STRONG IP FORMULATIONS NEED LARGE COEFFICIENTS

CHRISTOPHER HOJNY

ABSTRACT. The development of practically well-behaving integer programming formula-
tions is an important aspect of solving linear optimization problems over aset X C {0,1}".
In practice, one is often interested in strong integer formulations with additional prop-
erties, e.g., bounded coefficients to avoid numerical instabilities. This article presents a
lower bound on the size of coefficients in any strong integer formulation of X and demon-
strates that certain integer sets X require exponentially large coefficients in any strong
integer formulation. We also characterize the minimum size of an integer formulation
of X C {0,1}" with bounded coefficients.

1. INTRODUCTION

A standard approach to solve combinatorial optimization problems is to model the prob-
lem as a binary program, which can be solved by branch-and-bound. To make this ap-
proach work successfully, (i) a suitable encoding X C {0,1}" of the problem’s solutions
has to be found and (ii) an integer programming (IP) formulation of X has to be de-
veloped. In practice, however, IP formulations need to be strong and have to behave
well numerically. For example, knapsack problems can be modeled as binary programs
max{w'z : a'x < B, z € {0,1}"}, where a, w € 7" and b € Z. But if the coefficients
in a are (exponentially) large, this IP formulation may be completely useless in practice
since numerical instabilities may arise.

To avoid numerical instabilities, one is interested in alternative IP formulations with
small coefficients. The trade-off is that such IP formulations typically need more inequal-
ities than IP formulations with unbounded coefficients, see [5, 23| for knapsack problems.
Moreover, since there exist X C {0,1}" that need inequalities with exponentially large co-
efficients in a facet description of conv(X), it is intuitive that IP formulations with bounded
coefficients may not be strong. Motivated by these two aspects of IP formulations with
bounded coefficients, we address the following two questions. (Q1) Suppose we require the
inequalities in an IP formulation to be “strong” (which will be properly defined below).
What is the minimum size of the coefficients in strong IP formulations? (Q2) What is the
minimum size of an IP formulation with bounded coefficients?

While answering (Q1) allows to evaluate whether a given encoding X admits strong
inequalities that are numerically stable, i.e., their coefficients are small, the answer to (Q2)
allows to compare different binary encodings X found in Step (i) of the above mechanism.
To find answers to these questions, we analyze certain formulations of X C {0,1}". An
integer formulation of X is a polyhedron P fulfilling P NZ" = X, see [16]. In contrast to
this, a polyhedron P C R" is called a binary formulation of X if X = PN {0,1}". Thus,
we allow P to contain non-binary integer points, i.e., we only require P to separate X
and {0,1}"\ X. Note that by using this definition, we do not allow the introduction of
auxiliary variables, i.e., we analyze the encoding X in its original space.

To measure the strength of an integer formulation P, different measures like integrality
gaps [1, 2, 7| or the Hausdorff distance of P and conv(X) [4] have been discussed in the
literature. In this paper, we use a different measure that is based on lattice refinements
and which is described in Section 2. To answer Question (Q1), we derive a lower bound on
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Ficure 1. Illustration of an odd (3,2)-wheel. The nodes of the clique are colored black.

the maximum ratio lail/|a;| of non-zero coefficients a;, a; in the inequalities a'xz < B of an
integer formulation Ax < b of X, the so-called p-value of Ax < b. We focus on this measure
because it is invariant under rescaling inequalities and we are not relying on a normalization
assumption such as all coefficients being integral and relatively prime. In Section 3, we
discuss a natural decomposition of binary formulations to answer Question (Q2). Based on
this decomposition, we exactly characterize the minimum size of any binary formulation
of X with bounded coefficients. All results are illustrated by several examples.

2. LOWER BOUNDS ON COEFFICIENTS IN STRONG BINARY FORMULATIONS

Concerning (Q1), the strongest IP formulation of X C {0,1}" consists of facet defining
inequalities of conv(X). However, since the coefficients in facet defining inequalities can
be exponentially large, these inequalities might be impractical. To avoid this, one may not
require to cut off all points outside conv(X) but only the points contained in the refined
integer lattice £, that is generated by %ei, i € [n] == {1,...,n}, where e; is the i-th
standard unit vector and A € Zi~g.

Definition 1. Let X C {0,1}" and let A € Z~(. An integer formulation Az < b, x € [0, 1]
of X is called a %—relaxatz’on if for each T € {O, %, %, el %}n the relation Az < b,z € [0, 1]
holds if and only if Z € conv(X).

n
n

Note that %—relaxations are standard integer formulations and %—relaxations converge to
conv(X) as A approaches infinity. Thus, %—relaxations refine classical integer formulations:
the larger A the stronger the inequalities in such a formulation. Thus, there is hope to
find A such that the inequalities in a %—relaxation are strong and their p-values are small
in comparison to facet defining inequalities.

Example 2. Every X C {0,1}" admits a l-relaxation with ternary coefficients (i.e.,
{0, £1}-coefficients) via box constraints x € [0, 1]" and infeasibility cuts

dwi+ Y (l-z)<i'z—1, ze{0,1}"\X. (1)
0

i x;=1 i T;=

Example 3. An odd (k,()-wheel is an undirected graph Gi that consists of a cycle C of
length 2k + 1 and a clique K (disjoint from C') of size ¢ such that every node in K is
connected with every node in C', see Figure 1 for an illustration. Denote the node set and
edge set of C' by Vo and E¢, respectively, and let Vx be the node set of K. It can be
shown that the stable set polytope P of Gﬁ is completely described by

x(Vo)+ kx(Vk) <k, (2a)
Ty + 2, +2(Vg) <1, {u,v} € Eg, (2b)
0<x, <1, ve VoUVg, (2¢)

where z(S) abbreviates ) ;¢ x; for § C [n].

We claim that the system S given by (2b), (2c) and z(Ve) < k is a 3-relaxation of P.
Note that the feasible region of S contains the points fulfilling (2). Thus, it suffices to prove
that every x € {0, %, 1}VeUVk fulfilling S is contained in (2). To see this, distinguish the

three cases for z(Vi) € {0, 3,1} that are possible by (2b). If 2(Vk) = 0, then (2a) reduces
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to #(Ve) < k, which is contained in S. If z(Vk) = 1, then (2a) simplifies to X (V) < 0,
which is also implied by summing (2b) (which is contained in S) for every {u,v} € E¢
k

and rescaling the result by 3. Finally, if (V) = 4, then (2a) reduces to z(Ve) < £.

Moreover, (2b) in S simplifies to x,, + x, < % Since z € {0, %, 1}VeUVk at most one of
and z, attains value %, while the other attains value 0. Since C is an odd cycle, at most k
nodes in Vi can attain value % Hence, z(Vg) < % As a consequence, S implies validity
of x € {0, 5,1}V¢YV& in (2), proving S is a 3-relaxation of P.

Below, we will see, however, that there exist sets X C {0,1}" whose p-value is expo-
nentially in n for every %—relaxations even if A = 2. Thus, this paper shows that strong
inequalities need exponentially large coefficients in general.

To be able to prove this result, we derive a lower bound on the p-value of %—relaxations.
This lower bound requires the concept of dilations of polyhedra. The A-dilation of a
polyhedron P is the polyhedron AP = {A\z : x € P}. Since the points in {0, %, e %}”
correspond to the points in {0, 1,...,A}", there is a natural correspondence between %—
relaxations of X and integer formulations of the A-dilation A conv(X) of conv(X).

Observation 4. Let X C {0,1}". Then Az <b, z € [0,1]" is a }-relaxation of X if and
only if Az < Ab, x € [0, A\]" is an integer formulation of A conv(X).

To prove that any %—relaxation of X C {0,1}" has inequalities with large p-value, it

thus suffices to show that any integer formulation of Aconv(X) contains an inequality
with large p-value. For this reason, we investigate the p-value of integer formulations first.
Afterwards, the results are applied to %—relaxations via Observation 4.

2.1. INTEGER FORMULATIONS OF NON-BINARY SETS

In Example 2, we have seen that every X C {0,1}" has a binary or integer formulation
with ternary coefficients. If X is not binary but an arbitrary subset of Z™, it may not
admit an integer formulation at all. This is exactly the case if conv(X)NZ" # X. For this
reason, we call X C Z" polyhedrally representable (or polyhedral for short) if there exists a
polyhedron P C R™ with X = PNZ".

In contrast to binary sets, general polyhedral sets X C Z"™ may not admit an integer
formulation with bounded coefficients. The reason for this is that conv(X) for polyhedral
sets X C 7Z" might have adjacent vertices z!, 2% with strongly deviating entries, i.e.,
|z} — 22| > ]3331 - :cj2| for some i, j € [n]. Hence, it is intuitive that inequalities whose
coefficients have almost the same size cannot cut off all infeasible integer points that are
close to the edge connecting ! and 22. To make this intuition precise, Theorem 6 below
gives sufficient conditions to estimate the ratio of coefficients in an integer formulation.
Note that for binary sets the described behavior cannot appear since binary points differ
either by 0 or 1 in each coordinate.

Let X C Z™ be polyhedrally representable. In the following, we derive a lower bound
on the p-value of integer formulations Az < b of X, i.e., a bound on the maximum ratio
of non-zero coefficients in inequalities of Az < b. To find such a bound for a general
set X C Z", define u; == max{x; : = € X} and ¢; := min{z; : = € X}, where we
define u; = oo and ¢; = —oo if X is unbounded in direction e; and —e;, respectively. Then
[l u] ={zx e R" : ¢; <z <wy, i€ [n]} is the smallest box containing X. Moreover, we
call an inequality that is valid for conv(X) trivial if it is z; < w; or —x; < —¥; for
some i € [n]. Given a polyhedron P C R™ we say that it has a bounded direction if there
exists d € R™ with

—oo <min{d 'z : z € P} <max{d'z: z € P} < oo.

Note that every direction d € R™ is bounded if P is a polytope.
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In the proof of our lower bound, the following folklore result is essential. For the sake
of completeness, we present a proof.

Lemma 5. Let P C R"” be a full-dimensional polyhedron with m facets and let Az < b be
the linear inequality system consisting of all facet defining inequalities. Then every valid
inequality ¢ x < § for P that supports P in at least one point can be written as a conic
combination of facet defining inequalities, i.e., there exists A € R’} such that

¢l =2TA and 5=)\Tb.

Moreover, if P has a bounded direction, every valid inequality for P has such a represen-
tation.

Proof. Let ¢ € R™® and § € R. The inequality ¢z < ¢ is valid and supports P if and only
if 6 = max{c'x : Az <b, x € R"}. By LP duality, this means

§ = min{)\Tb AN A=c", Ne R},

proving the first part of the assertion.
To show the second part, observe that an inequality ¢’z < § can only be valid for P
if ¢ is contained in the normal cone of a face of P. That is, we can generate ¢'z < ¢’ by

(i) finding a conic combination of facet defining inequalities generating a supporting
valid inequality ¢'z < § and
(ii) adding the redundant inequality 0 < ¢’ — d to this inequality.
By the first part the proof, we always find a conic combination generating ¢'z < §
in (i). If we further require the existence of a bounded direction d € R"™, note that
61 = min{d"z : z € P} < max{d'z : x € P} = & as P is full-dimensional.
Since —d'z < —§; and d'z < §, are supporting, there exists a conic combination of

facets generating these inequalities. Extending the conic combination of ¢'z < § by (g:gl
times both these combinations, yields the desired inequality
6 —4 )
ez + (d'z—d'z) <5+ (02 — 1) & clz<d,
02 — 01 02 — 01
proving the second assertion. O

Theorem 6. Let X C Z™ be polyhedral such that P := conv(X) is full-dimensional with
bounded direction, let Az < b be a facet description of P, and let z € ([{,u] NZ"™) \ P.
Further, let Ax < b be the facet inequalities of P that are violated by T, let m be the number
of rows of Ax < b, and 5 := AT — b. Assume there exist distinct i*, 7* € [n] such that
(1) sign(Ag) = sign(Agy) # 0 for every s, s' € [m] and t € {i*, j*},
(2) |Ayi+| > 53, for every k € [m],
(3) Tir > Uy,
(4) Zjx — Lj» > max{s, : k€ [m]},
(5) Tj» < uj, and
(6) for every non-trivial facet defining inequality a'x < B not in Az < b we have
sign(a;) € {0,sign(Ay,)}, t € {i*,7*}, and a' (T + sign(Ayj«)ej+) < 3.
Then every inequality ¢’z < § valid for P that cuts off T fulfills c;x, cjx #0 and
i S min{|Agi«| — 5, : k € [m]}
leje| — max{|Agje| + 5k 1 k€ [m]}

Proof. By rescaling, we assume the inequalities Az < b to have integral coefficients be-
cause P is integral. Let L,U C [n] be the index sets for that x; > ¢; and z; < wu;,
respectively, define facets of P, and let A’z < b’ be the subsystem of Az < b containing
all inequalities except box constraints and inequalities in Az < b. Let m be the number
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of inequalities in A’z < ’. As P is a full-dimensional polyhedron with bounded direction,
the left-hand side of each valid inequality ¢z < § for P has a representation

c= N NTALY =S

i€l i€l
where A € R, A € RT, ut € RY, and i~ € R%, see Lemma 5. In particular,
ci=MAL+ATA; + pwi —p; and &= MV + AT+ pt Tu— e, (3)

where A.; denotes the i-th column of a matrix A and we define ,u;r and p; tobe0ifi ¢ U
and i ¢ L, respectively. B B

Let ¢z < 6 be a valid inequality that cuts off Z and let 5 := AZ — b > O be the
amount by which Z violates the inequalities in Az < b. Since Az < b contains the only
facet defining inequalities of P that cut off Z, Ay > 0 for at least one k € [m] in any
facet representation of ¢'x < §. Moreover, if i* and j* are defined as in the theorem,
§ > O implies Z;« > £+~ by Property 4. To prove the assertion, we discuss a lower bound
on [c;+| first. W.l.o.g. assume Ag+ > 0 for one (and thus every) k € [m] by Property 1.
Because of (3) and the assumption that sign(a;«) € {0,sign(A14+)} for every non-trivial
facet inequality a 'z < B of P, the estimation

3 T % U xT _
Cir @ )\TAfi* + AT A+ ,ul'-'l — [l > AN A — [
is valid. Furthermore, Z can only violate inequality c¢'x < ¢ if its slack § — ¢! Z is negative.
Since Az < b contains the only facet inequalities with a negative slack, we thus need
pgm (Tie — Lix) < X (AZ —D) = X5, (4)
by (3) i.e., the weighted slack of —x;» < —/;+ is smaller than the weighted surplus of
Az < b. Then,
— (4) -+ - A5 Property 3 ___ _ _
cir >N A — s > AT Ay — 2 MNA—ATs>0,
Tix — Lix

where the last inequality holds by Property 2 and non-negativity of X\. Thus, ¢;+ # 0.
Second, we derive an upper bound on the absolute coefficient lcj+]. W.lo.g. we can
assume A.j» > 0 by Property 1. Analogously to (4), one argues that

o (e — ) < XT5 and  pf (ujpe — Z2) + AT (Y - A'Z) < A5 (5)

are necessary for ¢'x < § to cut off Z. Further note that

5) _ _
fje (Tjx — L) (<) A5 <max{s : ke[m]}-A"1

ffj* —_ 6]* Mf (6)
max{5; : k€ [m]} 7"

s A1>
Because sig_n(qj*) € {0,sign(Aj+)} for every non-trivial facet defining inequality a'z < 3
and cj« = AT A jx + )\TAfj* + uj* — p1j. holds, we have
ST 4 T -
Jeje | < max{A" Ay + XA+ pg (7)
Moreover,
_ _ (6) Tiw — Lix
T T j J - -
Asx2>A1 > e > ks
7= max{s, : k€ [m]} Hye =y

where the first estimation is valid by integrality and positivity of fl.j* and the last estima-
tion holds by Property 4. Consequently,

>

Cjx = X\TA.J'* -+ )\TA,]* =+ /Lj; — ILLJ_* > S\TA.]'* — Mj_* >0
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and thus |cj«| < AT A +)\TA’ +M] by (7) and |c;+| > 0. Finally, (5) and non-negativity
of ,uj; in particular imply
+ Ay T/t /=
P < As— 2T - A'z) (8)
since Z;» < uj= by Property 5.
Combining the found upper and lower bounds, yields the assertion
’CZ‘*| > S\T(A.i* — 5) Q) S\T(A.i* — §)
‘Cj*| B E\T;Lj* + )\TA{j* + ,u;.t - S\TA‘]'* + )\TA{]-* + S\Tg — )\T(b/ — A/f)
- A (A —3) - min{ A+ — 8 : k € [m]}
- MTA o +2T5 ~max{Ay» + 38 : k€ [m]}’

where the third inequality holds because A’ (T+ej) < b’ by Property 6. In particular, note
that we do not divide by 0 since § > O and Ay~ > 0 by assumption. Thus, the assertion
follows by replacing Ay« and Ay« by their absolute values. g

Remark 7. If P has not a bounded direction, Theorem 6 remains true if we require the
inequality ¢' 2 < § to support P.

Geometrically, the assumptions on the sign of coefficients ensure that X is monotone in
direction sign(Ay;)es, t € {i*,j*} within [/, u]. Moreover, Properties 2-5 guarantee Z to be
sufficiently far from the boundary of [, ], while its excess § is not too large.

2.2. EXAMPLES

Using Theorem 6, we can show that certain integer sets do not admit integer formulations
with small p-value. In the following, we focus on knapsack sets {z € Z} : a'z < B} that
have the divisibility property a; | a;4+1 for all ¢ € [n— 1], where we use the same notation for
parameters (i*, j*, and §) as in Theorem 6. Knapsack examples are of particular interest
if we try to enhance an existing integer formulation Az < b via enhancing its single row
relaxations.

Lemma 8. Let a € Z'} have the divisibility property and let 8 € Zy. If ap, < B3, the
only facet defining inequality of P = conv{z € {0,1}" : a'xz < B} that cuts off the
point & = (| 2] — &4 1er +ep is

ai

n a B
!
w4 Y ey < | | (9)
(=2
Proof. In [19] it is shown that P is completely characterized by the inequalities
~ ay B
j —_ < |— 5 | € ; 10
AP o] e (10)
=j+1

as well as z; > 0 for all ¢ € [n]. However, not all of these inequalities may define facets
of P. To prove the assertion, we have to show that (i) z fulfills all of these inequalities
except (10) for parameter j = 1 and (ii) (10) for parameter j = 1 defines a facet of P.

To show the first point, we observe that all entries of T are non-negative. Hence, Z
fulfills all non-negativity constraints. Moreover, T cannot violate Inequality (10) for j > 2,

because the left-hand side evaluates to ‘;—ZL € 7, which is not greater than % Thus,

on < L J holds. Finally, z violates Inequality (10) for parameter j = 1 since

n
a
0] )
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Consequently, the first claim holds. Now the second claim follows immediately. Since (10)
and non-negativity constraints provide a complete linear description of P and (10) for
parameter j = 1 is the only inequality in this description that is violated by z, (10)
for j = 1 cannot be generated by other inequalities. Thus, it has to define a facet of P. [

Proposition 9. Let a € 7% have the divisibility property and let 3 € Zy. Provided
Lﬁj —2 > 0andl < ay <an < B, every integer formulation of X = {reZ : a'z < B}

a1
contains an inequality ¢'x < § such that Z—: > a"/“Tl_l for distinct i*, j* € [n].

Proof. Consider the point z = (L%J — % +1)e1+ep as defined in Lemma 8 and let i* = n
as well as j* = 1. To prove this result, we use Theorem 6, i.e., we have to check
whether its requirements are fulfilled. Due to Lemma 8, the only facet defining inequality
of P:=conv(X) is (9) with excess § = 1. Moreover, the coefficients of z; and z, are
positive in (9). Thus, Condition 1 holds.

Since the lower bounds ¢; of all variables x; are 0 and the (implicit) upper bound of z;
is u; = LG%J, we have Z,, = 1 > /,, as well as
f1—51:<LﬁJ—al+l>—021:§, T

o) o (I5] -2+ <[] =wu

because 8 > a, and a1 < a,, respectively. Furthermore, the coefficient of x; in (9) is 1,
and thus, not smaller than 5. Hence, Conditions 2-5 hold.

Finally, since the coefficient of 1 is 0 in all inequalities (9) except for j = 1, we cannot
violate any non-trivial facet defining inequality different to (10) by increasing Z; by 1.
Thus, all requirements are fulfilled, showing that every integer formulation of X contains
an inequality ¢’z < § with 2;—: > M/"Tl_l O

Example 10. Consider the knapsack set X defined by Z?:Jrll 2i=1 x; < 2", Proposition 9
shows that every integer formulation of X contains an inequality whose coefficients diverge
at least as 251, i.e., the p-value of any integer formulation of X is at least 22—_1

2
Example 11. Let X; = {z € 27 : Y 27 1g; > 27} for j € {2,...,n—1}. Then P =
conv(X) is completely described by z; > 0, i € [n], and > 7_, 2" a; + 27 D1 i > 27,
see [21].

Consider the incidence vector & = x/([j]) of [j], which is contained in the smallest box
containing P. The only facet defining inequality of P that is violated by Z is the non-trivial
inequality

J n
ELT:ESB & —ZQi_lxi—Qj Z xi§—2j
i=1 i=j+1
whose excess w.r.t. T is 5 = 1.

For i* = j and j* = 1, we check |a;+] = 2771 > § and Z» = ; > 0 (Properties 2-3).
For j*, note Zj» —{j» =1 > 5 and Z;» = 1 < uj» = oo (Properties 4 and 5). Because there
is exactly one non-trivial facet inequality (and this inequality is violated by Z), Property 6
trivially holds. Since Property 1 holds obviously on the only non-redundant inequality,
the requirements of Theorem 6 except the existence of a bounded direction are fulfilled,
showing that every integer formulation consisting of supporting inequalities, cf. Remark 7,

e
. . . . . 21" —1_1q B/2—1 i
contains an inequality whose coefficients diverge as Sm— =3 € Q(27).

The examples show that there exist sets X C Z" that do not admit integer formulations
with constant or polynomially bounded p-value. This is in contrast to binary sets, which
always admit integer formulations with {0, +1}-coefficients, e.g., via infeasibility cuts (1).
In Section 2.4, we will see that similar results hold if we refine binary formulations of
sets X C {0,1}" to ;-relaxations.
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2.3. GENERALIZATIONS AND SPECIAL CASES

In the following, we discuss a special case that simplifies the requirements of Theorem 6
as well as a generalization. If X C Z! is monotone, i.e., x € X implies that every y € Z'}
with y < x is also contained in X, the coefficients of every non-trivial facet defining
inequality are non-negative, cf. [22, Section 9.3]. Thus, the last condition of Theorem 6
can be simplified.

Corollary 12. Let X C Z" be polyhedral such that P := conv(X) is full-dimensional with

bounded direction, let Ax < b be a facet description of P, and let & € ([{,u] NZ"™) \ P.

Using the same notation as in Theorem 6, assume Conditions 1-5 of Theorem 6 as well as

(6°) for every non-trivial facet defining inequality a'xz < B not in Ax < b we have
CLT(E' + Sign(Alj*)ej*) < 5

hold for two distinct indices i*, j* € [n]. Then every inequality ¢z < & walid for P that
cuts off T fulfills c;=, cj» # 0 and

|cix| S min{’[}ki*’ — 5 : ke m]}
|cj+| ™ max{|Apj+[ + 5k : k€ [m]}

Even if restricted to monotone sets, a critical property is that a' (Z + sign(Ay«)e;+) < 8
holds for every non-trivial facet defining inequality @'« < § that is not violated by Z. In
particular, this means that if there exists a non-trivial facet inequality that is fulfilled by &
with equality, the coefficient aj« has to be zero. This requirement is very restrictive. For
this reason, we describe in the remainder of this section a generalization of Theorem 6 that
allows to treat this case.

To this end, we have to extend our notation of facet defining inequalities. Given a
polyhedron P C R”, we assume in the following that Ax < b is a facet description of P
with m rows. For aset I C [m], we denote by A;x < by the subsystem of Az < b containing
the inequalities whose row indices are contained in I. For a point € Z", we define the
partition L U E U G of [m] such that

Az < by, Apz =bg, AaT > ba
holds.

Theorem 13. Let X C Z" be polyhedral such that P = conv(X) is full-dimensional with
bounded direction, let Ax < b be a facet description of P, and let & € ([(,u] NZ"™)\ P.
Let 5 .= AgZ — bg. Assume there exist distinct i*, j* € [n] such that Conditions 1-5 from
Theorem 6 as well as
(67) for every non-trivial facet defining inequality o'z < B in Apx < by we have
sign(a;) € {0,sign(Agt)}, t € {i*,5*}, and aT(a? + sign(Agj~)ej+) <

hold. Then every inequality ¢z < § wvalid for P that cuts off T fulfills cix, cj» #0 and

;% 1 A % — S . 7 T ;%
|cix| > min {mln{\f};ﬂ ] s_k ke [77_1]}+)\ Ap; }
lcjx| 7 aer® Lmax{|Apj+| + 51 : k € [m]} + AT Agjs

Proof. The proof is almost the same as for Theorem 6. The only difference is that we have
to take more care about facet defining inequalities of P that are fulfilled with equality
by Z. For this reason, we provide the refined estimations only.

First, as in the proof of Theorem 6, we have to find a lower bound on |¢;+|. Again we
assume sign(Ag) = 1. Let A € R?". Then

3) _ _
cir Z N Ar + ik — i = A AL + ApAge + Ao Aci + il — s
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Using Inequality (4), we find

T T QAN T Aq's
Cix > )\EAEl* +AgAGi* — Uy > AEAE%* + AGAGi* I ———

Ti* — éi*

> )\gAEi* —I—)\gAGi* — )\GTE.

Second, to find an upper bound on |¢;j«|, we assume sign(Ag;+) = 1. In complete analogy
to the proof of Theorem 6, one can show that

Cjx < )\IALJ'* —+ )\EAEJ-* + AEAG]'* —+ 'u;r*

Third, we have to refine Inequality (8). Since by — ApZ = O, we immediately get
from (8)

AL;F* < )\GTE—)\LT(bL—ALi’). (11)
Combining the found bounds yields the assertion:
’Ci*‘ > >\(T;(AGZ* — 5) + )\gAE’L*
(1>1> MNo(Agir — 8) + AL A

)\EAG]'* + )\EAEj* + )\—lL—ALj* + )\GTE — )\LT(bL - AL:Z‘)
Ao(Agir —3) + AL Api

ANoAGj + a5+ AL AR

min{Agi» — 5 : k€ G} Mg 1+ ALApi-

>
~ max{Ag»+ 5, : k€ G}- Ao ' 1+ /\gAEj*
min{Ag;« — S : k€ G} + /\GlTn ')\gAEi*
N max{Agi+ + S, : k€ G} + /\GlTﬂ ')\EAE'j*
_ min{Ag — 5 k€ G} + X;AE,-*
maX{Aki* + 5. : ke G} + XEAE]'*
1 ko T S . ~T el
> min {mm{AkZ 5, ke G} 4+ A\gAp; }

S\ERE max{Aki* +35,: k€ G} + S\EAEj*

O

We are now able to handle facet defining inequalities that are fulfilled by Z with equality.
The price we have to pay, however, is that we no longer have a concrete lower bound on
the p-value. Instead, we need to solve an optimization problem to find the lower bound.

2.4. STRENGTHENED INTEGER FORMULATIONS OF BINARY SETS

In the following, we demonstrate that %—relaxations with coefficients of constant size do
not exist in general by discussing two examples. In particular, such relaxations may have
an exponential p-value even if A = 2 and X is a knapsack set. Thus, even in this simple
case, there is no positive answer to (Q1). To prove these results, we use Theorem 6 and
Observation 4.

To state our examples, we consider special (generalized) knapsack polytopes, so-called
symresacks for “monotone and ordered permutations”, which have been investigated in [13].
Valid inequalities for these polytopes can be used to cut off binary vectors that are lex-
icographically smaller than their permutation w.r.t. «, and thus, as symmetry handling
inequalities for binary programs, see [13] for more details.

The feasible region of these symresacks can be defined by a sequence k1, ..., k; of integers

greater or equal to 2 with Y7 ; k; = n. Let s; = 23;11 k;. Then, the vertices of the
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symresacks form the set

q sitki—
X = {x efo,1": -3 Z on—(+1)y 2(2”—&'—1 _gnsimhiyg < 0}.
i=1 j=s;+1 i=1

If, for example, k; = 2 for all i € [g], the knapsack inequality describing X simplifies and
we get
q q
X' = {x € {0, l}n D= ZQn—2i$2i_1 + ZQn—Qix% < 0},
i=1 i=1
the so-called orbisack, which has also been investigated in [15, 18].
In [13], a complete linear description of P = conv(X) is derived: Let ¢ € [¢] and
let k € {0,1,2,3}7 such that x; € {1,2,3} for all i € [¢ — 1] and k; = 0 otherwise. For each
such k, define a vector & = a(k) € RY via

0, ifi>0
1 ifi=0-1,
o =
‘ i1, ifi<f—1and Ki+1 #+ 3,

ki+1 [e7AN ifi</f—1and Kir1 = 3.

With the aid of this vector, define an inequality o'z < § by

0, if k; € {0,1}, .
i {0,1} 0, ifr; € {0,2},
Qs +k; = < Oy, it k; =2, and a; = : (12)
itki J (7% lf Kj S {133}7
(k)i — l)ai if R; = 3,

where @ € [q and j € [n]\ {si + ki : i € [q]}, and B = 3 ;1. ,—0 @i Using these
definitions, a complete linear description of P is given by box constraints and

¢
Tsptky — Tsptr + Z ajxrj < B (13)
j=1

for every r € [ky — 1], ¢ € [q], and every choice of « fulfilling the above requirements.
If k1 > 3, Inequality (13) defines a facet of P if and only if k1 € {2, 3}, see [13]. Moreover,
if k; = 2, then it defines a facet if and only if k1 = 3. Thus, due to the definition of «, the
coefficients in facet defining inequalities can be exponentially large in this case.

Example 14. In the following, we show that each %—relaxation of P needs exponentially
large coefficients, provided k; > 3 for all i € [¢ — 1] and k; — kg—1 = 2. To this end, we use
Theorem 6 to find bounds on the p-value of integer formulations of the 3-dilation of P, cf.
Observation 4.

Consider the point £ = 1+e,. Since all entries of T are either 1 or 2, no trivial inequality
of the 3-dilation can be violated. The slack of the 3-dilation of (13) is

S:=30- Tsptky T Tsptr — Zajxj_g/@_T_Za’]7

7=1

where 7 = 1 if £ = ¢ and 0 otherwise. To find bounds on the violation, we distinguish the
following cases:

(1) If &y = 3 for all i € [£ — 1], we have > %L, a; = 0 since ag, 44, = —Zj’t]f 1 aj

by (12) if k; € {0,3}, and 5 = 0. Thus, S = —7 in this case. That is, (13) is only
violated if £ = g. Otherwise, the inequality is fulfilled with equality.
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(2) If k; € {1,3} for all i € [¢{—1] and there exists r € [{—1] with k,, = 1, we have § =0

and
Sy sr+kr—1
> 4< ), < -2an
j=1 j=sr+1
because coefficients associated with x; = 3 cancel out (compare Case 1) and coeffi-
cients associated with x; = 1 are non-positive and coincide on {s;+1, ..., s;+k;—1}.

Thus, S > —7+ 2, > —1+ 2 = 1, showing that no facet defining inequality for
such k can be violated. In particular, its slack is at least 1.
(3) If k; € {1,2,3} for all ¢ € [¢ — 1] and there exists r € [¢ — 1] with k, = 2, we have

s¢
Sus Y =0
7j=1 i Kki=2
because the sum of coefficients for x; € {1,3} is at most 0, see the previous cases,
and only ag, tr, is non-zeroon {s;+1,...,s;+k;} if k; = 2. Hence, S =35—7—0 >
23 —1 > 1. Thus, also in this case the slack is at least 1 and no inequality can be
violated by Z.
For this reason, the only facet defining inequality violated by Z is the inequality associated
to s = 3-x([g — 1]). In the following, we refer to this inequality as @' < 0. Recall that
5=a'z =1 from the first case. To find bounds on the p-value of inequalities in an integer
formulation of 3P N Z™, we use Theorem 6. Choose i* = k1 and j* = n. Then,
(1) sign(ai«),sign(a;+) # 0.
(2) laix| # 0 since k1 € {2,3} for every facet defining inequality, see above. Hence,
lai«| >1=35.

of 3P fulfills sign(a;) € {0, sign(as)} for every t € {i*, j*}. Further, as the coefficient

of 2 is 0 for each inequality with £ # ¢, we have a' (Z + e;+) = a' Z < 33. Finally,

if ¢ = g, the coeflicient of z;~ in a'xz < Bis 1 and the slack of a'z < 38 w.r.t. Z is

at least 1 by Cases 2 and 3. Hence, T + ej» cannot violate a'z < 38.
Consequently, all requirements of Theorem 6 are fulfilled, which shows that every inequality
in a %—relaxation of X cutting off Z has an inequality ¢z < 6 with p-value

|Ci*‘ Ay, — 1 _ Ak, — 1

For the special case where k; = 3 for every i € [q — 1], this implies

|Ci*| > 3(1—27 ]. o 3n/3_2* 1
e+l = 2 2

Example 15. Using Theorem 13, we demonstrate that the orbisack X’ needs inequalities
with exponentially large p-value in any %-relaxation. To this end, consider z = 1 + e,.
This point is contained in the smallest box containing the 2-dilation 2P of P := conv(X").

As in Example 14, we find bounds on the slack

-1 -1 -1 -1
S =2p4+Tp1—Tpn— Z a25—122j—1 — g agjToj =2 —7— g a2j—1T2j—1 — Z azj T

j=1 j=1 j=1 j=1
of facet defining inequalities different to box constraints, where again 7 = 1 if £ = ¢
and 7 = 0 otherwise. Analogously to Example 14, we distinguish the following three cases.
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1) If k;, = 3 for all ¢ € [¢ — 1], we have tl agi—1 = -1 as; since the coefficient
=1 1

1=
of x9,_1 and x9; is the same if x; € {0,3}, and = 0. Thus, S = —7 in this case.
That is, (13) is only violated if £ = g. Otherwise, the inequality is fulfilled with
equality.

(2) If k; € {1,3} for all i € [(—1] and there exists r € [{—1] with k, = 1, we have § =0

and

-1 -1
E ai—1 + Zam = Z agi—1 = — Z Qi
i=1 i=1

i k=1 i k=1

because coefficients associated with x; = 3 cancel out (compare Case 1) and co-
efficients associated with x; = 1 are non-positive. Thus, S = —7 + ), i1 Qi
Consequently, due to the definition of a and (12), the inequality has a slack of at
least 1 provided that

o L€ lg—1],

e /=qgand {ie[{—1]: ki =1} >2, or

e /=qgandmax{i e [{—1]: ki =1} <n—1
Otherwise, i.e., £ = ¢ and the only l-entry of x is entry n — 1, the inequality is
fulfilled with equality.

(3) If k; € {1,2,3} for all i € [¢ — 1] and there exists r € [¢ — 1] with x, = 2, we have

-1 -1
Zazz'—1 +Za2i < Z ag; = Z a; = f3,
i=1 i=1

i k=2 i k=2

because the sum of coefficients for k; € {1,3} is at most 0 and ag;—1 = 0 if k; = 2.
Hence, S > 28 —-717—-0=0—-7=>_ a; — 7. Thus, the inequality has a slack
of at least 1 provided that

o lefg—1],

el/=qand |[{ie[l—1]: kij=1ork;=2}>2, or

e /=qandmax{t € [{ —1] : k; =2} <n—1.
Otherwise, i.e., £ = ¢, no entry of x attains value 1, and the only 2-entry of & is
entry n — 1, the inequality is fulfilled with equality.

1 k=2

For this reason, the only facet defining inequality of P that is violated by Z is the inequality
associated to & = 3 - x([¢ — 1]). The only inequalities that are fulfilled by equality are the
ones associated to kK —eg—1 and K — 2e4—1. To find bounds on the p-value of a %—relaxation
of X', choose i* =1 and j* = n — 1. Conditions 1-5 are easily verified as the slack of the
only violated facet defining inequality is 1. Thus, it remains to argue that Condition (6”)
holds. Since the coefficient of every non-trivial facet defining inequality for variable x,_1
is —1 or 0, decreasing Z, by 1 cannot violate any inequality that has a positive slack.
Thus, all conditions are met and we have to take the following three inequalities for the
bound of Theorem 13 into account (which are the only ones that are violated or fulfilled
with equality by ):

q—1 q—1
k=3-x(lg—1)): —Tp—1+ Ty — Z 2(1717@%21‘_1 + Z 2(171713321' <0
i=1 i=1
q—2 q—1
k=3-x([g—1]) —eg-1: —Tp_1+xpn+Tp_2— Z 2972 g9 1 + Z 20727 g9 < 2
i=1 i=1
q—2 q—1

k=3 -x([g—1]) —2e4-1: —Tpn1+Tp —Tp3— Z 2072 g, 1 + Z 2072 g, < 0.

i=1 i=1
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Thus, Theorem 13 implies for any inequality ¢’z < § contained in a %—relaxation of X'
that

lal o {
> min
len—1] — xeRrZ

2072 1+ (M + Ag)Qq‘?’}

2‘1—2—1+/\2‘1—3} - 20-2 _ 1
14+14+ X+ X -

= min {
AeR 4 2 + A 2

since the derivative of the last term w.r.t. A is positive on R4. That is, every %—relaxation
needs an inequality with p-value in Q(27) = Q(2/?).

Consequently, the p-value of inequalities in %—relaxations can be exponentially large

even if A = 2. Thus, strong integer formulations need exponential coefficients in general.
In particular, these result show that strong inequalities handling symmetries of a single
permutation are typically numerically unstable.

3. DECOMPOSITIONS OF BINARY FORMULATIONS

In the previous section, we have seen that there exist X C {0,1}" such that the p-value
of any of its %—relaxations is exponentially large if A > 2. In practice, however, it might
be possible to drop some of these inequalities since they are irrelevant for solving an
optimization problem. Below, we formalize this idea for that we need a suitable partition
of the infeasible binary points X¢ := {0,1}" \ X. Afterwards, we use this decomposition
to provide answers to Questions (Q1) and (Q2). We assume X C {0,1}" throughout this

section.

3.1. THE DECOMPOSITION

Let G,, = (Vu, Ey,) be the undirected graph defined by the 1-skeleton of the hyper-
cube [0,1]". Define GX to be the subgraph of G,, induced by X¢, i.e., remove all nodes
in X from V,, and all edges from E,, that have an endpoint in X. A connected component
of G contains all those nodes © € X¢ that are reachable from a node y of GiX by only
using edges of [0, 1]" that do not contain nodes from X. Denote with ;X the node sets of
the connected components of G5\

Proposition 16. Let K1, Ko € KX be distinct and let z° € conv(K;), i € {1,2}. Then
any valid inequality for conv(X) that cuts off ' cannot cut off x2.

To prove this proposition, we need the following lemma.

Lemma 17. Let a'x < /3 be violated by the null vector O and the all-one vector 1. Then
there exists a path from O to 1 in Gy, such that every vertex along this path violates a' x < 8
as well.

Proof. Assume w.l.o.g. that a; > a;11, i@ € [n — 1]. Let k be the number of entries
in @ that are non-negative. Then, 8 < a'O = 0 < a([1]) < a([2]) < --- < a([k]) and
B<a'l=a(n]) <a(ln—1]) <--- < a([k +1]). Hence, O and x([i]), i € [n], which form
a path from O to 1, violate the inequality, proving the assertion. ]

We are now able to provide the missing proof.

Proof of Proposition 16. Due to convexity, it is sufficient to prove the statement for points
z! € Ky and 2> € Ky. We use induction over n. For n = 1, the assertion clearly holds.
Thus, assume the statement holds for dimensions less than n.

Let Ky, Ko € ICT)L( be distinct, and let ' € K; and 22 € Ks. For the sake of con-
tradiction, suppose there is an inequality a'x < 3 valid for conv(X) that cuts off z!
and 2. Let I :== {i € [n] : x} = 27}. Consider the face F of [0,1]" that is defined via
F =conv({z € {0,1}" : z; =z}, i € I}). If F is a non-trivial face of [0,1]", we can use
the induction hypothesis to show the assertion since F is (isomorphic to) [0, 1]*~ I and 2!,
x? € F. If F =10,1]", we can assume w.l.o.g. that ! = O and 22 = 1 by complementing
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v~

FIGURE 2. Illustration of on-/off-constraints. Left: Integer points in two 3-dimensional
polytopes (black vertices). Right: The feasible points w.r.t. on-/off-constraint.

variables. Now, Lemma 17 implies that there exists a path in G, from z' to x? that is
completely cut off by a'z < . This is a contradiction to the fact that 2! and 22 lie in
different connected components of GX. O

Corollary 18. Let X C {0,1}" and let Px be a 5-relazation of K¢ = {0,1}"\ K, where
K € KX. Then Ngexx Px is a ;-relazation of X.

In the following, we present two applications of Corollary 18.

Example 19. Consider the multilinear term z(x) = z; - - - 2. The graph of z over {0,1}"
is the set X = {(z,2) € {0,1}"*! : 2z = 21---2,}. The infeasible binary points w.r.t. X
are T = (1,...,1,0) and the points x(/ U{z}) for every I C [n]. Since every neighbor of =
is feasible, the infeasible region of X¢ decomposes into 2 connected components. Thus, %—
relaxations of X can be found by combining %—relaxations for both connected components.
Example 20. Another application of Corollary 18 are on-/off-constraints. Consider two
systems Az < b and Cz < d of linear inequalities and an additional variable z € {0,1}"
that controls which of both systems is active, i.e., the set

X ={(z,2) €{0,1}"" . Az <bifz=0and Oz < dif z = 1}.
The set X can be interpreted as the binary points contained in the convex hull of the sets
Po={(z,0): Az <b, z€{0,1}"} and P ={(z,1): Cx<d, z€{0,1}"}.

Depending on the structure of infeasible points w.r.t. P; in {(z, z) € {0,1}"*! : 2 = i},
the infeasible region of X can decompose in several connected components, see Figure 2
for an illustration.

A particular example is the graph of a multilinear term. The convex hull of the graph
is described by the following inequalities, see [11]:

n
Zmign—l—f—z,
=1

z <z, i € [n],
0<uz <1, i € [n].
The z-variable controls whether the x-vector is contained in {z € {0,1}" : 17z <n — 1}
(z=0)or {1} (z=1).
Remark 21. In 3], it is shown that conv(X) = (\x¢xx conv(K¢). However, we cannot

use this result to show Corollary 18 in the case of conv(X) being full-dimensional, because
we cannot directly deduce that every valid inequality (generated by conic combinations of
facet defining inequalities) cuts off points from at most one set K € K;X.
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3.2. COEFFICIENT REDUCTION AND INCREMENTAL DECOMPOSITION

In practice, one is often not only interested in finding a strong binary formulation for a
set X, but also in solving a linear optimization problem over X. Thus, it is natural to
extend Question (Q1) to strong binary formulations P that are adapted to an objective
w € R™. That is, instead of requiring P N {0,1}" = X, we demand

argmax{w 'z : € PN{0,1}"} C argmax{w 'z : X}.

Suppose we already have a point £ € X at hand in this situation. If we can show
that max{w'z : = € K} < w'Z, it is not necessary to cut off component K in an
adapted %—relaxation of Corollary 18. Thus, it might be possible to find an adapted %—
relaxation whose p-value is small although X may have exponentially large p-values for
any %—relaxation since the only inequalities with large coefficients are necessary to cut
off K. Of course, in its generality this approach is only of theoretical interest. In certain
applications where the structure of ICff is accessible, however, it might be of practical
relevance.

If ICX contains a single component only, Corollary 18 does not simplify the structure of
binary formulations of X. If we solve InaX{wT:U : x € X} incrementally, however, we can
use the previous idea to benefit from Corollary 18: If we know & € X, we can classify all
binary points = with w'z < w'Z as feasible, i.e., we remove some part of the infeasible
region. This might split some components in ;X into several subcomponents that may
be easier to analyze than the original large components. Possible applications for this are
precedence constrained knapsack problems [6, 17, 20].

Example 22. Consider the precedence constrained knapsack problem
max{x] + 2xo + 3+ 224 : 221+ 202+ 223+ 14 <5, 1 > X9, T2+ 23 > x4, T € {0, 1}4}

whose feasible region is shown in Figure 3. In this figure, we assume that the vertices x
of the inner cube have x4 = 0 and the vertices of the outer cube x4 = 1. The O-vertex of
the inner cube is the lower left corner in the front, and z1-, xo-, x3-directions are to the
right, to the back, and to the top, respectively. Note that the infeasible region consists of
a single connected component.

Since 21 and x3 are not precedence constrained and fit into the knapsack, (1,0,1,0)7 is
a feasible solution with objective 2. Thus, we can declare all points in the infeasible region
whose objective is at most 2 as feasible as we already know a feasible point with this
objective. This splits the infeasible region into two connected components, see Figure 3.

3.3. MINIMUM SIZE OF BINARY FORMULATIONS WITH BOUNDED COEFFICIENTS

Another consequence of Corollary 18 is that we can determine the minimum size of a
binary formulation or %—relaxation with bounded coefficients, and thus, provide an answer
to question (Q2). To keep terminology simple, we refer to binary formulations only, but all
results directly apply to %—relaxations (provided relaxations with the specified requirements
exist). Let ¢ be a positive integer. A binary formulation Az < b of X with integral
coefficients is called c-binary formulation if |A;;| < c for every entry (i,j) of A. The
smallest number of inequalities in a c-binary formulation of X is called c-binary formulation
complezity, denoted bfc.(X). Due to Corollary 18, we immediately have

bfce(X) = ZKGK%( bce(K°). (14)

Thus, we can answer Question (Q2), provided we know bfc.(K¢) for all K € KX. In
general, finding these numbers is quite complicated. Nevertheless, we can use (14) to
provide lower bounds on bfc.(X) by finding lower bounds on bfc.(K¢).
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Ficure 3. Illustration of the incremental optimization approach. Left: The feasi-
ble/infeasible region of the knapsack problem of Example 22. Right: The infeasi-
ble/feasible region if declaring infeasible points with objective at most 2 as feasible.
The objectives of the solutions are given next to the corresponding points.

A very simple lower bound on bfc.(K¢) is 1. Thus,
bfc.(X) > |KX|. (15)

Note that for deriving (15), we did not take any assumptions on the coefficients into ac-
count. That is, (15) provides a lower bound on the size of any binary formulation of X. Be-
sides this combinatorial bound, there is also a geometric lower bound on the size of integer
formulations via hiding sets [16]. For X C Z", a set H C (aff(X)NZ") \ conv(X) is called
a hiding set if for any two distinct points =, y € H we have conv({z,y}) N conv(X) # @.
In [16] it is shown that every integer formulation of X C Z"™ (if it exists) needs at least |H|
inequalities.

Remark 23. If X C {0,1}" consists of all vectors with an odd/even number of 1-entries
or Y C {0, 1}2*" consists of all matrices with two different rows, the hiding sets constructed
in [16] are representative systems of K% and lC?,X", respectively. Using these results,
(15) shows that bfc.(X) > 27! and bfc.(Y) > 2". Thus, there exist sets whose binary
relaxation complexity is exponential in n.

Note that the hiding set bound is applicable in a more general setting than the bound (15)
because it allows X to be any integer point set. Moreover, the hiding set bound for a
set X C {0,1}" given by a maximum cardinality hiding set cannot be weaker than the
bound (15) since conv(X) separates the points in different connected components of X¢
within [0,1]™. Hence, for distinct K, Ky € Ki and any ! € K; and 22 € K> we have
conv({z!,2?}) Nconv(X) # @. Thus, any representative system of the components in IC;X
is a hiding set for X. However, (15) may be easier to use since finding large hiding sets
may be hard. Moreover, if we find better lower bounds vk on bfc.(K¢), the lower bound

bfc.(X) > ZKGKX Vi (16)

might be strictly stronger than the hiding set bound because it takes further properties
into account.

Remark 24. The above argumentation for deriving (16) remains valid if we replace
bounded coefficients by other properties of sets of inequalities that are invariant under
taking sub- or supersets and that are relevant in practice, e.g., sparsity [8, 9] or bounded p-
value. Since we decompose or combine different binary formulations in the above discussion,
polynomial time separability is not a suitable property, because the class of polynomially
separable valid inequalities may not be closed under taking sub- or supersets, cf. [12].
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The answer to Question (Q2) provided by (14) is rather abstract. For the important
case ¢ = 1, i.e., the case of 1-binary formulations, we discuss a more concrete answer in
the remainder of this section, provided the sets K € KX define (generalized) independence
systems. The case ¢ = 1 is of particular interest because ternary inequalities are numerically
very stable and such inequalities have a simple combinatorial interpretation (after flipping
variables, they are essentially cardinality constraints).

Let F be a finite set and let Z C 2F. The pair (F,Z) is called independence system
if @ € Zand I’ € T for every I' C I € Z. The sets in Z are called independent, sets
in 2\ T dependent. The minimally dependent sets are called circuits of Z. The rank of
aset I € ZTisr(I):=max{|l'| : I' CI, I' € T}. Every independence system (F,Z)
can be encoded as the set consisting of the incidence vectors x(I) € RF of sets I € Z,
that is, X = {x(I) € {0,1}" : I € T}. By abuse of naming, we call X C {0,1}" an
independence system if there exists an independence system ([n],Z) such that X = X[In}.
A set X is called generalized independence system if flipping some variables z; — 1 — z;
turns X into an independence system.

A binary formulation of X£ is given via rank inequalities YicrTi <r(I), I C F. Note
that the rank formulation has the same size as the formulation via infeasibility cuts in
Example 2. However, the rank formulation might be stronger, since rank inequalities can
cut off more than one infeasible binary vector. Moreover, it is not necessary to consider
all rank inequalities. Below, we will see that a circuit C with |C] = k+1 (call it a (k+1)-
circuit) can only be cut off by a rank inequality of a set I with r(I) = k. Thus, if Ry is
the set of all sets of rank k, it suffices to find a selection Rj, C Ry, that covers all (k + 1)-
circuits, i.e., for every (k + 1)-circuit C' there exists I € R} with C' C I, to obtain a
binary formulation of Xf . In fact, this result can be used to find a minimum size 1-binary
formulation of an independence system.

Theorem 25. Let S = (F,Z) be an independence system and let vy, k € [|F|], be the
minimum number of sets I C F of rank k that are necessary to cover all (k + 1)-circuits

of S. Then bfey (XE) = I,f:ll V.
To prove Theorem 25, we need the following results.

Lemma 26. Let S = (F,Z) be an independence system, let I C F be a circuit of S, and
let k = |I|. Then every rank inequality that separates XX and x(I) has right-hand side k.

Proof. Assume there exists a set J of rank ¢ # k such that the corresponding rank inequal-
ity is violated by z := x(I). Then ) .. ;Z; > £ — 1. On the one hand, if £ < k, this means
that there exists a proper subset of I of cardinality ¢ which is dependent, contradicting
the minimality of I. On the other hand, if £ > k, we have

Z 1:Zfi>€—12kzz.@,
ieJNI ieJ el

which is impossible because J NI C I. [l

Lemma 27. Let S = (F,T) be an independence system and let I € 28 \Z. If I' C I is a
circuit of S, then every |I'|-rank inequality that cuts off x(I') also cuts off x(I).

Proof. Follows by non-negativity of the coefficients in rank inequalities. O

Hitherto, we only used inequalities with non-negative coefficients to define a binary
formulation of Xf and one may wonder whether it is possible to reduce the number of
inequalities if we also allow (—1)-coefficients. In fact, the next lemma shows that we
can restrict ourselves to non-negative coefficients. To show this, we define for a given
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vector a € {0,+1}", the vector
- 1, ifa; =1,
a; = .
0, otherwise.
Lemma 28. Let S = (F,Z) be an independence system and let o' x < 3, a € {0, £1}", be
a valid inequality for Xf that cuts off at least one binary point. If a contains at least one

negative entry, a' x < f3 is a valid inequality for Xg and it dominates a'x < B on {0,1}",
i.e., ifa'x < B cuts off a binary point, then also a'x < f8 does.

Proof. Let & € {0,1}F'\ X£ that is cut off by 'z < 3. Then

z>0
i S n- Y &2 S
B<a z= T — z; < Tj=a Z.
1

Jjra;=1 Jjraj=— Jjra;j=

Consequently, Z is also cut off by @' z.
Thus, it remains to prove validity of the new inequality. Let I, == {i € F : a; = 1}
and I_ :={i € F: a; = —1}. Then

aTa::Z:ci—ingﬁ and dT:c:ingﬁ.

iely iel_ iely

If the latter was not valid, there would exist # € XX N {0,1}" such that dier, Ti > B
Further, by monotonicity of S, we can assume w.l.o.g. that Z; = 0 for all ¢ € I_. But
then Z is also cut off by a'z < 8, contradicting the validity of a' 2 < 3. Hence, the newly
derived inequality has to be valid. O

Now, we can proceed with proving Theorem 25.

Proof of Theorem 25. Let Az < b be a 1-binary formulation of Xf of minimum size. Then
every inequality in Az < b cuts off at least one point in X¢. By Lemma 28 we can assume
that all coefficients in A are 0 or 1. Moreover, we may assume w.l.o.g. that b is integral,
because otherwise, we can strengthen the inequalities by rounding down fractional entries
in b. Hence, for every inequality o'« < § in Az < b the support of a has to be a set of
rank 5 and o'z < f is the corresponding rank inequality.

If the assertion was false, there would exist k£ € [|F|] such that Az < b contains less
than v, k-rank inequalities. By the definition of v, and Lemma 26, however, this means
that there exists a circuit of size k that cannot be cut off by any inequality in Az < b,
contradicting that Ax < b is a binary formulation of Xf . Consequently,

|F|

bey(XF) > v
k=1

Thus, it suffices to provide a 1-binary formulation of Xf of the specified size to prove the
assertion. To this end, let R}, C Ry, cover all circuits of size k. Then the rank inequalities
for R € R), cut off all circuits of X{ of size k + 1. Since every dependent set contains
at least one circuit, Lemma 27 implies that all dependent sets are cut off by at least one
hyperclique inequality for hypercliques in R}, k € [|F|]. Thus, the assertion follows by
choosing the sets R} minimally. g

Example 29. Consider the set X of incidence vectors of stable sets of an undirected
graph G = (V, E). A classical binary formulation is given via edge constraints:

X={zec{0,1}V: z,+2, <1, {u,v} € E}.

Since the right-hand sides of inequalities in this 1-binary formulation are all 1, every circuit
of X is an edge of G. Thus, Theorem 25 shows that every 1-binary formulation of X of
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minimum size consists of 1-rank inequalities only. Since sets of rank 1 are exactly the
cliques in GG, the minimum size of a 1-binary formulation is the smallest number of cliques
that are necessary to cover all edges (circuits) of G. Computing this number is NP-hard,
see [10, Problem GT17|.

For knapsack sets X = {z € {0,1}* : a'2 < f8}, the size of general binary formu-
lations and 1-binary formulations differs probably by the largest amount: bfc(X) = 1,
while bfci (X) can be exponential in n. A more concrete characterization of bfc; (X) than
the one in Theorem 25 is based on the number of extensions of certain circuits |5, 23|
(so-called strong covers). For example, the orbisack in Example 15 has 2”2 strong covers,
which can be seen by using the characterization of minimal covers in [13]. In general,
however, computing the number of strong covers might be complicated. To estimate this
quantity, a lower bound on bfc; (X) based on subsets of strong covers is provided in [14].

4. CONCLUSIONS AND OUTLOOK

Concerning (Q1), we derived a lower bound on the p-value of %—relaxations based on
properties of facet defining inequalities of Aconv(X). In particular, we have seen that
any %—relaxation may have an exponential p-value, while binary sets always admit 1-binary
formulations. This emphasizes the special role of %—relaxations of binary sets w.r.t. their
coefficients. The requirements for proving our lower bound for integer formulations, how-
ever, are very restrictive. The question arises whether other bounds with less restrictive
prerequisites can be found, and in particular, whether there exists a bound that is indepen-
dent from facet defining inequalities. For example, as mentioned above, it is intuitive that
sets X C Z™ may need inequalities with strongly deviating coefficients if adjacent vertices
of conv(X) differ much in one component but less in another. Thus, one may wonder
whether partial knowledge on edges (or higher dimensional faces) of conv(X) suffices to
derive bounds on the coefficients in integer formulations.

Moreover, even if the prerequisites of Theorem 13 are fulfilled, the obtained bounds may
be weak if there are a lot of inequalities in Apx < bg. Consequently, refined methods have
to be developed to be able to derive good bounds also in this case. This, however, is out
of scope of this paper and is left for future research.

To answer (QQ2), we provided a combinatorial characterization of bfc.(X). If all compo-
nents in K’ are (generalized) independence systems, we can exactly characterize bfci(X).
If one component is not a generalized independence system, however, a combinatorial char-
acterization of bfcy(X) is open and it would be interesting to investigate whether such a
characterization exists in general. Moreover, an open question is whether the concept of
strong covers for knapsacks can be generalized to arbitrary independence systems to provide
a combinatorial characterization of vk in Theorem 25. Further, it is interesting to analyze
the impact of other practically relevant properties on the size of binary formulations, e.g.,
sparsity or different bounds on the coefficients.

Acknowledgment The author thanks Marc E. Pfetsch for helpful comments on an earlier
version of this paper helping to improve its presentation.
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