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Abstract

When generating cutting-planes for mixed-integer programs from multiple rows of the
simplex tableau, the usual approach has been to relax the integrality of the non-basic
variables, compute an intersection cut, then strengthen the cut coefficients corre-
sponding to integral non-basic variables using the so-called trivial lifting procedure.
Although of polynomial-time complexity in theory, this lifting procedure can be com-
putationally costly in practice. For the case of two-row relaxations, we present a
practical algorithm that computes trivial lifting coefficients in constant time, for arbi-
trary maximal lattice-free sets. Computational experiments confirm that the algorithm
works well in practice.
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212 R. Fukasawa et al.

1 Introduction

A recent topic of interest in the theory of general-purpose cutting planes for mixed-
integer linear programming (MIP) has been cutting planes that can only be obtained
by considering multiple rows of a simplex tableau simultaneously (see for instance
[1,5,11]). More specifically, researchers have been interested in producing strong valid
inequalities for the corner relaxation of a simplex tableau [14], defined as

x=f+err+Zwyw

rerR weW
xez"
sreRy VreR
yw €Zy Ywe W, (1)

where f € R"\Z"™, R C R™ and W C R™. In this relaxation, the decision variables
x, s and y correspond, respectively, to integral basic variables, continuous non-basic
variables and integral non-basic variables, while f, R and W correspond to the right-
hand side and to the columns of the tableau.

One approach to obtain valid inequalities for (1) is via lifting, a technique first
introduced by Padberg [24] for a specific combinatorial problem and later generalized
to other polyhedra (see Dey and Wolsey [11]). In this approach, a strong valid inequality
for the following simplified model is first computed and then transformed into a strong
valid inequality for (1):

x=f+2rsr

rerR
xeZ”
sr € Ry VreR. 2)

Note that (2) is the model obtained from (1) by fixing all the integral non-basic variables
in (1) to zero. This model is considerably simpler than (1) and, following a seminal
paper by Andersen et al. [1], has received much attention in the last decade (see [8,
Chapter 6] for a survey). It is well known that valid inequalities for (2) can be obtained
from convex lattice-free sets in R™ (see Balas [3]). More specifically, if B € R™ is
a convex lattice-free set containing f in its interior and ¥ : R™ — R is the gauge
function of the convex set B — f, then the inequality

> wr)s =1 3)

rer

is valid for (2). Furthermore, every non-trivial valid inequality for (2) can be written
as (3), where v is the gauge function of some convex lattice-free set (see Borozan and
Cornuéjols [7]). Obtaining strong valid inequalities for (2), therefore, can be done in
practice by generating convex lattice-free sets in low dimensions.
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The (not so) trivial lifting in two dimensions 213

In this paper, we focus on the practical problem of lifting valid inequalities for (2)
into strong valid inequalities for (1). More specifically, given a valid inequality for (2)
written as (3), we want to obtain a function v : R” — R such that

DU+ Y ww)yy = 1 )

rerR weW

is a valid inequality for (1).

In theory, the best possible sets of lifting coefficients can be computed by optimiz-
ing over the polar set of (1). This approach has been applied to corner relaxations by
Louveaux et al. [22] in order to measure the strength of their different variations. How-
ever, it involves enumerating a subset of the points of (1), which is computationally
expensive and cannot be expected to perform well in a general-purpose cut generator.

An alternative method, which is computationally cheaper, is to compute the so-
called rrivial lifting coefficient. Given a valid inequality (3), Gomory and Johnson
[15] and Balas and Jeroslow [4] proved that, if 77 is defined as

m(w) = kiean" Y(w + k), 5

then (4) is valid inequality for (1). Such function 7 is called the trivial lifting of .
Under the assumption that (4) must be a valid inequality for any choice of R and W,
Dey and Wolsey [11] and Basu et al. [6] proved that, in some particular cases, any
other definition of & leads to weaker inequalities. In other words, in those cases, the
computationally cheaper trivial lifting actually yields the best possible lifting coeffi-
cients. Moreover, even when this is not the case, one important advantage of the trivial
lifting is that it is sequence independent, which means that the order in which the coef-
ficients are computed is irrelevant. The idea of potentially losing coefficient strength
in order to obtain a more computationally tractable sequence-independent lifting has
been applied to other valid inequalities for MIPs, like flow cover inequalities [16].

Despite its name, evaluating the trivial lifting function is far from trivial, particularly
if put into the context of where the problem arises: it is solved once for every integer
variable that needs to be lifted within a cut, so potentially thousands of times per cut.
In addition, if one thinks that several cuts are to be generated and that the cutting-
plane generation is just one small step in the whole solution process of a MIP, this can
quickly become an impractical problem to solve.

A naive approach to solve (5) is to evaluate {(w + k) for every k € Z" such that
Ik || is smaller than a fixed constant, chosen before the cut generation procedure starts.
For the two-row case, it has been proven that, if the constant is large enough, then this
procedure finds the correct answer [11]. Alternatively, in one of the first computational
experiments with multi-row cuts, instead of evaluating v at many points, Espinoza[12]
evaluates this function exactly once, at a point selected heuristically, with no guarantee
that the exact trivial lifting coefficient is obtained. This approach is computationally
friendly, but produces inequalities that are not as strong as they could be. In later
experiments, Dey and Wolsey [9,11] and Basu et al. [5] carefully choose the convex
lattice-free sets that give rise to inequality (4), so that the trivial lifting function can
be evaluated by using a closed formula. This approach, however, limits the range of
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214 R. Fukasawa et al.

lattice-free sets that can be experimented with. Finally, it is worth mentioning that,
in principle, this problem can be solved in polynomial time for fixed n, since it is a
minimization of a convex function over integer points in polyhedra [23], or modeled
as a mixed-integer program by adding a continuous variable to handle the convex
piecewise linear objective function which leads to another polynomial time algorithm
for fixed n [2]. Such approaches, however, rely on the solution of the feasibility problem
in fixed dimension as a subroutine to solve the optimization problem. Solving one
such MIP for each cut coefficient would likely suffer from significant computational
overhead, even if a fast fixed-dimension MIP solver implementation were available.

In this paper, we develop a more practical method for evaluating the trivial lifting
function in two dimensions, which requires significantly fewer queries to the function
Y than the naive procedure and that does not have significant computational overhead.
For maximal lattice-free sets, we prove that the algorithm is guaranteed to terminate in
constant time, and for the cases where the closed formula described in [5] is applicable,
we show that it requires the same number of evaluations to the function v as the closed
formula. We also obtain an upper bound on the number of evaluations for non-maximal
lattice-free sets, which depends on the lattice-width of the set and on its second covering
minimum. Finally, we run computational experiments to confirm that the algorithm
works well in practice. The proposed method can also easily be adapted to solve the
lifting problem in higher dimensions, though in that context we do not have theoretical
or computational evaluations of its performance.

The main idea of the method is to compute a unimodular transformation that is
applied as a preprocessing step to the lattice-free set, which is then combined with a
simple algorithm based on a one-dimensional convex optimization problem. We note
that the idea is similar in spirit to Lenstra’s algorithm for fixed-dimension IP [20],
although our proposed transformation relies solely on very simple arithmetic calcu-
lation as opposed to computing ellipsoids. In addition, the transformed lattice-free
set has no guarantee of “roundness” as is required by Lenstra’s algorithm. It is only
guaranteed not to be too wide in one direction. The simplicity of the algorithm is an
important component on making its computational overhead very small (on the order
of 0.1 ms runtime).

2 Main algorithm

In this section, we describe an algorithm for the computation of trivial lifting coeffi-
cients on two-dimensional lattice-free sets. More specifically, let B € R? be a convex
lattice-free set containing f € RZ in its interior, and suppose ¥ : R?> — R is the
gauge functionof B — f,ie. Yy (r) =inf{t > 0: f + %r € B}. For any w € R?, our
goal is to solve the minimization problem (5).

The following propositions give us the two main ideas behind the algorithm. Recall
that k € 7Z? is the variable in the minimization problem (5). The first proposition
shows that, if one component of k is fixed at any value (without loss of generality, we
fix k2), then the minimization problem becomes significantly easier.
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The (not so) trivial lifting in two dimensions 215

Proposition 1 Ler ky € R. If k7 is a solution for

: wi+ki
]g]é% W <w2+k2 ) (6)
: wi+ki
then a solution for ,glé% v ( wa+ka ) )

is either Lk“ or |_kT-|
Proof This follows directly from the fact that v is a univariate convex function. 0O

Therefore, given a solution for the continuous problem (6), we can easily determine
an optimal solution for the integer problem (7). Note, however, that (6) can be solved
efficiently, for example by modeling it as an LP if B is polyhedral. Since these ideas
will be used throughout, it will be convenient to define the following notation

- . o]
= min 5
g(a2) aleRW (&)
TN wi+kj
hiky) = z?fé%‘/’ (wz+k2) '
The second proposition shows that, if the second component of k is fixed at a
number with very large magnitude, either positive of negative, then the optimal value
also becomes very large. Therefore, these values of k» may be safely ignored. Note

that the constants ¢* and ¢~ that appear on the statement of the proposition do not
depend on w or k, but only on the definition of the function .

Proposition 2 If k» is a positive integer such that ky > |w»|, then

min (w.+151 ) > ¢ (wy + ko)

ki €Z wa+ko

. w1tk ) — 7
min =) > k) —w
ki eZ W (wz—kz st C ( 2 2)

where ¢ T = minger ¥ (‘f) and L~ = mingeRr V¥ (_al).

Proof First, note that

. w1+k1> . (u)1+k1> . o
min - > min - = min I
kieZ 4 <w2+’<2 ~ kieR v w2tk acR 4 ( wa+ky )

since the integer problem is a restriction of the continuous one, and we can let o :=
wi + k1. Then, because i is positively homogeneous and w; + k; > 0, we have

. o _ _ 7 . _ —+ 7
glel]{g}lﬁ (wpthy) = (w2 +k2)21€1§1ﬁ (1) = ¢ (w2 + ka).
To obtain the second inequality, we proceed similarly. Since k; — wy > 0, we have

: w1+k1) . o —(r
min ( - ) > min 7. ) =¢ (kp — wn).
klEZw wt) Z RV (") =¢ )
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216 R. Fukasawa et al.

Given B, f and w, the function TRIVIALLIFTING described in Algorithm 3 computes
the optimum value of (5). At each iteration, it solves the two optimization problems

min ¥ (w]Hf' ) and min ¥ (w1+151 )
ki€Z wy+ky kieZ wy—k2

for some fixed value k», starting from zero, and going up. By Proposition 1, these two
problems can be easily solved. The algorithm also keeps track of the smallest optimal
value found so far, in the variable n*. It stops when k; is such that three conditions are

satisfied:
* *

E2>|w2|andw2+lzz>Z—+and122—w2>;—_ (8)

This is justified by Proposition 2. Indeed, if k is such that condition (8) holds, then

: wi+kg + 7 +’7_* o
min (wz+k2) >t ke) = & o
min g (“4) = = - wp) = e~ =
kieZ wr—ky | — — g——

Therefore, by considering any such k, the incumbent value 1* can never be improved.
Also note that, if k; is sufficiently large, then condition (8) is automatically satisfied.
Indeed, since n* > h(0), then

wy, — + wo, |wa|

o, hO) }
¢t ¢

k» > max {

implies that the condition holds. Therefore, the algorithm will always terminate.

Algorithm 3 Trivial Lifting

function TRIVIALLIFTING(B, f, w)
Let us denote g(a7) := ming cr ¥ (g; )

w1+k1)

Let us denote h(kp) = ming, ez ¥ (w2+;;2

1:
2
3
N S Y (ONICY
50 n* < h(0)
6 ko <1
7 repeat ~ ~
8 7 < min {n*, h(kp), h(—k2)}
9 ko < ko +1
_ _ * _ *
10:  until (kz > |wy| and wy + ko > ;’j and ky — wy > ;’T)

11:  return n*
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The (not so) trivial lifting in two dimensions 217

3 Preprocessing step

Although finite, the algorithm described in Sect. 2 may require a large number of
iterations to terminate. In this subsection, we describe a preprocessing step that, when
executed prior to the algorithm, greatly increases its worst-case performance.

To illustrate how pre-processing can improve the efficiency of Algorithm 3, consider
the following example.

Example 4 Let B and w, f € R? be defined as

e (). ()2 (1) »- (1)

The set B, illustrated in Fig. 1a, is very long and thin, which causes performance
problems for both the naive algorithm (i.e., searching all points in a predetermined
box), as well as the algorithm described previously. In fact, Algorithm 3 requires
seven iterations of the main loop to output the optimal value of %. Before feeding this
data into the algorithm however, we could apply to B, w and f the affine unimodular
transformation 7 : R? — R? defined as

= 520

Let B, f , w be the set and vectors obtained, namely

i (% )-()-G) 7= () == (3)

Note that the integral part of w was discarded. The set B, as Fig. 1b illustrates, is
much smaller, and in particular, not very wide in the vertical direction. Feeding this
new data into Algorithm 3, we obtain the same optimal value of ‘5—‘ as before, but now
after a single iteration of the main loop. O

— !

(a) (b)

Fig. 1 Example of pre-processing. a Original set B, b modified set B

@ Springer



218 R. Fukasawa et al.

In the following, we describe exactly what properties we would like the affine uni-
modular transformation 7 to satisfy, and how such a transformation could be obtained
for arbitrary maximal lattice-free sets. If B C R? is a maximal lattice-free set, then B
is either a split, a triangle or a quadrilateral. Following Dey and Louveaux [10], we
further categorize maximal lattice-free triangles as follows:

Definition 5 [10]

(i) Atype-1 triangle is a triangle with integral vertices and exactly one integral point
in the relative interior of each facet (see Fig. 2b);

(i1) A type-2 triangle is a triangle with at least one fractional vertex v, exactly one
integral point in the relative interior of two facets incident to v, and at least two
integral points on the third facet (see Fig. 2c);

(iii) A type-3 triangle is a triangle with exactly three integral points on the boundary,
one in the relative interior of each edge (see Fig. 2d).

Given d € R?, we define the width of B along d as

wq(B) = maxd’ b — mind” b.
beB beB

First, we would like 7 to be a transformation such that the width of 7 (B) along the

vertical direction ((1)) is small. Algorithms 10 and 11 show how to obtain such T when

B isamaximal lattice-free triangle or quadrilateral, respectively. Both algorithms make
use of the following lemma, which is implied by the proofs presented by Hurkens [17].

Lemma6 [17]

(i) If B is a maximal lattice-free triangle such that (8) , ((1)) , ((1]) are in the relative
interiors of distinct faces of B, then there exists d € {((1)) , ((1)) , ( } )} such that

2
wa(B) < 1+ 5\/5.

(ii) If B is a maximal lattice-free quadrilateral such that (8) , ((1)) ) are in the

)+ ()} such

relative interiors of distinct faces of B, then there exists d € { ((1)
that

wq(B) < 2.

The bound given by Lemma 6 can be slightly improved when B is a maximal
lattice-free triangle of type 1 or 2, as the next lemma shows.

1)- (o)
). (D]}

Lemma 7 If B is a maximal lattice-free triangle of type I or 2 such that (8) , (
0 ) 1
1 0

:

are in the relative interiors of distinct faces of B, then there existsd € { (
such that

wq(B) < 2.
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The (not so) trivial lifting in two dimensions 219

Proof If B is a type-1 triangle, then B must be the triangle depicted in Fig. 2b. Clearly,
d= ((1)) satisfies the condition of the lemma. Now suppose that B is a type-2 triangle.
We have three subcases, depending on which facet of B contains multiple lattice points.

For the first subcase, suppose that the facet of B that contains multiple lattice points
is the one containing ((1)) in its relative interior. In this case, the vertices of B are

1 B
(1, o), (1, =), (a+ﬂ—1’a+,3—1>’

for some o, f € Ry. If w(1,0)(B) < 2, we are done. Suppose w(i,0)(B) > 2. Then
o + B > 2, and we have

1

1
By=1+ —"—<14+4——=2
w(,1)(B) +a+ — = +2_1

B

In any case, there exists d € {(9), (})} satisfying the condition of the lemma.

It is known that we can use a unimodular transformation to reduce the other two
subcases to the first one [11]. We now determine this unimodular transformation
exactly, since we will need it to specify Algorithm 10.

For the second subcase, suppose that the facet of B that contains multiple lattice
points is the one containing (). Let B be defined as

([} e

Clearly, B satisfies the conditions of the first subcase. Therefore, there exists d e
{((1)) , ((1))} such that w;(B) < 2, which implies that there exists d € {((1)) , (?)}
such that w;(B) < 2.

Finally, for the third subcase, suppose that the facet of B that contains multiple
lattice points is the one containing (8) We proceed similarly to the previous subcase.

Let B be defined as
~ 1 0 0

Note that B is a lattice-free triangle, since the transformation is unimodular. Also,
the point () is mapped to (). Therefore, B satisfies the conditions of the second
subcase, and there exists d € {(}). ()} such that wz(B) < 2. We conclude that
there exists d € {(}). (1)} such that wy(B) < 2. m]

Propositions 8 and 9 show that when Algorithm 10 or 11 is applied to an arbitrary
maximal lattice-free triangle or quadrilateral, it produces a transformed set that satisfies
the conditions to apply Lemmas 6 and 7. Specifically, our proposed preprocessing

step generates lattice-free sets B that have the points {(3), (§). ()} in the relative

interiors of distinct faces of B, and a small width w;(B) ford = ().
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220 R. Fukasawa et al.

Note that in the preprocessing step, we also transform the given vector w (cor-
responding to the variable to be lifted) in a specific way, resulting in points (ii) of
Propositions 8 and 9, which we will exploit in Sect. 4. In this process, we introduce
the variable &, which is the middle point of B along the vertical coordinate x5.
Proposition 8 Ler B C R? be a maximal lattice-free triangle containing f € R?
in its interior, and let w € R2. Suppose vl v2 03 e 72 are lattice points in the
relative interiors of three distinct facets of B. If B, f and w are the values returned
by Algorithm 10, and if . is the width of B along the vertical direction, then:

(i) A <1+ %ﬁ if B is a type-3 triangle, and » < 2 otherwise.
(i) | fo+ W —ba| < 24 forall b € B.

Proof (i) Itisclearthatt!isan affine unimodular function that maps v', v2, v° to the

points (8) , ( (1)) , ( (1) ) respectively. Furthermore, 7! (B) satisfies the conditions

for item (i) of Lemma 6, so there exists d such that wgy(z!(B)) < 1+ %ﬁ

Additionally, by Lemma 7, if B is a maximal lattice-free triangle of types 1 or 2,

then wy(t1(B)) <2.1fd = ((1)), then the direction that minimizes the width of

7l (B) is already the vertical direction. In that case, 72 = 7!, and we are done. If

d = ({), then the direction that minimizes the width of t!(B) is the horizontal

direction. To obtain 72, the algorithm composes 7! with a transformation that

flips the two coordinates. Finally, if d = ( } ), then the direction that minimizes

the width of t! (B) is perpendicular to the line connecting ( } ) and ({). To obtain

12, the algorithm composes 7! with a transformation that maps (), (), ({)

to ( (]) ) , ( 8 ) , ((1) ) respectively. The direction that minimizes the width of 72 (B),

therefore, is perpendicular to the line that connects () , (§ ), whichis the vertical
direction, as desired.

(ii) Let & := mlb:brba)eBltminibabr.ba)€B) gy definition, |e — by| < %, for all

b € B. We also claim that |f2 + wy —¢| < % This is true, since, for every

x e R,ifweletx < x + Ls—i—%—xJ then |x —¢g| < %,anditistheexact
transformation applied to w) in the algorithms. The result then follows, since,
for every b € B, we have:

| o+ w2 —bol = |fo+ w2 —&+e— b

<|fa+wy—e|l+ e — byl
- 1 n A
-2 2
O
Proposition9 Ler B € R? be a maximal lattice-free quadrilateral with f € R?
in its interior, and let w € R%. Suppose v', ... v* € Z?* are lattice points in the

relative interiors of four distinct facets of B. If B, f and w are the values returned by
Algorithm 11, then (i) the width of B along the vertical direction is at most 2, and (ii)

_ _ 3 _ _
|f2+u_)2—b2|§§ Vb € B.
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The (not so) trivial lifting in two dimensions 221

Algorithm 10 Preprocessing step for triangles

1: function PREPROCESS(B, f, w, n R U3)
2: Letfl(x)z[vz—vl v3—vl]_1(x—v')
3:  Letd e {(%) ((1]) s (?)} such that a)d(rl(B)) is minimum.

l(x) ifd = (9)
0 1 .
4:  Let rz(x) = 1 0 TI(X) itd = ((l))

1 0 o .
1 _1i| rl(x)+|:1i| 1fd:(})

Let B = {t2(x) : x € B}, f < 2(f), w’ < 12(w)
Lete < % (max{by : (b1, by) € B} + min{b, : (b1, by) € B})

Let w) < w/ and Wy <« w) + Ls—l—%—fz—wéj
Return B, f, w

® X W

Algorithm 11 Preprocessing step for quadrilaterals

1: function PREPROCESS(B, f, w, n yeea, U
2: Lett](x)z[vz—v] 1)3—11']71 (x—vl)
3: Letz_)i<—r1(vi)fori:{l,...,4}

NON if i = (1)

4:  Lett?(x) = i (l)rl(x) ifﬁ4:(*11)
(1) 1 ! (x) ifa“:(—l')

5: Letd e (1), (1), (D)) such that wg(z! (B)) is minimum.
1'_2(x) i ifd =(9)

6 Letr’e) = (1) (l)rz(x) itd = ()

Let B = {t2(x) : x G_B}, f 12w « 12w
Lete < % (max{by : (b1, by) € B} + min{b, : (b1, by) € B})

R

Let w) < w/ and Wy < w) + LS—O—%—ﬁ—wéJ
10: Return B, j_', w

Proof Similarly to the proof of Proposition 8, it is clear that t! is an affine unimodular
function that maps v', v?, v3 to the points (), (§)) . (). respectively. Since v* € Z?,

since the area of the quadrilateral defined by o!, ..., 0% is one, and since no 7' is a
convex combination of the others, then 7* can only be either ( % ) , ( _11 ) or ( jl ) The
transformation 7> maps o', ..., 9* to (J), (9),({) and (}). Furthermore, 7?(B)

satisfies the conditions for item (ii) of Lemma 6, therefore there exists d such that
wq(t!(B)) < 2. To finish, we proceed similarly to the proof of (ii) in Proposition 8,
replacing A by its upper bound 2. O
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4 Complexity analysis

In this section we study the worst case complexity of Algorithm 3. First, in Sect. 4.1, we
assume only that the convex lattice-free set B € R? is bounded and full-dimensional
(i.e. we do not assume maximality at this point). We obtain an upper bound on the
number of iterations of the algorithm, which depends on the second covering minimum
of B and the width of B along the vertical direction. We highlight that the algorithm
does not rely on computing either of these quantities, they are just used to bound the
worst-case runtime of the algorithm in terms of characteristics of the lattice-free set
B. Next, in Sect. 4.2, we focus on the case where B is a maximal lattice-free triangle
or quadrilateral. Assuming that B has been preprocessed, we prove that Algorithm 3
requires at most a small number of iterations to finish.

4.1 Convex lattice-free sets in general

Let B € R? be a bounded and convex lattice-free set containing the point f € R? in
its interior. We do not assume that B is maximal. In this section, for any y € R, we
denote by y B the set obtained by scaling B by a factor of y, using f as the origin.
That is,

sz{y(b—f)+f:beB}={xeR2:%@eB}.

We also denote by v, p the gauge function of the convex set y B — f. The following
lemma proves that, if the union of all integer translations of y B cover R? then the
value of the trivial lifting is at most y.

Lemma 12 Ify B + Z? = R? for some y € R, then mg(w) < y for all w € R,

Proof Let w € R2. Since yB + 7> = R2, there exist b € yB and k € 72 such
that w + f = b + k. This implies that w — k + f belongs to y B and therefore
wT_k + f € B. By the definition of the gauge function, it is clear that Y p(w — k) <
y. Since wp(w) < ¥p(w — k), for any integer vector k, we conclude that w5 (w)
=v. O

In the following, let i be the smallest non-negative number such that u B+72 = R2.
This number is also known as the second covering minimum (or covering radius) of
B [18]. As we recall, in order to evaluate the function

mp(w) = min Yg(w + k),
kez?

foragivenw € Rz, we computed ming, ez, ¥ g ( z;f]gz ) for different values of k» € Z.
The next lemma shows that, if B does not intersect the horizontal line at level

fo+wy+ ko, for a particular ko € Z, then such k> can be safely discarded.
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The (not so) trivial lifting in two dimensions 223

Lemma 13 Let ky € Z. Suppose there does not exist b € uB such that by = f>
+ wy + k. Then

: wi+ki : o
Y > -
pin v (1115) = minve (u,%5) =

Proof Note that

w1+151 w1+]fl

. . . o . o
> = - = -
,I}llé% 12 (w2+k2> Z ,?lléfl{{ 12 <w2+k2> min VB (k) = 1 min VB (wptiy )

Since we have f + (.7, ) ¢ uB forevery o € R, then ¥ (.7, ) > 1 for every
o € R, and the result follows. O

A consequence of Lemma 13 is that, if i B is not very wide in the vertical direction,
then we only need to consider few values of k; when computing the trivial lifting. This
motivates the choice of 7 in Sect. 3. The next theorem shows that Algorithm 3 does
not spend time considering such useless k.

Theorem 14 Let B C R? be a lattice-free set with f € R? in its interior;, with second
covering minimum ju € Ry. If w € R? is such that

|fo+wr—by| <o VbepuB, 9)

for some o > 1, then Algorithm 3 stops after at most | o | iterations of the main loop
upon receiving B, f and w as input.

Proof If there exists b € uB satisfying (9) with equality, we can always increase o
very slightly to obtain

|f24+ w2 —b2] <o VbeuB,

while keeping | o | unchanged. We may assume, therefore, that every b € u B satisfies
(9) strictly. If the algorithm stops before |o ] iterations, we are done. Suppose, then,
that it runs for at least | o ] iterations. First, we prove that, at the end of iteration |o |, we
have n* = wp(w) < u.Let ¥ = {— |o], ..., lo]}. Clearly, at the end of iteration
Lo |, the variable n* has value min,ex 22(k2). By definition, we also have

g (w) = min A(ky) = min { min h(ky), min h(ky); = min{n*, min h(ky)}.
ko€Z kyex ko€Z\T ko€Z\T

By Lemma 12, mg(w) < p. By Lemma 13, ming,ez\x (k) > u. Therefore, n* =
mp(w) < u. Now we prove that the algorithm stops at the end of iteration | o ]. First,
we prove that k» > |ws|. At the end of iteration | ], the value of ks is |0 ] + 1. By
assumption, o > | fo +wy — by | forevery b € uB. Since f € uB,wehave o > |wa|.
Therefore, ky = |o| +1 > o > |wa|. Now we prove that wp + ky > g—i Since k»
has value |o | + 1, there does not exist b € uB such that by — f» — wy = k». By
Lemma 13, and since k» > |wa|, as proved earlier, we have
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. o
glE%WB (w2+/€2) > Hz 77*
= (w2 + k) minyp () > 7
aeR

= (w2 + k)¢ > n*
*

N
:>w2+k2>C_*

We can similarly prove that ky —wy > ”—i Therefore, at the end of iteration |o |, the
loop condition is satisfied, and the algorithm stops. O

4.2 Maximal lattice-free sets

Now we suppose that B € R? is a bounded maximal lattice-free set containing f
in its interior. In this case, B is either a maximal lattice-free triangle or a maximal
lattice-free quadrilateral. Maximal lattice-free sets are interesting in practice, since
these are the sets that generate the strongest valid inequalities for (2). Aside from
triangles and quadrilaterals, maximal lattice-free sets include splits, but the latter can
be lifted easily. We will show that Algorithm 3 requires at most one or two iterations
of the main loop to finish, depending on whether B is a type-3 triangle or not.

It is well known that the second covering minimum of any lattice-free set must be
at least one. The following lemma shows the second covering minimum of B is also
bounded above by a constant.

Lemma 15 Let B C R? is a full-dimensional maximal lattice-free set. If B is a type-1
triangle, a type-2 triangle or a quadrilateral, then . < 1. If B is a type-3 triangle,
then p < 2.

Proof For any set B € R", we know that B+7Z" = R" ifand only if t(B) +Z" = R",
where t is any unimodular affine transformation. Suppose B is a maximal lattice-free
quadrilateral. By applying an unimodular affine transformation, we may assume that
the points (8) , ((1)) , ((1)) and ( { ) are in the relative interiors of four distinct facets
of B. Therefore, B contains the unit square, and clearly B + 7?2 = RZ. The same
argument applies for type-1 and type-2 triangles. See Fig. 2 for an illustration. Now
suppose B is a type-3 triangle. We may assume that the points (), () and (/) are

(a) (b) (c) (@)

Fig.2 Proof of Lemma 15. a Quadrilateral, b type-1 triangle, ¢ type-2 triangle, d type-3 triangle
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in the relative interiors of three distinct facets of B. The set 2B, therefore, contains a
type-1 triangle as a subset. By the previous case, 2B + Z? covers R2.

Now we proceed to obtain upper bounds on the number of iterations of Algorithm 3
for maximal lattice-free sets, by applying Theorem 14. We consider two distinct cases,
depending on whether B is a type-3 triangle or not. In every case, we assume that
B, f and w have been preprocessed either by Algorithm 10 or by Algorithm 11. First,
suppose that B is either a type-1 triangle, or a type-2 triangle, or a quadrilateral. The
next theorem shows that the algorithm stops after a single iteration of the main loop.

Theorem 16 Let B € R? be a maximal lattice-free quadrilateral or triangle of types
1 or 2 containing f € R? in its interior and having vertical width at most 2. If w € R>
is such that

3
|f2+w2—b2|§§ Vb € B,

then, upon receiving B, f and w as input, Algorithm 3 stops after at most a single
iteration of the main loop.

Proof Let i be the second covering minimum of B. By Lemma 15, i < 1. Since every
lattice-free set has second covering minimum at least one, then & = 1. Therefore,

| W

|fo+w2—b2| < - VbeuB.

By Theorem 14, we conclude that Algorithm 3 requires at most L%J = 1 iteration to
finish. O

This case is closely related to the closed formula presented by Basu et al. [5], which
can compute trivial lifting coefficients under the assumption that B is a type-1 or type-
2 maximal lattice-free triangle. Although the formula itself is closed, it assumes that
B is already in some standard form, thus requires the application of a pre-processing
step. The formula works by evaluating the function ¥ p at six points, in the worst case,
and taking the minimum.

Theorem 16 proves that Algorithm 3 requires constant time to finish in the worst
case. More interestingly, however, this theorem shows that the algorithm requires at
most a single iteration of the main loop, implying that at most six calls to evaluate the
function 5 are needed. This matches the number of calls made by the closed formula
presented by Basu et al. Also note that Algorithm 3 requires the same number of
calls when B is a maximal lattice-free quadrilateral, while the aforementioned closed
formula does not apply for quadrilaterals.

Now we consider the case where B is a type-3 triangle. In this case, since both the
maximum width along the vertical direction, as well as the second covering minimum,
can be higher than before, the algorithm may require more iterations to terminate. In
the worst case, however, it still requires at most a low, constant number of iterations.
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Lemma17 Let B € R? be a lattice-free set with [ € R2? jn its interior. Also, let
w € R? and y € Ry such that

|fo+wr—Dby] <y VbeB.
Then, for any u > 1,
|fo+wr — bl <y@u—1) Vb e uB.
Proof Let b € juB. By definition, there exists b € B such that b = u(b — f) + f.

Also, since f € B and |f, + wy — by| < y for every b € B, we have |wy| < y.
Therefore,

o4+ wr —bal =1 fo+wr— by — fo) — fol
= |u(f2 + w2 —b2) — (u — Dwy|
< plf2 + w2 —baf + (= Dwy|
=uy+@m—-Dy
=yQCu-—-1

O

Theorem 18 Let B C R? be a type-3 triangle containing f € R? in its interior and
having vertical width at most 1 + %\/5 If w € R? is such that

1
|f2+w2—b2|§1+§ﬁ Vb € B,

then, upon receiving B, f and w asinput, Algorithm 3 stops after at most four iterations
of the main loop.

Proof Let u be the second covering minimum of B. By Lemma 17,
1
|fa+ w2 —ba| < 1+§~/§ (u—1) Vb e uB.
Since u < 2 by Lemma 15, we have
|fo+ws—bo| <3++/3 Vb e puB.

Therefore, by Theorem 14, we conclude that Algorithm 3 requires at most L3 + «/§J
= 4 iterations to finish. O

Corollary 19 summarize the results from Propositions 8 and 9 and Theorems 16
and 18.
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() (b) (c)

Fig.3 TIllustration of “good” and “bad” type 3 triangles. a Type-2 triangle, b “good” type-3 triangle, ¢ “bad”
type-3 triangle

Corollary 19 Let B C R? be any bounded maximal lattice-free set containing f in its
interior. The lifting problem (5) can be solved by a combination of Algorithm 10 or 11
(depending on whether B is a triangle or a quadrilateral), and Algorithm 3. The total
time necessary is the time taken by the linear algebra in Algorithm 10 or 11 and

(i) a single iteration of Algorithm 3 if B is a quadrilateral or triangle of types I or 2,
or
(ii) at most four iterations of Algorithm 3 if B is a type-3 triangle.

It is worth noting that the upper bound on the number of iterations obtained in
Theorem 18 is a worst-case upper bound and that, the actual run time for some type 3
triangles can be smaller. For instance, the example shown in Fig. 3b is a type 3 triangle
that is very close to being a type 2 triangle (Fig. 3a), so its trivial lifting coefficient and
the runtime of the algorithm are likely similar to the type 2 case. On the other hand,
the worst case runtime will be obtained by a type 3 triangle with high second covering
minimum, like the one seen in Fig. 3c.

Another issue worth mentioning is that, computationally, it may be difficult to
differentiate between the cases in Fig. 3a, b, due to numerical inaccuracy. This high-
lights a big advantage of the generic trivial lifting algorithm presented in this work,
which computes the correct coefficient for any (even non-maximal) lattice-free set, as
opposed to one that relies on the particular format of the maximal lattice-free set.

5 Computational experiments

In order to evaluate the practical efficiency of Algorithm 3, we implemented it and
compared it against two variations of the naive method described in the introduction
and against a black-box MIP solver given the formulation of Averkov and Basu [2].

5.1 Algorithms and variations

Two variations of Algorithm 3 were implemented and tested. The first variation
(bound) applies the procedure directly to the input data, without performing any
kind of preprocessing, while the second variation (bound-pre) applies the prepro-
cessing step described in Sect. 3. Both variations were implemented in standard C, and
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do not make use of any external dependencies. The complete source code has been
made available online [13]. In order to evaluate the function

. o
()

where o, is fixed, an ad-hoc method was used, instead of a generic LP solver. More
precisely, if B € R? is a polyhedron containing f € R? in its interior, then B can be
written as

B={xeR>:dix—f)<l,iefl,....t}}
where d', ..., d" € R%. Then (10) is equivalent to the linear program

minimize &
subject to & — djoy > djan i=1,...,t
g, ay free

Since, in our experiments, B is always a maximal lattice-free set, this LP has at most
a constant and very small number of bases. Instead of calling a generic LP solver, we
simply enumerated all these bases, and found the one with best objective value.

We also implemented and tested two variations of the naive trivial lifting algorithm.
The first variation (naive-fixed) simply evaluates the function ¥ (w + k) for all
k € [— M, M)?, where M is a large constant which does not depend on any input data.
During our tests, this value was fixed to 50. This variation is the simplest to implement,
and probably the most widespread, but does not always produce the correct answers,
since, for every fixed M, there is always a lattice-free set B C R2 such that M is
not large enough for B. The second variation (naive-bbox) solves this problem by
computing the bounding box for each lattice-free set B, and evaluating all ¥ (w + k)
for all k such that f + w +k is either inside or reasonably close to the bounding box. In
order to avoid exceedingly long running times on some hard instances, the bounding
box was intersected with a box [— M, M ]2 of fixed size, where M is a large constant
which was fixed to 103 in our tests. Setting this constant to a smaller value reduces the
maximum running time of naive-bbox, but increases the probability of generating
incorrect answers.

We also modelled (5) as a mixed-integer linear program with a fixed number of
variables, as described in [2], and we solved it using IBM ILOG CPLEX, version
12.6.0.0. We refer to this implementation as mip. Because we use a generic MIP
solver (based on branch-and-bound and the simplex method), even in fixed dimension,
the worst-case running time is exponential in the encoding size of the problem, while
it could be polynomial in theory. This choice was made because, to the best of our
knowledge, there is no currently-available MIP solver that is polynomial in fixed-
dimension and competitive with CPLEX, for MIPs containing both continuous and
integral variables.

Finally, since the preprocessing step described in Sect. 3 could also potentially
improve the running times of naive-bbound and mip, we implemented two
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variations of these algorithms (naive-bbound-pre and mip-pre) where the
preprocessing step is applied beforehand.

All computations, for all the variations described, were performed in floating point
arithmetic, due to the observation that small arithmetical errors are not amplified by
the algorithms, and therefore have no significant impact in the final cut coefficient.
The code used to evaluate the function ¥ (w) for a certain w € R? was also exactly
the same.

5.2 Instances

For our computational experiments, an instance of the trivial lifting problem consists
of a convex lattice-free set B C R2, along with an interior point f € R2, and a list
of rays wy, ..., wi that should be lifted. We use a list of rays, instead of a single ray,
since, in practice, a cut generator usually needs to lift, for the same intersection cut,
multiple rays corresponding to different integer variables. By receiving a list of rays
in advance, the cut generator may perform a preprocessing step exactly once, before
the trivial lifting computations begin, instead of one time for each ray. The decision
of whether to apply some costly preprocessing step could also depend on the number
of rays to be lifted, although we limited ourselves to a fixed choice here.

In our experiments, we used two lists of lattice-free sets. The first list was obtained
by running the two-row intersection cut generator implemented by Louveaux and
Poirrier [21] on the benchmark set of the MIPLIB 2010 [19] and capturing, for each
intersection cut generated, the associated lattice-free set. This list was then filtered
to exclude splits, since these can be lifted easily, and non-maximal lattice-free sets,
since these can be transformed into maximal lattice-free sets. Finally, a sample of 1000
lattice-free sets from this list, picked randomly, was considered for our experiments.
The second list of lattice-free sets was obtained by applying a shear transformation to
each set on the first list. The precise transformation was given by

o[ e

This transformed list has sets that resemble the set from Fig. 1a, and can be seen as a
pathological scenario for trivial lifting algorithms.

For each lattice-free set on each list, we also randomly generated a fixed number of
rays w;, uniformly distributed inside the box [0, 1)2. The lists of rays were generated
randomly, since we observed that the choice of rays to be lifted had negligible impact
in the performance of the algorithms considered. Most of the impact came, instead,
from the choice of lattice-free sets. This also allowed us to evaluate the impact of
lifting a different number of rays for each lattice-free set.

We conducted our experiments on a machine with Intel Core 15-3210M (2.50 GHz,
dual core) processor and 16 GB of memory. In order to measure the running times
more accurately, each instance was solved multiple times and the CPU running times
were averaged. The precise number of samples varied according to algorithm being
tested: 1000 samples for faster algorithms (bound) and either 10 or 100 samples for
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slower algorithms (naive and mip). CPLEX was configured to run in single-threaded
mode, since this was the configuration that presented the best performance, and to use
numerical emphasis.

5.3 Results and discussion

First, we focus on the unmodified list of lattice-free sets obtained from the cut-
generator. Table 1 summarizes the CPU running times that each of the four algorithms
took to process this list of lattice-free sets, with 100 randomly generated rays per set.
The running time to process one lattice-free set includes any time spent on preprocess-
ing the set, plus the time spent computing the lifted coefficients for all the rays. For
each algorithm, the table shows the average, the median and the maximum running
times in milliseconds to process each set. The table also shows the percentage of sets
for which at least one cut coefficient was calculated incorrectly.

As Table 1 shows, algorithm bound-pre presented the fastest average running
time among all variations for this set of instances, taking only 0.066 ms on average to
process each set. This was more than 11, 180, 500 and 1800 times faster on average
than bound, naive-bbox, naive-fixed and mip, respectively. It performed
consistently well on all instances, having a maximum running time of only 0.164 ms.
Algorithms bound, naive-bbox and mip, on the other hand, presented significant
slowdown for some instances, having maximum running times of 43,2372 ms and 3315
ms respectively. Applying the pre-processing step to naive-bbox and mip reduced
the maximum running times of these algorithms to 98 ms and 161 ms, which was still
600 and 980 times slower than bound-pre. Although algorithm naive-fixed
was consistent and had a better maximum running time than naive-bbox, we note
that it failed to compute some coefficients correctly. Because of our restriction on the
maximum size of the bounding boxes, algorithm naive-bbox also produced some
incorrect coefficients.

Table 1 also shows that, for each instance, the best running time was obtained
either by bound-pre or bound, and never by the other algorithms. Algorithms
bound-pre and bound presented average ratio-to-best of 1.052 and 11.518 respec-
tively. Although bound was faster than bound-pre for some instances, it was only
very slightly so. For instances where bound-pre was faster than bound, however,
the difference in running times was much more significant.

Now we consider the second list of lattice-free sets, obtained by applying a shear
transformation to the sets of the first list, with 100 randomly generated rays per set.
Table 2 summarizes the running times for all algorithms. The transformation had virtu-
ally no impact on the performance of algorithm bound-pre. Its average, median and
maximum running times remained almost unchanged. The median running times for
algorithms bound, naive-bbox and mip, on the other hand, became on average 6,
10 and 2 times slower than before, respectively. For some instances, naive-bbox and
mip required minutes of processing time, while bound-pre required only a fraction
of millisecond. The table also shows that failure rate of algorithm naive-fixed
increased considerably, to 10%. Algorithm mip also calculated some coefficients
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incorrectly, due to insufficient numerical precision. Algorithm bound-pre presented
the best performance for every instance in this set.

As a final experiment, we implemented the heuristic lifting algorithm proposed
by Espinoza [12]. Since the algorithm has little variance on the runtimes, we do not
include it in the tables. The runtimes of the heuristic were on average 0.003 ms, which
is about 20 times faster than the average runtime of our best algorithm bound-pre.
However, when it comes to computing the correct lifting coefficient, we note that for
all test instances at least one coefficient computed was incorrect, which means that in
practice all cuts computed using this lifting are strictly dominated by cuts computed
using the bound-pre lifting. On average, around 60% of the coefficients computed
were incorrect with at least half of those being more than 1.15 units away from the
correct answer, which can often be at most 1, thus resulting in a significant error. We
thus conclude that the loss in speed to an average of 0.066 ms per lifted coefficient
will, in most cases, be worth the effort if compared to the heuristic approach.

6 Conclusion

In this work we considered an efficient method for computing the so-called trivial
lifting coefficients in two dimensions. Even though this problem may be considered
somewhat well understood in theoretical terms, an efficient implementation for it is
still challenging, particularly if one considers that this is a problem that may need to
be solved thousands of times for every cut that is added to an MIP.

We presented an algorithm that exploits the particular structure of the lifting function
and that uses ideas from algorithms for integer programs in fixed-dimensions [20]. By
a careful analysis, we show that the resulting algorithm has a very small upper bound
on the number of iterations, where the precise value of that bound can be expressed
in terms of the second covering minimum of the lattice-free set considered.

In practice, the algorithm performs at least two orders of magnitude faster than
other methods for computing the trivial lifting function, while still guaranteeing that
the correct trivial lifting coefficient is computed. Such speedup can mean the difference
between the trivial lifting being used or not in practice.

We end by noting that essentially similar ideas can also be applied to the computation
of the trivial lifting in higher dimensions. However, for those cases, we do not yet have
such an efficient implementation nor a significant and careful analysis of worst-case
running time.

A Source code

The source code for the trivial lifting algorithm presented in Sect. 2 has been made
available online [13] under the GNU General Public License, version 3. The source
code is written in ANSI C, having only IBM ILOG CPLEX as its external dependency
(required only for benchmarking mip and mip-pre methods). The structure of the
project is presented in Table 3. Complete instructions to compile the source code, run
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Table 3 Directory structure and main files

Name Description

build/ Directory that holds the compiled files

cmake/ Custom scripts used by CMake

gtest/ Google’s C++ Test Framework

run/ Benchmark scripts and instances

src/ Source code for the lifting algorithm

tests/ Unit tests

README .md Instructions for compiling, running and producing the tables

the computational experiments and generate the tables have been included in the file
README . md.

Let S € R? be a lattice-free set containing f € R? \ Z? in its interior. In our code,
we make the assumption that S is a bounded set, and therefore can be represented
either as the convex combination of vertices v1, ..., vk e R2, or as the as the inter-
section of half-spaces {x € R? . hi(x — f) < l,fori = 1,...,q}. For maximal
lattice-free sets, our code also assumes that a list of lattice points in the boundary
of the set is given. This data is stored in the structure LFreeSet2D. The halfspace
representation is needed for evaluating the gauge function and performing the trivial
lifting. If this representation is not readily available, the source code includes the aux-
iliary function LFREE_2D_compute_halfspaces, which computes it, given the
interior point f and the list of vertices. The source code also includes the function
LFREE_2D_preprocess, which implements the preprocessing step described in
Sect. 3. This function receives an LFreeSet2D, modifies it in-place and returns the
transformation matrix. After the set is preprocessed, the trivial lifting function can be
efficiently computed by calling LIFTING_2D_bound. A sample usage is presented
below. For brevity, no preprocessing is performed.

int n_halfspaces = 5;

double halfspaces[] = {
-1/2.0, 0O,
-1/2.0, -1/2.0,
-1/4.0, 1/2.0,
-1/6.0, -5/6.0,
5/16.0, 1/8.0

Y

double r[] = { 1/2.0, 1/2.0 }; // ray to be lifted
double value; // value of the trivial lifting
LIFTING_2D bound(n_halfspaces, halfspaces, r, &value);

Finally, for benchmarking purposes, the source code also includes the functions
LIFTING_2D_naive and LIFTING_2D_mip, which implement the naive and
the MIP methods, respectively. Other auxiliary functions include LFREE_2D_get_
bounding_box, which computes the bounding box for a given bounded lattice-
free set, and LIFTING_2D_psi, which simply evaluates the gauge function. More
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complete examples, showing the usages of all these functions, can be found in the unit
tests, which are included in the source code package.
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