj/p; = maxj—1_ o {7:/pi}, 76/Pr = mini—1 __, {7i/pi}
(2) a1 <ag < -+ < ap;
(3) 2oy Iril < 2M;
(4) M >2—rj/pj;
(5) M >r;/p;j — 2r/pg.

They proved the following;:

(1) Let Frob(a) denote the Frobenius number of ay,...,ay, i.e., the largest 3 integer for which
(KP-EQ) is infeasible. Then
2

M?pjpy + M (pjry + prrs) + rjri) (1 = —————
(e Moyt pirs) + 737001 = 7o)

Frob(a) > — (M +7;/pj). (1.8)

DPETj — PiTk
(2) In the reformulation (|1.4), if we denote the last column of B by b,_1, then

i |2~
VIRl ? = (prT)

| (1.9)



It is argued in [3] that the large right-hand side explains the hardness of the corresponding instance,
and that the large norm of b,,_; explains why the reformulation is easy: if we branch on b,_1 in
the reformulation, only a small number of nodes are created in the branch-and-bound tree. In
section (8 we show that there is a gap in the proof of . Here we also show an instance of a
bounded polyhedron where the columns of the constraint matrix are LLL-reduced, but branching
on a variable corresponding to the longest column produces exponentially many nodes.

Among the other papers that motivated this research, two are “classical”: [22], and parts of
[12]. They all address the hardness question in (Q3), and the easiness is straightforward to show.

Jeroslow’s knapsack instance in [22] is

min  Tpny1
st. 230 @i+ Tpp1 =1 (1.10)
z; €{0,1}(i=1,...,n+1),

where n is an odd integer. The optimal solution of ([1.10)) is trivially 1, but branch-and-bound
requires an exponential number of nodes to prove this, if we branch on individual variables.

In [I2] Todd and Avis constructed knapsack problems of the form

max ax
st. ax <[ (1.11)
x € {0,1}",

with a decomposing as a = eM + r (M and r are chosen differently in the Todd- and in the
Avis-problems). They showed that these instances exhibit a similar behavior.

Though this is not mentioned in [22], or [12], it is straightforward to see that the Jeroslow-,
Todd-, and Avis-problems can be solved at the rootnode, if one branches on the constraint y ;" | x;
instead of branching on the x;.

A more recent work that motivated us is [16]. Here a family of instances of the form

max ar
st. ax<p (1.12)
€L,

with a decomposing as a = pM + r, where p and r are integral vectors, and M is a positive
integer, was proposed. The authors used Frob(a) as  in (1.12). These problems turned out to
be hard for commercial MIP solvers, but easy if one uses a test-set approach. One can also verify
computationally that if one branches on the constraint px in these instances, then feeds the resulting
subproblems to a commercial solver, they are solved quite quickly.

Contributions, and organization of the paper We first fix basic terminology. When branch-
and-bound (B&B for short) branches on individual variables, we call the resulting algorithm ordi-
nary branch-and-bound.



Definition 1. If p is an integral vector, and k an integer, then the logical expression px < k V px >
k + 1 is called a split disjunction. We say that the infeasibility of an integer programming problem
is proven by pr < k V px > k+ 1, if both polyhedra { x |px <k} and {x|px > k+ 1} have empty
intersection with the feasible set of its LP relaxation.

We say that the infeasibility of an integer programming problem is proven by branching on pz,
if px s nonintegral for all x in its LP relazation.

We call a knapsack problem with weight vector a a decomposable knapsack problem (DKP for
short), if a = pM +r, where p and r are integral vectors, p > 0, and M is a large integer. We could
not find a good definition of DKPs which would not be either too restrictive, or too permissive, as
far as how large M should be. However, we will show how to find M and the bounds for given p
and r so the resulting DKP has interesting properties.

The paper focuses on the interplay of these concepts, and their connection to IP reformulation
techniques.

(1) In the rest of this section we describe a simple reformulation technique, called the rangespace
reformulation for arbitrary integer programs. The dimension of the reformulated instance
is the same as of the original. We also show a simplified method to compute the AHL
reformulation, and illustrate how the reformulations work on some simple instances.

For a convenient overview of the paper we state Theorems (1| and [2| as a sample of the main
results.

(2) In Section [2] we consider knapsack feasibility problems with a positive weight vector. We
show a somewhat surprising result: if the infeasibility of such a problem is proven by px <
kVpr > k+1, with p positive, then a lower bound follows on the number of nodes that must
be enumerated by ordinary B&B to prove infeasibility. So, easiness for constraint branching
implies hardness for ordinary B&B.

(3) In Section |3 we give two recipes to find DKPs, whose infeasibility is proven by the split
disjunction pr < kV pxr > k + 1. Split disjunctions for deriving cutting planes have been
studied e.g. in [14, [I1], [0, [7]. This paper seems to be the first systematic study of knapsack
problems with their infeasibility having such a short certificate.

Thus (depending on the parameters), their hardness for ordinary B&B follows using the results
of Section We show that several well-known hard integer programs from the literature,
such as the Jeroslow-problem [22], and the Todd- and Avis-problems from [12] can be found
using Recipe 1. Recipe 2 generates instances of type , with a short proof (a split
disjunction) of their infeasibility.

So this section provides a unifying framework to show the hardness of instances (for ordinary
B&B) which are easy for constraint branching. These results add to the understanding of
hard knapsacks described in [22], [12] and [3], as follows. We deal with arbitrary knapsacks,
both with bounded, and unbounded variables; we give explicit lower bounds on the number
of nodes that ordinary B&B must enumerate, which is done in [I2] for the Todd and Avis
instances; and our instances have a short, split disjunction certificate.

Using the recipes we generate some new, interesting examples. For instance, Example [§] is
a knapsack problem whose infeasibility is proven by a single split disjunction, but ordinary



B&B needing a superezponential number of nodes to prove the same. Example [5] reverses the
role of the two vectors in the Avis-problem, and gives an instance which is computationally
more difficult than the original.

(4) In Section {4 we extend the lower bound in two directions. We first show that for given
p and r integral vectors, and sufficiently large M, there is a range of 3 integers for which the
infeasibility of with @ = pM + r is proven by branching on px. The smallest such
integer is essentially the same as the lower bound in .

Any such f right-hand side is a lower bound on Frob(a), with a short certificate of being a
lower bound, i.e. a split disjunction certificate of the infeasibility of (KP-EQ).

We then study the largest integer for which the infeasibility of (KP-EQ)|) with a = pM + 7,
and M sufficiently large, is proven by branching on pz. We call this number the p-branching
Frobenius number, and give a lower and an upper bound on it.

(5) In Section we show some basic results on the geometry of the reformulations. Namely, given
a vector say ¢, we find a vector which achieves the same width in the reformulation, as ¢ does
in the original problem.

(6) Subsection shows why DKPs become easy after the rangespace reformulation is applied.
In Theorem we prove that if M is sufficiently large, and the infeasibility of a DKP is
proven by branching on pz, then the infeasibility of the reformulated problem is proven by
branching on the last few variables in the reformulation. How many “few” is will depend on
the magnitude of M. We give a similar analysis for the AHL reformulation in Subsection

Here we remark that a method which explicitly extracts “dominant” directions in an integer
program was proposed by Cornuéjols at al in in [16].

(7) In Section m we present a computational study that compares the performance of an MIP
solver before and after the application of the reformulations on certain DKP classes.

(8) In Section We point out a gap in the proof of , and show a correction. We also describe
a bounded polyhedron with the columns of the constraint matrix forming an LLL-reduced
basis, where branching on a variable corresponding to the longest column creates exponentially
many subproblems.

The rangespace reformulation Given

¥ < Ax <b

1P
x € 7", (IP)

we compute a unimodular (i.e. integral, with +1 determinant) matrix U that makes the columns
of AU short, and nearly orthogonal; U is computed using basis reduction, either the LLL- or the
KZ-variant (our analysis will be unified). We then recast as

v < (AU <b .
< (AU)y < (1P)
Y € z".

The dimension of the problem is unchanged; we will call this technique rangespace reformulation.
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Figure 1: The polyhedron in Example [1| before and after reformulation

Example 1. Consider the infeasible problem

106 < 21z + 1929 < 113
0< T1, T2 <6 (1.13)
r1,%2 € 7,

with the feasible set of the LP-relaxation depicted on the first picture in Figure [I} In a sense it is
both hard, and easy. On the one hand, branching on either variable will produce at least 5 feasible
nodes. On the other hand, the maximum and the minimum of x; 4+ x5 over the LP relaxation of
are 5.94, and 5.04, respectively, thus “branching” on this constraint proves infeasibility at
the root node.

When the rangespace reformulation with LLL-reduction is applied, we have

21 19 . 6 -2 7
A=11 0 ,U—( ),AU— -1 -6,
1 7
0 1 1 7
so the reformulation is
106 < =2y +Ty2 < 113
0< —y;—6 <6
S Y1 Y2 = (1‘14)
0< wy+Ty2 <6
Y1,Y2 € Z.

Branching on y» immediately proves infeasibility, as the second picture in Figure [I] shows. The

linear constraints of ((1.14]) imply
5.04 < y9 < 5.94. (1.15)



These bounds are the same as the bounds on z; + x9. This fact will follow from Theorem [7] a
general result about how the widths are related along certain directions in the original and the
reformulated problems.

Example 2. This example is a simplification of Jeroslow’s problem from [22]. Let n be a
positive odd integer. The problem
2> = n
0<z < e (1.16)
S

x
is integer infeasible.

n=1)/2 nodes

Ordinary B&B (i.e. B&B branching on the z; variables) must enumerate at least 2(
to prove infeasibility. To see this, suppose that at most (n — 1)/2 variables are fixed to either 0 or
1. The sum of the coefficients of these variables is at most n — 1, while the sum of the coeflicients
of the free variables is at least n+ 1. Thus, we can set some free variable(s) to a possibly fractional

value to get an LP-feasible solution.

On the other hand, denoting by e the vector of all ones, the maximum and minimum of ex over
the LP relaxation of (1.16)) is n/2, thus branching on ex proves infeasibility at the root node.

For the rangespace reformulation using LLL-reduction, we have

01x (n—1) 2
2 I, O¢p—
s ( elxn) U= < n—1 (n 11)“) , AU = I, Omn-1)x1 | 5
)

n —Cix(n—1
o —€1x(n—1) 1
thus the reformulation is

2yn =n

0< i <1
> 1 o Yn—1 (117)
0< =X ¥ty <1

y e
So branching on y,, immediately implies the infeasibility of (1.17]), and thus of (L.16]).

A simplified method to compute the AHL reformulation Rangespace reformulation only
affects the constraint matrix, so it can be applied unchanged, if some of the two-sided inequalities
in are actually equalities, as in Example 2l We can still choose a different way of reformulating
the problem. Suppose that

Alx = b1 (1.18)

is a system of equalities contained in the constraints of (IP]), and assume that A; has m; rows.
First compute an integral matrix B,

{ern|A1$:0}:{Bl)\|)\€anm1}7

and an integral vector x; with Axy = b;. B; and x; can be found by a Hermite Normal Form
computation — see e.g. [33], page 48.

10



In general, the columns of [By, z1] will not be reduced. So, we substitute Bj A+ x; into the part
of excluding (|1.18)), and apply the rangespace reformulation to the resulting system.

If the system ([1.18)) contains all the constraints of the integer program other than the bounds,
then this way we get the AHL reformulation.

Example 3. (Example [2| continued) In this example (1.16]) has no solution over the integers,
irrespective of the bounds.

However, we can rewrite it as

23 i+ Ty = 0
0 sz < ¢ (1.19)
“1/2 <apy < 1/2
x e

The z integer vectors that satisfy the first equation in ([1.19)) can be parametrized with A € Z" as

1 = M+ + A
To = —>\1
(1.20)
Tn = —Ap—1
Tntl = —2X +n.
Substituting ((1.20]) into the bounds of ([1.19) we obtain the reformulation
0< SN+ <1
0< =\ <1l1(y=1,...,n—1
= d <10 n-1) (1.21)
—1/2< —2\,+n  <1/2
AeZ™

The columns of the constraint matrix of (1.21)) are already reduced in the LLL-sense. The last
constraint is equivalent to

(n+1)/2-3/4< X\, < (n+1)/2—1/4, (1.22)

so the infeasibility of (1.21]) and thus of (1.19) is proven by branching on A,.

Right-hand side reduction On several instances we found that reducing the right-hand side in
(IP)) yields an even better reformulation. To do this, we rewrite as

F <
v =/ (IP2)
x €7,
then reformulate the latter as
FU < f—(FU -
(FU)y < f—(FU)z, 5)

y €7",

11



where the unimodular U is again computed by basis reduction, and z, € Z" to make f — (FU)z,
short, and near orthogonal to the columns of FU. For the latter task, we may use — for instance
— Babai’s algorithm [5] to find x,, so that (FU)x, is a nearly closest vector to f in the lattice
generated by the columns of F'.

It is worth to do this, if the original constraint matrix, and right-hand side (rhs) both have large
numbers. Since the rangespace reformulation reduces the matrix coefficients, leaving large numbers
in the rhs may lead to numerical instability. Our analysis, however, will rely only on the reduction
of the constraint matrix.

Rangespace, and AHL reformulation To discuss the connection of these techniques, we as-
sume for simplicity that right-hand-side reduction is not applied.

Suppose that A is an integral matrix with m independent rows, and b is an integral column
vector with m components. Then the equality constrained IP

Ar = b
(< z <u (1.23)
r €7

has another, natural formulation:

(< B4z, <u

1.24
A ez, (1.24)

where

{2€Z"|Ax =0} ={BX|AeczZ" ™}, (1.25)

and x; satisfies Azy, = b. The matrix B can be constructed from A using an HNF computation.

Clearly, to (|1.23)) we can apply

e the rangespace reformulation (whether the constraints are inequalities, or equalities), or

e the AHL method, which is equivalent to applying the rangespace reformulation to (|1.24)).

So, on the rangespace reformulation method can be viewed as a “primal” and the AHL
reformulation as a “dual” method. The somewhat surprising fact is, that for a fairly large class of
problems both work, both theoretically, and computationally. When both methods are applicable,
we did not find a significant difference in their performance on the tested problem instances.

An advantage of the rangespace reformulation is its simplicity. For instance, there is a one-
to-one correspondence between “thin” branching directions in the original, and the reformulated
problems, so in this sense the geometry of the feasible set is preserved. The correspondence is
described in Theorem [7] in Section The situation is more complicated for the AHL method,
and correspondence results are described in Theorems [§ and [0} These results use ideas from, and
generalize Theorem 4.1 in [31].

In a sense the AHL method can be used to simulate the rangespace method on an inequality
constrained problem: we can simply add slacks beforehand. However:

12



e the rangespace reformulation can be applied to an equality constrained problem as well, where
there are no slacks;

e the main point of our paper is not simply presenting a reformulation technique, but analysing
it. The analysis must be carried out separately for the rangespace and AHL reformulations.
In particular, the bounds on M that ensure that branching on the “backbone” constraint
pT in will be mimicked by branching on a small number of individual variables in the
reformulation will be smaller in the case of rangespace reformulation.

Using the rangespace reformulation is also natural when dealing with an optimization problem
of the form

max cx
st. V< Ax < b (IP-OPT)
z € 7™

Of course, we can reduce solving ([P-OPT)) to a sequence of feasibility problems.

A simpler method is solving ([P-OP'T|) by direct reformulation, i.e. by solving

max cy
st. V< Ay < b (IP-OPT)
y € 72",
where .
c=cU, A= AU,

with U having been computed to make the columns of
A

Some other reformulation methods Among early references, the all-integral simplex algo-
rithm of Gomory [19] can be viewed as a reformulation method. Bradley in [10] studied integer
programs connected via unimodular transformations, akin to how the rangespace reformulation
works. However, the transformations in [10] do not arise from basis reduction.

reduced.

The Integral Basis Method [2I] has two reformulation steps: in the first an integral basis of an
IP from a nonintegral basis of the LP relaxation is found. In the second, an augmentation vector
leading to a better integral solution is found, or shown not to exist. Haus in his dissertation [20]
studied the question of how to derive such augmentation vectors for general IPs.

Notation Vectors are denoted by lower case letters. In notation we do not distinguish between
row and column vectors; the distinction will be clear from the context. Occasionally, we write (z, y)
for the inner product of vectors x and y.

13



We denote the sets of nonnegative, and positive integers by Z,, and Z, ,, respectively. The
sets of nonnegative, and positive integral n-vectors are denoted by Z, and Z" |, respectively. If
n a positive integer, then N is the set {1,...,n}. If S is a subset of N, and v an n-vector, then
v(S) is defined as ) ;g ;.

For a matrix A we use a Matlab-like notation, and denote its jth row, and column by 4;. and A. ;,
respectively. Also, we denote the subvector (ag,...,ag) of a vector a by ag.y.

For p € Zt ,, and an integer k we write
lp,k) = max{l|p(F)<k,andp(N\F)>k+1VFCN, |F|=/(}. (1.26)

The definition implies that £(p,k) =0 if K <0, or k > ). p;, and {(p, k) is large if the components
of p are small relative to k, and not too different from each other. For example, if p = e, k < n/2,
then {(p, k) = k.

Sometimes ¢(p, k) is not easy to compute exactly, but we can use a good lower bound, which
is usually easy to find. For instance, let n be an integer divisible by 4, p = (1,2,...,n). The first
3n/4 components of p sum to strictly more than (3", p;)/2, and the last n/4 sum to strictly less
than this. Since the components of p are ordered increasingly, it follows that

lp,n(n+1)/4) > n/4.

On the other hand, ¢(p, k) can be zero, even if k is positive. For example, if p is superincreasing,
ie. p; >p1+--+pi—1 fori =2 ..., n, then it is easy to see that ¢(p,k) = 0 for any positive
integer k.

Knapsack problems We will study knapsack feasibility problems

01 < ar <[
0 < <u (KP)
cZ".

In the rest of the paper for the data of (KP)) we will use the following assumptions, that we collect
here for convenience:

Assumption 2. The row vectors a,u are in Z .. We allow some or all components of u to be
+oo. If u; = 400, and a > 0, then we define au; = +oo, and if b € Z'} |, is a row vector, then we
define bu = +oo. We will assume 0 < 1 < (B2 < au.

Recall the definition of a decomposable knapsack problem from Definition For the data
vectors p and r from which we construct a we will occasionally (but not always) assume

Assumption 3. p € Z" ., r € Z", p is not a multiple of r, and

ri/p < < rn/pn. (1.27)
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Examples (1| and [2| continued The problems (1.13]) and (1.16|) are DKPs with

p = (1L 1),
r = (1,-1),
u = (6,6),
M = 20,
a = pM+r = (21,19),
and
p = ¢
r = 0,
u = e,
M = 2
a = pM+r=2e,
respectively.

Width and Integer width

Definition 2. Given a polyhedron Q, and an integral vector c, the width and the integer width of
Q in the direction of ¢ are

width(c,Q) = max{cz|z € Q}—min{cx|z € Q},
iwidth(c,Q) = |max{cz|z € Q}] —[min{cz|z e Q}]+1

If an integer programming problem is labeled by (P), and ¢ is an integral vector, then with some
abuse of notation we denote by width(c, (P)) the width of the LP-relazation of (P) in the direction
¢, and the meaning of iwidth(c, (P)) is similar.

The quantity iwidth(c, @) is the number of nodes generated by B&B when branching on the
constraint cz.

Basis Reduction Recall the definition of a lattice generated by the columns of a rational matrix

A from . Suppose
B =1[by,...,by], (1.28)

with b; € Z™. Due to the nature of our application, we will generally have n < m. While most
results in the literature are stated for full-dimensional lattices, it is easy to see that they actually
apply to the general case. Let b7,..., b} be the Gram-Schmidt orthogonalization of by, ..., b,, that
is

bi = Zuijb’;, (1.29)
7=1
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with

i = 1 i=1,...
Hii . - (2 > 7”)7. . (1‘30)
Mij = bl-bj/||bj|| (i=1,....,n;5=1,...,i—1).
We call by,...,b, LLL-reduced if
1 .
uisl = 5 (A<j<i<n) (1.31)
3
[VZRRt A e Y [ (1.32)
An LLL-reduced basis can be computed in polynomial time for varying n.
Define the truncated sums
i
bi(k) = pibi 1<k <i<n), (1.33)
j=k

and for i = 1,...,n let L; be the lattice generated by

bi(1), bis1(i), ..., buli).

We call by,...,b, Korkhine-Zolotarev reduced (KZ-reduced for short) if b;(¢) is the shortest lattice
vector in L; for all 4. Since Ly = L and by(1) = by, in a KZ-reduced basis the first vector is the
shortest vector of L. Computing the shortest vector in a lattice is expected to be hard, though it
is not known to be NP-hard. It can be done in polynomial time when the dimension is fixed, and
so can be computing a KZ-reduced basis.

Definition 3. Given a BR method (for instance LLL, or KZ), suppose there is a constant c,
dependent only on n with the following property: for all full-dimensional lattices IL.(A) in Z", and
for all reduced bases { b1, ...,by, } of L(A),

max{ [|by|[,..., [|bi]|} < en max{|[di],....[[di]} (1.34)

for all i < n, and any choice of linearly independent dy,...,d; € L(A). We will then call c,, the
reduction factor of the BR method.

The reduction factors of LLL- and KZ-reduction are 2("~1/2 (see [26]) and /n (see [32]),
respectively. For KZ-reduced bases, [32] gives a better bound, which depends on 7, but for simplicity,

we use \/n.

The kth successive minimum of the lattice L(A) is

Ar(L(B)) = min{t¢|3klinearly independent vectors in L(A) with norm at most ¢ }.
So (1.34) can be rephrased as
max{ [|b1],...,[|bi]|} < cpAi(L(A)) for all i < n. (1.35)
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Other notation Given an integral matrix C' with independent rows, the null lattice, or kernel
lattice of C'is

NC) = {veZ"|Cv=0}. (1.36)

For vectors f, p, and u we write

max(f,p,6,u) = max{fz|pr <l 0<z<u},

. . (1.37)
min(f,p,¢,u) = min{ fz|pz>{0<z<u}

Theorems [1| and [2| below give a sample of our results from the following sections. The overall
results of the paper are more detailed, but Theorems 1 and 2 are a convenient sample to first look
at.

Theorem 1. Letp e Z' ., r € Z", and k and M integers with
0 < k< 3iip
M > 2v/n(|r|l +1)% | p]l +1.
Then there are (31, and (B2 integers that satisfy
kM ++/nrl< B < B2 < —vn ||| +(k+1)M, (1.39)
and for all such (B1, B2) the problem @ with a = pM +7r and u = e has the following properties:

(1.38)

(1) Its infeasibility is proven by pr < kV pxr >k + 1.

(2) Ordinary BéB needs at least 2Up:k) nodes to prove its infeasibility regardless of the order in
which the branching variables are chosen. (Recall the definition of £(p, k) from )

(8) The infeasibility of its rangespace reformulation computed with KZ-reduction is proven at the
rootnode by branching on the last variable.

Theorem 2. Let p, and r be integral vectors satisfying Assumption[3, k and M integers with
k > 0,
M > max{krn/pn —kri/p1 —ri/pr+ 1, 2y/n |7 || p]?}-
Then there exists a 3 integer such that
k(M +7r0/pn) < B < (k+1)(M+r1/p1), (1.41)
and for all such B the problem with a = pM + r has the following properties:

(1.40)

(1) Its infeasibility is proven by pxr < kVpx >k + 1.

(2) Ordinary B&B needs at least
LE/ [Iplloc] +n—1
n—1

nodes to prove its infeasibility, independently of the sequence in which the branching variables
are chosen.

(8) The infeasibility of the AHL reformulation computed with KZ-reduction is proven at the rootn-
ode by branching on the last variable.
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2 Why easiness for constraint branching implies hardness for or-
dinary branch-and-bound

In this section we prove a somewhat surprising result on instances of . If the infeasibility is
proven by branching on px, where p is a positive integral vector, then this implies a lower bound
on the number of nodes that ordinary B&B must take to prove infeasibility. So in a sense easiness
implies hardness!

A node of the branch-and-bound tree is identified by the subset of the variables that are fixed
there, and by the values that they are fixed to. We call (Z, ') a node-fizing, if F C N, and & € ZF
with 0 < z; <wu; Vi € F, i.e. T is a collection of integers corresponding to the components of F'.

Theorem 3. Let p € Z"},, and k an integer such that the infeasibility of is proven by
pr < kVpr>k+ 1. Recall the notation of £(p,k) from )

(1) If u = e, then ordinary B&B needs at least 2LPk) podes to prove the infeasibility of ,
independently of the sequence in which the branching variables are chosen.

(2) If u; = 400 Vi, then ordinary B&B needs at least

<U<r/ 1plloc) +n—1>
n—1

nodes to prove the infeasibility of @, independently of the sequence in which the branching
variables are chosen.

O]

To have a large lower bound on the number of B&B nodes that are necessary to prove infeasi-
bility, it is sufficient for ¢(p, k) to be large, which is true, if the components of p are relatively small
compared to k, and are not too different. That is, we do not need the components of the constraint
vector a to be small, and not too different, as in Jeroslow’s problem.

First we need a lemma, for which one needs to recall the definition (1.37)).

Lemma 1. Let k be an integer with 0 < k < pu. Then and (@ below are equivalent:

(1) The infeasibility of (KP) is proven by px < kVpx > k+ 1.
(2)

max(a,p, k,u) < /1 < f2 < min(a,p, k + 1,u). (2.42)

Furthermore, if holds, then ordinary B&B cannot prune any node with node-fizing (z, F) that
satisfies

sz'!fi <k, and Zpiui >k +1. (2.43)
ieF igF

18



Proof Recall that we assume 0 < 31 < 3 < au. For brevity we will denote the box with upper
bound u by
B,={z|0<z<u}. (2.44)

The implication = is trivial. To see = first assume to the contrary that the lower
inequality in (2.42) is violated, i.e. there is y; with

Y1 € By, py1 < k, ayr > . (2.45)

Let 1 = 0. Then clearly
x1 € By, pr1 <k, ax1 < f1. (2.46)

So a convex combination of x; and y;, say z satisfies

z € By, pz <k, az = b1, (2.47)

a contradiction. Next, assume to the contrary that the upper inequality in (2.42) is violated, i.e.
there is yo with
Y2 € By, py2 > k+1, aya < fo. (2.48)

Define xo by setting its ith component to wu;, if u; < 400, and to some large number « to be
specified later, if u; = +o00. If « is large enough, then

T9 € By, pro > k+ 1, axg > Bs. (2.49)
Then a convex combination of xo and y2, say w satisfies

w € By, pw>k+1, aw = o, (2.50)
a contradiction. So = is proven.

Let (Z, F) be a node-fixing that satisfies (2.43). Define 2’ and z” as
R B S 2:51)
0 ifigF u; ifi & F.

If u; = 400, then 2/ = u; means “set z/ to an « sufficiently large number”. We have pz’ < k, so
ar’ < f1; also, px” >k + 1, so ax” > (3> holds as well. Hence a convex combination of 2’ and z”,
say z is LP-feasible for (KP). Also, z; = Z; (i € F) must hold, so the node with node-fixing (z, F)
is LP-feasible.

O]

Proof of Theorem (3| Again, we use the notation B, as in (2.44)).

First we show that 0 < k& < pu must hold. (The upper bound of course holds trivially, if any
u; is +00.) If k£ <0, then pxr > k+ 1 is true for all z € B, so the infeasibility of could not
be proven by pzr < kV px > k + 1. Similarly, if £ > pu, then px < k is true for all z € B,, so the
infeasibility of could not be proven by pr < kV px >k + 1.

For both parts, assume w.l.o.g. that we branch on variables x1,x2,... in this sequence. For
part (1), let F' = {1,2,...,4(p, k)}. From the definition of ¢(p, k) it follows that any fixing of the
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variables in F' will satisfy (2.43)), so the corresponding node will be LP-feasible. Since there are
2t(Pk) guch nodes, the claim follows.

For part (2), let F = {1,...,n — 1}, and assume that z; is fixed to z; for all 7« € F. Since all
u;s are +oo, this node-fixing will satisfy (2.43) if

7, >0Vi€F, Y piZ < k. (2.52)
ieF

We will now give a lower bound on the number of z € Z that satisfy (2.52). Clearly, (2.52) holds,

if
> & < K/ |Ipllo] (2.53)
i€l

does. It is known (see e.g., [9], page 30) that the number of nonnegative integral (my, ..., mg) with

mp+---+mg <tis

(t Z d) . (2.54)

Using this with ¢t = [k/ || p|lec], d = n — 1, the number of Z € Z¥" that satisfy (2.52)) is at least

L/ Iplloc) +m =1
n—1 ’

and so the number of LP feasible nodes is lower bounded by the same quantity. O

3 Recipes for decomposable knapsacks

In this section we give simple recipes to find instances of and with a decomposable
structure. The input of the recipes is the p and r vectors, an integer k, and the output is an integer
M, a vector a with a = pM + r, and the bounds 3; and (2, or 3. The found instances will have
their infeasibility proven by px < kVpx > k41, and if k is suitably chosen, be difficult for ordinary
B&B by Theorem [3] We will show that several well-known hard integer programming instances
are found by our recipes.

The recipes are given in Figure [2 and in Figure [3] respectively.

Theorem 4. Recipes 1 and 2 are correct.

Proof Since a =pM +r,
max(a,p, k,u) < max(r,p,k,u)+ kM, (3.3)
and
min(a,p, k+ 1,u) > min(r,p,k+ 1,u) + kM. (3.4)
So the output of Recipe 1 satisfies

max(a,p, ]{I,U) < ﬁl < 62 < min(aapa k + 1, U), (35)
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RECIPE 1

Input: Vectors p,u € Zt |, r € Z", k integer with 0 < k < pu.
Output: M eZ,,,ac€Z}, ., (,P2 s.t. a=pM+r,
and the infeasibility of 1} is proven by px < k V pxr > k+ 1.
Choose M, (31,82 s.t. pM +r > 0, and
max(r,p, k,u) + kM < 81 < B2 < min(r,p, k + 1,u) + (k+ 1) M.

Set a = pM + r.

(3.1)

Figure 2: Recipe 1 to generate DKPs

RECIPE 2

Input: Vectors p,r € Z" satisfying Assumption (3| k£ nonnegative integer.
Output: M,B3€Z,,,a€Z}, st. a=pM+r, and
the infeasibility of (KP-EQ)) is proven by pr < kV px > k + 1.

Choose M, € Z,, s.t. pM +r >0, and

0<k(M+ry/pn) < B < (k+1)(M+ri/p1). (3.2)

Set a =pM +r.

Figure 3: Recipe 2 to generate instances of (KP-EQ)

and so the infeasibility of the resulting DKP is proven by px < kV pzx > k + 1.

For Recipe 2, note that with the components of u all equal to +00, we have

max(r,p, k,u) = kry/pn, and
min(r,p,k +1,u) = (k+1)ri/p,

so Recipe 2 is just a special case of Recipe 1.

Example [1] continued We created Example [I| using Recipe 1: here pu = 12, so k =

0 <k < pu, and

max(r,p, k,u) = max{z; —x2|0<z1,22 <6, 21 +x2<5} = 5,
min(r,p,k+1,u) = min{x; —22|0<xz1,290 <6, 21 +22>6} = —6.
So (3.1)) becomes

5+5M < (1 <2< —6+6M,

21
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hence M = 20, 6; = 106, B = 113 is a possible output of Recipe 1.

Example 2] continued Example [2] can also be constructed via Recipe 1: now pu = n, so k =
(n —1)/2 satisfies 0 < k < pu. Then r = 0 implies

max(r,p, k,u) = min(r,p,k+1,u) = 0,
so (3.1)) becomes
-1 1
M << B<
2 2
and M =2, /1 = B2 = n is a possible output of Recipe 1. O

Example 4. Let n be an odd integer, k = [n/2], p = u = e, and r an integral vector with
r < orp < <y (3.8)

Then we claim that any M and 8 = 31 = (32 is a possible output of Recipe 1, if

Bo= [(1/2) 2L (M +r)],
M+r =0, (3.9)
MA+rper > (o2t r) = (ro+ -+ 75).
Indeed, this easily follows from
max(r,p, k,u) = Thpo + -+ T,
min(r,p,k+1,u) = ri+-+rp+ i1

Two interesting, previously proposed hard knapsack instances can be obtained by picking r, M,
and [ that satisfy (3.9). When

ro= (271 41,201 1), M o= ontHl (3.10)

with ¢ = |log 2n], we obtain a feasibility version of a hard knapsack instance proposed by Todd in
[12]. When
r = (1,...,n), M = n(n+1), (3.11)

we obtain a feasibility version of a hard knapsack instance proposed by Avis in [12].
So the instances are
1 n
ar = \‘QZ(IZ’J , v €{0,1}",
i=1
with
a = (UL poffl | ontirl g olin gy (3.12)
for the Todd-problem, and
a = (nn+1)+1,....,n(n+1)+n) (3.13)

for the Avis-problem.
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Example 5. In this example we reverse the role of p and r from Example [ and will call the
resulting DKP instance a reverse-Avis instance. This example illustrates how we can generate
provably infeasible and provably hard instances from any p and r; also, the reverse-Avis instance
will be harder from a practical viewpoint, as explained in Remark [5| below.

Let n be a positive integer divisible by 4,

p = (1,...,n),
r o= e, (3.14)
k n(n+1)/4.

Since k = (>_1  pi)/2, the first 3n/4 components of p sum to strictly more than k, and the last
n/4 sum to strictly less than &, so

max(r,p, k,u) < 3n/4,

. (3.15)
min(r,p, k+ 1,u) > n/4
Hence a straightforward computation shows that
M = 242
n/2+2, (3.16)

B = pi=0=3n/4+kn/2+2)+1
are a possible output of Recipe 1.

Corollary 4. Ordinary BéB needs at least 20"~1/2 nodes to prove the infeasibility of Jeroslow’s
problem in Example[d, of the instances in Example [{] including the Avis- and Todd-problems, and
at least 2™* nodes to prove the infeasibility of the reverse-Avis instance.

Proof We use Part (1) of Theorem[3] In the first three instances nisodd, p =u =e, k = (n—1)/2,
so l(p, k) = k. In the reverse-Avis instance we have ¢(p, k) > n/4 as explained after the definition
(1.26).

O]

Remark 5. While we can prove a 2("~1)/2 lower bound for the Avis and the Todd instances, they
are easy from a practical viewpoint: it is straightforward to see that a single knapsack cover cut
proves their infeasibility.

For the reverse-Avis problem we can prove only a 2/4 lower bound, but this problem is hard
even from a practical viewpoint. We chose n = 60, and ran the resulting instance using the CPLEX
11 MIP solver. After enumerating 10 million nodes the solver could not verify the infeasibility.

Next we give examples on the use of Recipe 2.

Example 6. Let n = 2,

I
—~
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—_
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Then (3.2)) in Recipe 2 becomes
0<M+5<p8<2(M-11), (3.17)
hence M = 29, 3 = 35 is a possible output of Recipe 2. So the infeasibility of

18x1 + 3429 =35

(3.18)
x1,T2 € Z+

is proven by x1 +x2 <1V x1 + 22 > 2, a fact that is easy to check directly.

O]

Example 7. In Recipe 2 M and (3 are constrained only by r1/p; and r,/py,. So, if n =17, k =1,
and

= (1,1,..., 1),
r = (-11,-10,...,0,1,...5),

then M = 29,3 = 35 is still a possible output of Recipe 2. So the infeasibility of

18z1 + 1929 + - - - + 3422 =35

T1,X2y...,T17

)

(3.19)

T1,22,...,%17 S Z+

is proven by Zgl z; <1V leil x; > 2.

O

We finally give an example, in which the problem data has polynomial size in n, the infeasibility
is proven by a split disjunction, but the number of nodes that ordinary B&B must enumerate to
do the same is a superexponential function of n.

Example 8. Let n and t be integers, n,t > 2. We claim that the infeasibility of

r; € Zy(i=1,...,n) '
is proven by
n n
ingnt Y inZnt—Fl, (3.21)
i=1 i=1
but ordinary B&B needs at least
(=1 (t=1)
nodes to prove the same. Indeed,
p = ¢
r = (1,2,...,n),
E = nt, (3.22)
M = n'tl and
B = p2tl gttt g



satisfy (3.2). So the fact that the infeasibility is proven by (3.21]) follows from the correctness of
Recipe 2. By Part (2) of Theorem [3| ordinary B&B needs to enumerate at least

nt+n—1
n—1

nodes to prove the infeasibility of (3.20]). But
n—1
nt+n—1 S nt > ( nt > S p(=D(E-1)
n—1 S \n—-1)  \n-1 o

4 Large right hand sides in (KP-EQ|). The branching Frobenius
number

In this section we assume that p and r integral vectors which satisfy Assumption [3| are given, and
let

q=(r1/p1s--,7n/Pn)- (4.23)
Recipe 2 returns a vector a = pM + r, and an integral 8, such that the infeasibility of (KP-EQ)
with this # is proven by branching on pz.

The Frobenius number of a is defined as the largest integer (8 for which is infeasible,
and it is denoted by Frob(a). This section extends the lower bound result of Aardal and
Lenstra in [3, 4] in two directions. First, using Recipe 2, we show that for sufficiently large M
there is a range of 3 integers for which the infeasibility of with a = pM + r is proven by
branching on pz. The smallest such integer is essentially the same as the lower bound in ([1.8)).

‘We will denote

(4.24)

F(M,5) = [Mﬂl—ﬂ 9

qn — 41

(for simplicity, the dependence on p and r is not shown in this definition).

Theorem 5. Suppose that f(M,1) >0 (i.e., M > q, —2q1 +1), a € Z% ., with a = pM +r. Then
there is an integer 3 with

FIM )M +gn) < 8 < (f(M,1) +1)(M + q), (4.25)

and for all such 3 integers the infeasibility of (KP-EQ) is proven by px < f(M,1)Vpz > f(M,1)+1.

Proof There is an integer (3 satisfying (3.2)) in Recipe 2, if
E(M+qg,)+1<(k+1)(M+q). (4.26)

But it is straightforward to see that (4.26)) is equivalent to k& < f(M,1). Choosing k = f(M,1)
turns (3.2) into (4.25)). O
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Clearly, for all g right-hand sides found by Recipe 2
B < Frob(a). (4.27)

Since for the § rhs values found by Recipe 2, the infeasibility of (KP-EQJ) has a short, split
disjunction certificate, and there is no known “easy” method to prove the infeasibility of (KP-EQ)
with 5 equal to Frob(a), such ( right-hand sides are interesting to study.

Definition 6. Assume that f(M,1) > 0, and a is a positive integral vector of the form a = pM +r.
The p-branching Frobenius number of a is the largest right-hand side for which the infeasibility of

is proven by branching on px. It is denoted by
Froby,(a).

Theorem 6. Assume that f(M,1) > 0, and a is a positive integral vector of the form a = pM +r.
Then
f(M,1)(M + ¢,) < Froby(a) < (f(M,0)+1) (M +q1). (4.28)

Proof The lower bound comes from Theorem |5, Recall the notation ([1.37]). If all components of

u are +00, then

max(a,p, k,u) = kan/pn = k(M + qn), (4.29)
min(a,p,k+1,u) = (k+1)ai/p1 = (k+1)(M + q1). (4.30)

So Lemma (1| implies that if the infeasibility of (KP-EQ)) is proven by px < kV px >k + 1, then
k(M +qn) <B<(k+1)(M+aq), (4.31)

hence
KM +qn) < (k+1) (M +q), (4.32)

which is equivalent to

k

M M
<+(h<:>k:<[ ta
dn — 41 gn — q1

w & k< f(M,0). (4.33)

The infeasibility of (KP-EQ)) is proven by branching on px iff it is proven by px <k V px > k+1
for some nonnegative integer k. So, the largest such 3 is strictly less than

(k+1)(M+q), (4.34)

with k < f(M,0), so it is strictly less than (f(M,0) 4+ 1) (M + q1), as required.

Example [6] continued Recall that in this example

= (17 1)a
r = (-11,5),
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so we have ¢ = —11, g2 = 5. So if M = 29, then f(M,0) = f(M,1) = 1, and the bounds in

Theorem [B become
34 < B < 36.

Hence Theorem 5| finds only 5 =
proven by branching on x1 + 22 <1V 21 + 22 > 2.

Letting a = pM + r = (18,34), Theorem [f] shows
34 < Froby(a) < 36,

so Frob,(a) = 35.

5 The geometry of the original set, and the reformulation

35, as the only integer for which the infeasibility of (3.18]) is

This section proves some basic results on the geometry of the reformulations using ideas from the
recent article of Mehrotra and Li [31]. Our goal is to relate the width of a polyhedron to the width

of its reformulation in a given direction.

Theorem 7. Let

Q = {zeR" Az <b},

Q@ = {yeR"|AUy<b},
where U is a unimodular matriz, and c € Z".

Then

(1)

max{cr|r€Q} = maX{CUy“/GQ}a

with =* attaining the mazimum in Q if and only if U~ 'a* attains it in Q.

(2) .
width(c, Q) = width(cU, Q).

(3) .
iwidth(c, Q) = iwidth(cU, Q).
Proof Statement follows from
Q= {UylyeQ},

and an analogous result holds for “min”. Statements and are easy consequences.

Theorem [7] immediately implies
Corollary 7.

i idth = i idth(d. Q).
i ) width(e, Q) = min | width(d, Q)
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O]

Theorem 8. Suppose that the integral matrixz A has n columns, and m linearly independent rows,
let S be a polyhedron, and

Q = {zeR"|zesS, Az =1},
Q = {MNVA+az,eS NeRV™
N

where V' is a basis matriz for N(A), and zp satisfies Axy, =b. If ¢ € Z™ is a row vector, then

(1)
max{cr|lreQ} = C:cb—l—maX{CV)\MEQ},

with =* attaining the mazimum in Q if and only if \* attains it in Q, where z* = VA* + .

(2) .
width(e, Q) = width(cV, Q).

(3) .
iwidth(c, Q) = iwidth(cV, Q).

Proof Statement follows from
Q= {VA+z|)eQ}.

An analogous result holds for “min”, and statements and are then straightforward conse-
quences.

O]

Theorem [§| can be “reversed”. That is, given a row vector d € Z"~™, we can find a row vector
c € Z™, such that
max{cx|z € Q} = max{d\| X € Q} + const.

Looking at in Theorem (8, for the given d it suffices to solve
cV=d ceZ" (5.2)
The latter task is trivial, if we have a V* integral matrix such that
V'V =1 m; (5.3)

then ¢ = dV* will solve (5.2]). To find V*, let W be an integral matrix such that U = [W, V] is

unimodular; for instance W will do, if
AW, V] =[H,0],

where H is the Hermite Normal Form of A. Then we can choose V* as the submatrix of U~!
consisting of the last n — m rows.

In this way we have proved Theorem [9] and Corollary [8] which are essentially the same as
Theorem 4.1, and Corollary 4.1 proven by Mehrotra and Li in [31]:
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Theorem 9. (Mehrotra and Li) Let Q, Q,V beasin Theorem@ and V* a matriz satisfying .
Then

(1)
max{d\|A € Q} = max{dV*z |z € Q} — dV*xy,

with * attaining the mazximum in Q if and only of \* attains it in Q, where z* = VX* + zp.

(2) .
width(dV*, Q) = width(d, Q).

(3) )
iwidth(dV*, Q) = iwidth(d, Q).

O
Corollary 8. (Mehrotra and Li) Let Q,0,V, and V* be as before. Then
min width(d, )) = min width(c, Q).
dezn—m\{0} ( Q) ceL(V*T)\{0} ( Q)
O
6 Why the reformulations make DKPs easy
This section will assume a decomposable structure on (KP)) and (KP-EQ), that is
a = pM+r, (6.1)

withp € Z"t ,, r € Z", and M an integer. We show that for large enough M the phenomenon of
Examples [1| and [2] must happen, i.e., the originally difficult DKPs will turn into easy ones.

We recall that for a given a matrix A, we use a Matlab-like notation, and denote its j** row,
and column by A;. and A. ;, respectively.

An outline of the results is:

(1) If M is large enough, and U is the transformation matrix of the rangespace reformulation,
then pU will have a “small” number of nonzeros. Considering the equivalence between the
old and new variables Uy = z, this means that branching on just a few variables in the refor-
mulation will “simulate” branching on the backbone constraint px in the original problem.
An analogous result will hold for the AHL reformulation.

(2) Tt is interesting to look at what happens, when branching on pz does not prove infeasibility
in the original problem, but the width in the direction of p is relatively small — this is the

case in (KP-EQ)) as we prove in Lemma, [2[ below.

Invoking the results in Section [5] will prove that when M is sufficiently large, the same, or
smaller width is achieved along a unit direction in either one of the reformulations.
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Lemma 2. Suppose that Assumption[3 holds. Then

width(p, (KPEQ)) = O(3/M?), (62)
width(e;, (KP-EQ)) = ©O(8/M)Vie {1,...,n}. 6.3

In both equations the constant depends on p and r.

Proof : Since a; = p;M + r;,

r1/p1 < - <o f/pn (6.4)
implies
pi/ai > - > pn/an. (6.5)
So
max{pr|ar =0, x>0} = [pi/ai,
min{ pz|ax=0,2>0} = [p,/an,

and therefore

Width(p, " = f (pl/al - pn/an)
B(pran — pna1)/(aran)
B(p17rn — par1)/(aran).

Also,

max{z;|lax =06, 2>0} = f(/a,

min{z; jax =0, 2>0} = 0,
hence

width(e;, (KP-EQ) = f/a;.
Since
a; ZG(M) Vi € {1,...,n},

both (6.2]) and (6.3) follow. O

6.1 Analysis of the rangespace reformulation

After the rangespace reformulation is applied, the problem (KP)) becomes

fr < (al)y < B
0< Uy <u (KP-R)
Yy ez,
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where the matrix U was computed by a BR algorithm with input

A= (?) - (p M1+ T) . (6.6)

A= AU, a=aU, p=pU, 7 =rU,

Let us write

and fix ¢y, the reduction factor of the used BR algorithm.

Recall that for a lattice L, Ax(L) is the smallest real number ¢ for which there are k linearly
independent vectors in L with norm at most t.

For brevity, we will denote

First we need a technical lemma:

Lemma 3. Let A be as in . Then

A(L(A) < (IIrl| +))ag fork € {1,...,n —1}. (6.8)

Proof We need to show that there are k linearly independent vectors in IL(A) with norm bounded
by ([l [ +1) .-

Suppose that wy,...,wy are linearly independent vectors in N(p) with norm bounded by .
Then Aws, ..., Awy are linearly independent in LL(A), and

Aw; = a w; = pM +r w; = TW; Vi,

[Awi[|< (el +1) [Jwil| < (7]l +Daw (i =1,..., k)
follows, which proves .

hence

O
Theorem 10. The following hold:
(1) Let k <n—1, and suppose
M > c,(|| 7] +1)2a. (6.9)
Then

pr:kx = 0. (6.10)
Also, if the infeasibility of @ s proven by branching on px, then the infeasibility of

s proven by branching on yx+1, ..., Yn-
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(2) Suppose
M > eq(llr | +1)* o]l - (6.11)
Then
P1n—1 =0, (6.12)
and
width(e,, (KP-R))) width(p, (KPJ))
iwidth(e,, (KP-R)) iwidth(p, (KP))

In particular, in the rangespace reformulation of (KP-E(Q)|) the width, and the integer width
in the direction of e, are

= 1
p (6.13)

o(5/M?).

O]

Before proving Theorem we give some intuition to the validity of , and . Suppose
M is “large”, compared to || p||, and || ||. In view of how the matrix 4 looks in (6.6)), it is clear that
its columns are not short, and near orthogonal, due to the presence of the nonzero p; components.
Thus to make its columns short and nearly orthogonal, the best thing to do is to apply a unimodular
transformation that eliminates “many” nonzero p;s.

Proof For brevity, denote by @ and Q the feasible set of the LP-relaxation of (KP) and (KP-R)),

respectively.

Proof of To show (6.10)), fix j < k; we will prove p; = 0.

Since A was computed by a BR algorithm with reduction factor ¢,, Lemma (3| implies
1A < enlllr ]| +Dau. (6.14)

To get a contradiction, suppose p; # 0. Then, since p; is integral,

1Al > lajl
= |pjM + 7] (6.15)
> M — |7yl

Hence ~
Mo< A+l

< A+ 1T,

< AT+l A 1 (6.16)

= (7l +1) [[ A

< calllr | +1)ax,

with the second inequality coming from Cauchy-Schwarz, the third from U. ; being a subvector of
A.j, and the fourth from 1’ Thus, we obtained a contradiction to the choice of M, which
proves p; = 0.
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Suppose now that the infeasibility of is proven by branching on px. We need to show:
y € ZVie{k+1,....,n} = y €Q. (6.17)
Let y € Q. Then
Uy € Q= pUy & Z = Prr1Yks1+ - +DPnn € Z=y; ¢ Z forsomeie€ {k+1,...,n},
as required.
Proof of The statement follows from , and the obvious fact, that a,—1 <||p]|,
since there are n — 1 linearly independent vectors in N(p) with norm bounded by ||p]|.

To see (6.13), we claim

Width(@n,Q) < Width(ﬁnem())
= width(pU, Q)
= width(p, Q).

Indeed, the inequality follows from p, being a nonzero integer. The first equality comes from
(6.12), and the second from in Theorem |7, The inequalities hold, even if we replace “width” by
“lwidth”, so this proves the second inequality in (6.13)).

The claim about the width in the direction of e,, follows from (6.13)), and Lemma

6.2 Analysis of the AHL-reformulation

The technique we use to analyse the AHL reformulation is similar, but the bound on M, which is
necessary for the dominant p direction to turn into a unit direction is different. If §; = (o = £,
then the AHL reformulation of (KPJ) is

0< Vitazg <u

KP-N
A ez 1, ( )
where the matrix V' is a basis of N(a) computed by a BR algorithm, and azg = (.

Let us write p = pV, 7 = rV and recall the notation for aj from . Again we need a lemma.

Lemma 4. Let k € {1,...,n—2}. Then

A(N(p) NN(r)) < 27| ey (6.18)

Proof We need to show that there are &k linearly independent vectors in N(p) N N(r) with norm
bounded by 2 ||| a7_;.
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Suppose that wy,...,wg41 are linearly independent vectors in N(p) with norm bounded by

apy1. Let W =[wy,...,wgs1], and
d=rW ez

Suppose w.l.o.g. that for some t € {1,...,k+1}
dl#o, ...,dt#o, dt+1 = ... = dk+1 == 0

Then
dowy — drwa, dzwy — diws, ..., dywy — diwy

are t — 1 linearly independent vectors in N(p) N N(r) with norm bounded by

2 [|d]|co k1 = Q(iinaxt \rwi\>ak+1
< 2l (s, sl e
i=1,...,t
< 2|7l ofyy
The k + 1 — ¢t vectors
Wi41y -y Wht1

are obviously in N(p) NN(r), with their norm obeying the same bound, and the two groups together

are linearly independent.

Theorem 11. Suppose that p and r are not parallel. Then the following hold:

(1) Let k <n—2, and suppose
M > 2¢, |7 ? ags.

Then
ﬁl:k =0.

O]

(6.19)

(6.20)

Also, if the infeasibility of @ is proven by branching on px, then the infeasibility of

is proven by branching on Agy1,..., An—1.

(2) Suppose
M > 2¢q |7 ]PPlp]1? -

Then
ﬁl:n72 = O>

and
width(e,_1, (KP-N)) < width(p, (KP))

iwidth(e,_1, (KPN)) < iwidth(p, (KP)).

(6.21)

(6.22)

(6.23)

In particular, in the AHL reformulation of the width, and the integer width in the

direction of e,_1 are

o(5/M?).
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Proof First note that pV #£ 0, since aV = 0, pV = 0 implies rV = 0, hence p and r would be
parallel. Also, for brevity, denote by @ and @ the feasible set of the LP-relaxation of 1' and

(KP-NJ)), respectively.
Proof of To show (6.20)), fix j < k; we will prove p; = 0. Suppose to the contrary that

pj # 0, then its absolute value is at least 1. Hence

0= |aV¢J| = |1§jM+’Fj| (6 24)
> M — 7).
Therefore
M < |7y
= [rVl
< rvili
< 2 |7 0fyy

Here the second inequality comes from Cauchy-Schwarz. The third is true, since the columns of V'
are a reduced basis of N(a) C N(p) NN(r), and by using Lemma

Suppose now, that the infeasibility of (KPJ) is proven by branching on px. We need to show:
Nio€ZVie{k+1,....n—1} = A €Q. (6.25)
Let A € Q. Then

VAt+ag € Q = p(VA+ag) € Z = prridie1 + -+ Poo1dno1 +prp € Z =
Ni € 7 for someie {k+1,...,n—1},

as required.
Proof of The statement (6.22)) again follows from the fact that there are n — 1 linearly
independent vectors in N(p) with norm bounded by ||p||.

We will now prove ((6.23)). Since p,,—1 is an integer, its absolute value is at least 1. Hence

width(ep,—1,Q) < width(pn_1en_1,Q)
= width(pV, Q)

with first equality true because of (6.22), and the second one due to in Theorem [8| The proof
of the integer width follows analogously.

The claim about the width in the direction of e, follows from (6.23)), and Lemma

35



6.3 Proof of Theorems [1] and [2]

Proof of Theorem (1| Recipe 1 requires
max(r,p, k,u) + kM < [y <[y < min(r,p,k+ 1,u) + (k+ 1) M. (6.26)

Since now u = e, both max(r,p, k,u) and min(r,p,k + 1,u) are bounded by || 7|1 < /n ||7] in
absolute value. So if #; and (s satisfy (1.39)), then they are a possible output of Recipe 1, so the
infeasibility of the resulting DKP is proven by px < kVpzr > k+ 1. If

M > 2y/n ||| +1, (6.27)

then there is room in ([1.39) for 51 and 2 to be integers. Theorem [3[ implies the lower bound on
the number of nodes that ordinary B&B must enumerate to prove infeasibility.

On the other hand, in Theorem (10| with ¢,, = y/n implies that if
M > n(|[r | +1)* [Ip], (6.28)
then the infeasibility of the rangespace reformulation is proven by branching on the last variable.

Finally, the bound on M in ((1.38]) implies both (6.27)) and (6.28)).
O

Proof of Theorem [2| From the lower bound on M, there is a § integer that satisfies , and
the fact that the resulting instance’s infeasibility is proven by px < kV pzr > k4 1 follows from
the correctness of Recipe 2. The lower bound on the number of nodes that ordinary B&B must
enumerate to prove infeasibility follows from Theorem

The fact that the infeasibility of the AHL reformulation is proven by branching on the last
variable follows from (2)) in Theorem |11| with ¢, = \/n. O

7 A computational study

The theoretical part of the paper shows that
e DKPs with suitably chosen parameters are hard for ordinary B&B, and easy for branching
on pz, just like Examples and

e both the rangespace, and AHL reformulations make them easy. The key point is that branch-
ing on the last few variables in the reformulation simulates the effect of branching on pz in
the original problem.

We now look at the question whether these results translate into practice. The papers [1}, 2, 29, [3]
tested the AHL-reformulation on the following instances:
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e In [2], equality constrained knapsacks arising from practical applications.
e In [I], the marketshare problems [15].
e In [29], an extension of the marketshare problems.

e In [3] the instances of (KP-EQ)), with the rhs equal to Frob(a).

Our tested instances are bounded DKPs both with equality and inequality constraints, and instances

of (KP-EQ).

In summary, we found the following.

(1) On infeasible problems, both reformulations are effective in reducing the solution time of
proving infeasibility.

(2) They are also effective on feasible problems.

In feasible problems a solution may be found by accident, so it is not clear how to theoretically
quantify the effect of various branching strategies, or the reformulations on such instances.

(3) They are also effective on optimization versions of DKPs.

(4) When (31 = (2, i.e. both reformulations are applicable, there is no significant difference in
their performance.

The calculations are done on a Linux PC with a 3.2 GHz CPU. The MIP solver was CPLEX 9.0.
For feasibility versions of integer programs, we used the sum of the variables as a dummy objective
function. The basis reduction computations called the Korkhine-Zolotarev (KZ) subroutines from
the Number Theory Library (NTL) version 5.4 (see [34]).

We let n = 50, and first generate 10 vectors p,r € Z"™ with the components of p uniformly
distributed in [1,10] and the components of 7 uniformly distributed in [—10, 10]. We use these ten
p,r pairs for all families of our instances.

Recall the notation that for k € Z, u € A

max(r,p, k,u) = max{rz|pr <k, 0<z<wu} and
min(r,p,k+1,u) = min{rz|pr>k+1,0<z<u}.

7.1 Bounded knapsack problems with u =e

We used Recipe 1 to generate 10 difficult DKPs, with bounds on the variables, as follows:

For each p,r we let
u=e, M =10000, k =n/2 =25 a = pM +,
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and set

61 = [max(r,p,k,u) + kM],
B2 = |min(r,p,k+1,u)+ (k+1)M].

By the choice of the data 31 < (32 holds in all cases. We considered the following problems using
these a, u, 81, B2 :

e The basic infeasible knapsack problem:

Br < ar <[
0< =z <u (DKP-INFEAS)
x €ez".
e The optimization version:
max ax

st. axr <[
0< o <u
ez,

(DKP-OPT)

We denote by 3, the optimal value, and will use G, for creating further instances.

e The feasibility problem, with the rhs equal to S,:

ar = fq
0< z <u (DKP-FEAS-MAX)
x €7

e The feasibility problem, with the rhs set to make it infeasible:

ar = fq+1
0< =z <u (DKP-INFEAS-MIN)
x €ez"

On the last two families both reformulations are applicable.

The results are in Table[l] In the columns marked 'R’, and N’ we display the number of B&B
nodes taken by CPLEX after rangespace and AHL-reformulation was applied, respectively. In the
columns marked ’ORIG’ we show the number of B&B nodes taken by CPLEX on the original

formulation.

Since the LP subproblems of these instances are easy to solve, we feel that the number of
B&B nodes is a better way of comparing the performance of the MIP solver with and without the
reformulation.
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We also verified that providing px as a branching direction in the original formulation makes
these problems easy. We ran CPLEX on the original instances, after adding a new variable z, and
the equation z = pz, to the formulation. The results with this option are essentially the same as
the results in the 'R’ and 'N’ columns.

7.2 Bounded knapsack problems with u = 10e

We repeated the above experiment with u = 10e, but all other settings the same. That is, using
the same ten p,r pairs, we let
u = 10e, M = 10000, k =n/2 =25, a = pM +r,

and set

f1 = [max(r,p, k,u)+ kM],
fo = |min(r,p,k+1,u)+ (k+1)M]|,

then solved the instances (DKP-INFEAS)) and (DKP-OPT)), (DKP-FEAS-MAX)]) and (DKP-INFEAS-
IMIN)) as before. The results are in Table[2| The original formulations turned out to be more difficult

now, whereas the reformulated problems were just as easy as in the u = e case.
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7.3 Equality constrained, unbounded knapsack problems

In this section we consider instances of the type

ar =0
z >0 (KP-EQ)
x €7,

We recall the following facts:

e If we choose M sufficiently large, and a 3 integer satisfying

then the infeasibility of (KP-EQ)) is proven by branching on pzx.

e If 5* is the largest integer satisfying ([7.1), and Frob(a) the Frobenius number of a, then
clearly 5* < Frob(a).

e Finding §* is trivial, while computing Frob(a) requires solving a sequence of integer programs.

We generated 20 instances as follows: using the same p,r pairs as in the previous experiments,
we let
M = 10000.

Then the first instance with a fixed p,r pair arises by letting the rhs in (KP-EQ)) be 8*, and the
second by letting it to be equal to Frob(a).

The (KP-EQ)) instances with § = Frob(a) were already considered in [3].

Our computational results are in Table Where we go further than [3] is by showing the
following.

e (3* and Frob(a) are not too different, and neither is the difficulty of (KP-EQ)) with these two
different rhs values.

e Now both reformulations can be applied, and their performance is similar.

e According to Lemma [2| width(p, (KP-EQ))) and iwidth(p, (KP-EQ))) both should be small
compared to the width in unit directions, even when the infeasibility of is not proven
by branching on px. This is indeed the case when 3 = Frob(a), and we list iwidth(p, (KP-EQ)))
in Table 3] as well.

e In the column “px” we list the number of B&B nodes necessary to solve the problems, when
the variable z, and the equation z = px, is added to the original problems. The results are
similar to the ones obtained with the reformulations.
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RHS, width ar = 3* ax = Frob(a)
# B* Frob(a) | iwidth(p) | R | N | px ORIG R | N |px ORIG
1| 7683078 | 7703088 1 1111 7110020 5 1 1 | 13| 7320060
2 || 8683916 | 8703917 1 1] 1] 1 | 6997704 1 8 | 3 | 15| 7123300
3 || 8325834 | 8345840 1 1] 1] 1 15383299+ | 8 | 1 | 19| 15313074 7
4 1| 10347239 | 10367238 2 1] 1] 1 |10053497 1 || 14 | 24 | 18 | 9928134
5 || 16655001 | 16665004 1 11| 1 | 92548361 || 33 | 19 | 57 | 7519023
6 || 9081818 | 9121828 1 1] 1] 1 ] 68027977 | 21| 1 | 45| 7011946 f
7l 6245624 | 6245632 1 1111 7180978 1 1 | 67| 7151382 ¢
8 || 10514739 | 10534740 1 1] 1] 1 | 7164967 1 1|1 |20 | 7178052
9 || 14275715 | 14285716 1 1111 7319379 1 1 | 11| 7368436 t
10 || 9838851 | 9838851 0 1] 1] 1 | 7520143 1 1| 1 | 1 | 7230420 t

Table 3: n=50, M=10000. ’{’: 1 hour time limit exceeded
7.4 Reformulated problems with basic MIP settings

To confirm the easiness of the reformulated instances we reran all of them with the most basic
CPLEX settings: no cuts, no aggregator, no presolve, and node selection set to depth first search.
All instances finished within a hundred nodes.

The instances and parameter files are publicly available from [17].

8 Comments on the analysis in [3]

In [3], Aardal and Lenstra studied the instances (KP-EQ)) with the constraint vector a decomposing
as
a=pM +r, (8.1)

Wlth p € Z ,re€Z" M a positive integer, under Assumption Recall that the reformulation
is constructed so that the columns of B form an LLL-reduced basis of N(a).

Denoting the last column of B by b,—1, Theorem 4 in [3] proves (|1.9), which we recall here:

a
lbu 12 l—
VIRl ? =rT)?

and the following claims are made:

(8.2)

e It can be assumed without loss of generality, that the columns of B are ordered in a way that
the first n — 2 form a basis for N(p) N N(r). This claim is used in the proof of Theorem 4.

e Denoting by @ the feasible set of the LP-relaxation of (1.4), b,—1 being long implies that
iwidth(ep—1, @) is small.
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To reconcile the notation with that of [3], we remark that in the latter Ly and Lo are used, where

Ly = N(a),and
Le = N(p) nN(r).

Here we provide Example [9] in which p, r, M satisfy Assumption [I} B is an LLL-reduced basis
of N(a), but pB has 2 nonzero components, so the first claim does not hold. In Example
using a modification of a construction of Kannan in [24] we show a bounded polyhedron where
the columns of the constraint matrix are LLL-reduced, but branching on a variable corresponding
to the longest column produces exponentially many nodes. (Note that the polyhedron in [3] is
unbounded.) Finally, in Remark |§| we clarify the connection with our results.

Example 9. Let n = 6,

p = (1, 1, 3, 3, 3, 3),
ro= (=7,-4,-11,-6,-5,—1),
M = 24,
a = (17, 20, 61, 66, 67, 71),
1 0 -3 1 0]
2 -1 -1 -1 0
po_ |7t 20 0
o 0 0 1 2
1 0 0 -2 0
1 2 1 1 -1

The columns of B form an LLL-reduced basis of N(a). They form a basis, since with
v=(0,-3,1,0,0,0)7,
the matrix [B,v] is unimodular, and
a[B,v] = [01x(n—1), gcd(a)].
LLL-reducedness is straightforward to check using the definition. But
pB = (0, —1, —1, 0, 0),
so we cannot choose n — 2 = 4 columns of B which would form a basis of N(p) N N(r).

Example 10. Let p be a real number in (v/3/2, 1), and define the columns of the matrix B € R"*"
as

by = (pO’O’”_’O)T

by = (p°/2,p',...,0,0)T

by = (PO/Q, p1/27 p27 -0, O)T (83)
bn = (0°/2,0"/2,0%/2,...,p"2/2,p" )T,

Consider the polyhedron
Q ={A0<BX<e,}.
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Proposition 1. The following hold:

(1) The columns of B are an LLL-reduced basis of the lattice that they generate.
(2) by, is the longest among the b;.
(8) width(en, Q) > " || by || for some ¢ > 1.

Proof We have

and when writing b; = Z;Zl 1407
;Lm;l = 1/2 (84)
Thus (1.32)) in the definition of LLL-reducedness becomes

% 1 *
165 11> 7 1651 [l (8.5)

which follows from p > 1/ V2. Since

. 3
lon P =0es [P 4202 (2= 3) (5.6)

this implies . By the definition of Gram-Schmidt orthogonalization, for any A, we can always
set the other \; so
B = \pbl = Mp™" e,

SO

width(en, Q) > s

and follows, since p < 1, and || b, ||< n+ 1.

We can make B integral and still have through hold, by scaling, and rounding it. O

Remark 9. Our Theorem [11] proves that if M > 2*+1/2 || ||| p||?, and the reformulation is
computed using LLL-reduction, then (pB);.(,—2) = 0, and from this it does follow that the first
n — 2 columns of B form a basis of N(p) N N(r).

Theorem [T1] then finishes the analysis in a different way, by directly proving small width, namely
showing

width(e,—1, (KP-N))) < width(p, (KP))), and (87)
iwidth(e,_1, (KP-N))) < iwidth(p, (KP)). '
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