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Abstract

Logic-based modeling can result in models that are more natural
and easier to debug. The addition of logical constraints to mixed inte-
ger programming need not sacrifice computational speed and can even
enhance it if the constraints are processed correctly. They should be
written or automatically reformulated so as to be as nearly consis-
tent or hyperarc consistent as possible. They should also be provided
a tight continuous relaxation. This chapter show how to accomplish
these goals for a number of logic-based constraints: formulas of propo-
sitional logic, cardinality clauses, 0-1 linear inequalities (viewed as log-
ical formulas), cardinality rules, and mixed logical/linear constraints.
It does the same for three global constraints that are popular in con-
straint programming systems: the all-different, element and cumulative
constraints.

Models cannot be considered apart from their clarity and computational
tractability. This becomes evident when one considers the purposes of mod-
eling. In the broadest sense, a model is a simply a description or graphic
representation of some phenomenon. But historically models have often
been written in a formal or quasi-formal language, for two major reasons:
(a) to elucidate the structure of the phenomenon by describing it in a precise
and limited vocabulary, and (b) to allow one to compute consequences of the
model. The classical transportaion model, for example, not only displays
the problem as a network that is easy to understand, but it puts the problem
in a form that can be solved very efficiently with the transportation simplex
algorithm.

Optimization modeling has generally emphasized ease of computation
more heavily than the clarity and explanatory value of the model. (The
transportation model is a happy exception that is strong on both counts.)



This is due in part to the fact that optimization, at least in the context of
operations research, is often more interested in prescription than description.
Practitioners who model a manufacturing plant, for example, typically want
a solution that tells them how the plant should be run. Yet a succinct and
natural model offers several advantages: it is easier to construct, easier to
debug, and more conducive to understanding how the plant works.

This chapter explores the option of enriching mixed integer programming
(MILP) models with logic-based constraints, in order to provide more nat-
ural and succinct expression of logical conditions. Due to formulation and
solution techniques developed over the last several years, a modeling enrich-
ment of this sort need not sacrifice computational tractability and can even
enhance it.

One historical reason for the de-emphasis of perspicuous models in op-
erations research has been the enormous influence of linear programming.
Even though it uses a very small number of primitive terms, such as linear
inequalities and equations, a linear programming model can formulate a re-
markably wide range of problems. The linear format almost always allows
fast solution, unless the model is truly huge. It also provides such analysis
tools as reduced costs, shadow prices and sensitivity ranges. There is there-
fore a substantial reward for reducing a problem to linear inequalities and
equations, even when this obscures the structure of the problem.

When one moves beyond linear models, however, there are less com-
pelling reasons for sacrificing clarity in order to express a problem in a
language with a small number of primitives. There is no framework for
discrete or discrete/continuous models, for example, that offers the advan-
tages of linear programming. The mathematical programming community
has long used MILP for this purpose, but MILP solvers are not nearly as
robust as linear programming solvers, as one would expect because MILP
formulates NP-hard problems. Reletaively small and innocent-looking prob-
lems can exceed the capabilities of any existing solver, such as the market
sharing problems identified by Williams [32] and studied by Cornuejols and
Dawande [15]. Even tractable problems may be soluble only when care-
fully formulated to obtain a tight linear relaxation or an effective branching
scheme.

In addition MILP often forces logical conditions to be expressed in an
unnatural way, perhaps using big-M constraints and the like. The formu-
lation may be even less natural if one is to obtain a tight linear relaxation.
Current solution technology requires that the traveling salesman problem be
written with exponentially many constraints in order to represent a simple



all-different condition. MILP may provide no usable formulation at all for
important problem classes, including some resource-constrained scheduling
problems.

It is true that MILP has the advantage of a unified solution approach,
since a single branch-and-cut solver can be applied to any MILP model
one might write. Yet the introduction of logic-based and other higher-level
constraints no longer sacrifices this advantage.

The discussion begins in Section 1 with a brief description of how solvers
can accommodate logic-based constraints: namely, by automatically con-
verting them to MILP constraints, or by designing a solver that integrates
MILP and constraint programming. Section 2 describes what constitutes
a good formulation for MILP and for an integrated solver. The remaining
sections describe good formulations for each type of constraint: formulas of
propositional logic, cardinality clauses, 0-1 linear inequalities (viewed as log-
ical formulas), cardinality rules, and mixed logical/linear constraints. Sec-
tion 8 briefly discusses three global constraints that are popular in constraint
programming systems: the all-different, element and cumulative constraints.
They are not purely logical constraints, but they illustrate how logical ex-
pressions are a special case of a more general approach to modeling that
offers a variety of constraint types. The paper ends with a summary.

1 Solvers for Logic-Based Constraints

1.1 Two Approaches

There are at least two ways to deal with logic-based constraints in a unified
solver.

e One possibility is to provide automatic reformulation of logic-based
constraints into MILP constraints, and then to apply a standard MILP
solver [25]. The reformulation can be designed to result in a tight linear
relaxation. This is a viable approach, although it obscures some of the
structure of the problem. There are specialized inference algorithms
and relaxations (discussed below) that allow for efficient processing
of logic-based constraints. Their existence argues for dealing directly
with the logic-based idiom.

e A second approach is to design a unified solution method for a diver-
sity of constraint types, using the methods of constraint programming



(CP). In fact, CP can be integrated with MILP to obtain hybrid solvers
that accept CP’s diversity of constraints and apply solution techniques
from both CP and MILP. Hybrid approaches have advantages of their
own, since they enable more elegant models as well as faster solution

of many problems. Surveys of the relevant literature on hybrid solvers
may be found in [11, 17, 20, 21, 24, 33].

Whether one uses automatic translation or a CP/MILP hybrid approach,
constraints must be written or automatically reformulated with the algorith-
mic implications in mind. A good formulation for MILP is one with a tight
linear relaxation. A good formulation for CP is as nearly “consistent” as
possible. A consistent constraint set is defined rigorously below, but it is
roughly analogous to a convex hull relaxation in MILP. A good formulation
for a hybrid approach should be good for both MILP and CP whenever
possible, but the strength of a hybrid approach is that it can benefit from a

formulation that is good in either sense.

1.2 Structured Groups of Constraints

Very often, the structure of a problem is not adequately exploited unless
constraints are considered in groups. A group of constraints can generally
be given an MILP translation that is tighter than the combined translations
of the individual constraints. The consistency-maintenance algorithms of
CP are more effective when applied to a group of constraints whose overall
structure can be exploited.

Structured groups can be identified and processed in three ways.

Automatic detection. Design solvers to detect special structure and process
it appropriately, as is commonly done for network constraints in MILP
solvers. However, since modelers are generally aware of the problem
structure, it seems more efficient to obtain this information from them
rather than expecting the solver to rediscover it.

Hand coding. Ask modelers to exploit structured constraint groups by
hand. They can write a good MILP formulation for a group, or they
can write a consistent formulation.

Structural labeling. Let modelers label specially structured constraint groups
so that the solver can process them accordingly. The CP community
implements this approach with the concept of a global constraint, which
represents a structured set of more elementary constraints.



As an example of the third approach, the global constraint all-different(a, b, ¢)
requires that a,b and ¢ take distinct values and thus represents three in-
equations a # b, a # ¢ and b # c¢. The elementary constraints are specified
by passing parameters to the global constraint, in this case the variables
involved. Alternatively, the parameters could simply be a list of the con-
straints in the group. For instance, a global constraint cnf(a V b, a V —b)
can alert the solver that its arguments are propositional formulas in con-
junctive normal form (defined below). This allows the solver to process the
constraints with specialized inference algorithms.

2 Good Formulations

2.1 Tight Relaxations

A good formulation of an MILP model should have a tight linear relaxation.
The tightest possible formulation is a convex hull formulation, whose con-
tinuous relaxation describes the convex hull of the model’s feasible set. The
convex hull is the intersection of all half planes containing the feasible set.
At a minimum it contains inequalities that define all the facets of the convex
hull and equations that define the affine hull (the smallest dimensional hy-
perplane that contains the feasible set). Such a formulation is ideal because
it allows one to find an optimal solution by solving the linear programming
relaxation.

Since there may be a large number of facet-defining inequalities, it is
common in practice to generate separating inequalities that are violated by
the optimal solution of the current relaxation. This must be done during the
solution process, however, since at the modeling stage one does not know
what solutions will be obtained from the relaxation. Fortunately, some
common constraint types may have a convex hull relaxation that is simple
enough to analyze and describe in advance. Note, however, that even when
one writes a convex hull formulation of each constraint or each structured
subset of constraints, the model as a whole is generally not a convex hull
formulation.

It is unclear how to measure the tightness of a relaxation that does not
describe the convex hull. In practice, a “tight” relaxation is simply one that
provides a relatively good bound for a problems that are commonly solved.



2.2 Consistent Formulations

A good formulation for CP is consistent, meaning that its constraints ex-
plicitly rule out assignments of values to variables that cannot be part of a
feasible solution. Note that consistency is not the same as satisfiability, as
the term might suggest.

To make the idea more precise, suppose that constraint set S contains
variables x1, ..., z,. Each variable x; has a domain D;, which is the initial
set of values the variable may take (perhaps the reals, integers, etc.) Let
a partial assignment (known as a compound label in the constraints com-
munity) specify values for some subset of the variables. Thus a partial
assignment has the form

(ijl, e xjk) = (an e vjk)’ where each jg < DJZ (1)

A partial assignment (1) is redundant for S if it violates no constraint in S
but cannot be extended to a feasible solution of S. That is, every complete
assignment

(1,...,2p) = (v1,...,vy), where each j € D;

that is consistent with (1) violates some constraint in S. By convention, a
partial assignment violates a constraint C' only if it assigns some value to
every variable in C. Thus if D; = Dy = R, the assignment x1 = —1 does
not violate the constraint x; —I—:):% > 0 since z9 has not been assigned a value.
The assignment is redundant, however, since there is no feasible solution in
which ©1 = —1. A constraint set S is consistent if there are no redundant
assignments. Thus the constraint set {z1 + 2% > 0} is not consistent.

It is easy to see that a consistent constraint set S can be solved without
backtracking. First assign z; a value v; € D; that violates no constraints in
S. If there is no such value, S is unsatisfiable. Now assign xo a value in vy €
Dy such that (z1,22) = (v1,v2) violates no constraints in S. Consistency
guarantees that such a value exists. Continue in this fashion until a feasible
solution is constructed. The key to this greedy algorithm is that can easily
recognize a redundant partial assignment by checking whether it violates
some individual constraint.

The greedy algorithm can be viewed as a branching algorithm that
branches on variables in the order x1,...,z,. Consistency ensures that no
backtracking is required, whatever the branching order. It is this sense that
a consistent constraint set is analogous to a convex hull formulation. Either



allows one to find a feasible solution without backtracking, in the former
case by using the greedy algorithm just described, and in the latter case by
solving the linear programming relaxation. However, just as a convex hull
formulation for each constraint does not ensure a convex hull formulation
for the whole problem, an analogous fact holds for consistency. Achieving
consistency for each constraint or several subsets of constraints need not
achieve consistency for the entire constraint set. Nonetheless the amount of
backtracking tends to be less when some form of consistency is achieved for
subsets of constraints.

Consistency maintenance is the process of achieving consistency, which
is ordinarily done by adding new constraints to S, much as valid inequali-
ties are generated in MILP to approximate a convex hull formulation. One
difference between CP and MILP, however, is that they generate different
types of constraints. Just as MILP limits itself to linear inequalities, CP or-
dinarily generates only certain kinds of constraints that are easy to process,
primarily in-domain constraints that have the form z; € D;. Here D, is
a reduced domain for x;, obtained by deleting some values from D; that
cannot be part of a feasible solution. Generation of linear inequalities can
in principle build a convex hull relaxation, but unfortunately generation of
in-domain constraints cannot in general build a consistent constraint set (al-
though it can achieve hyperarc consistency, defined below). Since generating
in-domain constraints is equivalent to reducing the domains D;, consistency
maintenance is often described as domain reduction.

Hyperarc consistency (also called generalized arc consistency) is generally
maintained for variables with finite domains. It implies that no assignment
to a single variable is redundant. That is, given any variable z;, no assign-
ment x; = v for v € D; is redundant. Hyperarc consistency is obtained
by generating all valid in-domain constraints and therefore achieves maxi-
mum domain reduction. It can be viewed as computing the projection of
the feasible set onto each variable. A wide variety of “filtering” algorithms
have been developed to maintain hyperarc consistency for particular types
of constraints.

Bounds consistency is defined when the system maintains interval do-
mains [aj, b;] for numerical variables z;. A constraint set S is bounds con-
sistent if neither x; = a; nor z; = b; is redundant for any j. Thus bounds
consistency achieves the narrowest interval domains, just as hyperarc consis-
tency achieves the smallest finite domains. Bounds consistency is generally
maintained by interval arithmetic and by specialized algorithms for global
constraints with numerical variables.



Both hyperarc and bounds consistency tend to reduce backtracking, be-
cause CP systems typically branch by splitting a domain. If the domain is
small or narrow, less splitting is required to find a feasible solution. Small
and narrow domains also make domain reduction more effective as one de-
scends into the search tree.

2.3 Prime Implications

Backtracking can be avoided by recognizing redundant partial assignments.
In consistent constraint sets, redundant assignments can be recognized by
checking whether they violate some individual constraint. Yet there is a
weaker property than consistency that may provide easy recognition of re-
dundant assignments: namely, the constraint set contains all of its prime
implications.

Prime implications, roughly speaking, are the strongest constraints that
can be inferred from a constraint set. A partial assignment can be checked
for redundancy by checking whether it is redundant for individual prime
implications, which may be much easier than checking whether it is redun-
dant for an entire constraint set. For example, it is easy to check that the
partial assignment z; = —1 is redundant for z1 +23 > 0 even though it does
not violate the constraint. In practice a solver would detect redundancy by
applying a domain reduction algorithm to the individual prime implications.

In some cases deriving all prime implications achieves consistency. In
such cases a redundant partial assignment is not only redundant for a prime
implication but actually violates it. This occurs in propositional logic, for
example.

To define the concept of prime implication, suppose constraints C' and
D contain variables in x = (z1, ..., x,). C implies constraint D if all assign-
ments to x that satisfy C' also satisfy D. Constraints C' and D are equivalent
if they imply each other.

Let H be a finite class of constraints with variables in z. For instance,
H might be a set of logical clauses, or cardinality clauses, or 0-1 inequalities
(defined in subsequent sections). Let an H -implication of a constraint set S
be a constraint in H that S implies. Constraint C' is a prime H -implication
of S if C' is a H-implication of S, and every H-implication of S that implies
C is equivalent to C'. The following is easy to show.

Lemma 1 FEvery H-implication of a constraint set S is implied by some
prime H -implication of S.



The next section states precisely how Lemma 1 allows one to recognize
redundant partial assignments.

3 Propositional Logic

3.1 Basic Ideas

A formal logic is a language in which deductions are made solely on the
basis of the form of statements, without regard to their specific meaning.
In propositional logic, a statement is made up of atomic propositions that
can be true or false. The form of the statement is given by how the atomic
propositions are joined or modified by such logical expressions as not (—),
and (A), and inclusive or (V).

A proposition defines a propositional function that maps the truth values
of its atomic propositions to the truth value of the whole proposition. For
example, the proposition

(aV =b)A(-a VD)

contains atomic propositions a, b and defines a function f given by the fol-
lowing truth table:

a b f(a,b)

0 0 1

01 0 (2)
1 0 0

11 1

Here 0 and 1 denote false and true respectively. One can define additional
symbols for implication (—), equivalence (=), and so forth. For any pair of
formulas A, B

A— B =4 -AVB

A=B =gef (A—>B)/\(B—>A)

Note that (2) is the truth table for equivalence. A tautology is a formula
whose propositional function is identically true.
Many complex logical conditions can be naturally rendered in logical



form. For example,

Alice will go to the party only a—c
if Charles goes.

Betty will not go to the party if ~ (aVd) — —b
Alice or Diane goes.

Charles will go to the party ¢ — (=d A —e)
unless Diane or Edward goes.
Diane will not go to the party d— (cVe)

unless Charles or Edward goes.

Betty and Charles never go to the —(bA ¢)
same party.

Betty and Edward are always b=e
seen together.

Charles goes to every party that b — ¢
Betty goes to.

3.2 Conversion to Clausal Form

It may be useful to convert formulas to clausal form, particularly since the
well-known resolution algorithm is designed for clauses, and clauses have an
obvious MILP representation.

Clausal form may be defined as follows. A literal has the form a or —a,
where a is an atomic proposition. A clause is a disjunction of zero or more
literals. (A clause with zero literals is regarded as necessarily false.) A
formula is in clausal form, also known as conjunctive normal form (CNF),
if it is a conjunction of one or more clauses.

Any propositional formula can be converted to clausal form in at least
two ways. The more straightforward conversion requires exponential space
in the worst case. It is accomplished by applying some elementary logical
equivalences.

-FV -G
-F NG

De Morgan’s laws -(F AG)
-(FVG)

Distribution laws F N (GV H)
FV(GANH)

Double negation -—F = F

10



Let F' be the formula to be converted.

Set k=0 and S =0.

Replace all subformulas of the form G = H with (G— H)A(H — G).
Replace all subformulas of the form G D H with -GV H.

Perform Convert (F) .

The CNF form is the conjunction of clauses in S.

Function Convert(F)
If F is a clause then add F to S.
Else if F has the form ——G then perform Convert(G).
Else if F' has the form GA H then
perform Convert(G) and Convert(H).
Else if F has the form —(G A H) then perform Convert(-GV —H).
Else if F has the form —(GV H) then perform Convert(-G A —H).
Else if F has the form GV (H AI) then
Perform Convert(GV H) and Convert(GV I).

Figure 1: Conwversion of F to CNF without additional variables. A formula
of the form (H NI)V G is regarded as having the form GV (H N 1I).

(Of the two distribution laws, only the second is needed.) For example, the
formula

(a AN =b) V =(aV —b)

may be converted to CNF by first applying De Morgan’s law to the second
disjunct,
(aN=b)V (-aAD)

and then applying distribution,
(aV=a)A(aVb)A(=bV —a)A(—bVb)

The two tautologous clauses can be dropped. The precise conversion algo-
rithm appears in Fig. 1.
Exponential growth for this type of conversion can be seen in proposi-
tions of the form
(al/\bl)\/...\/(an/\bn) (4)

The formula translates to the conjunction of 2" clauses of the form Li V...V
L,,, where each L; is a; or b;.

By adding new variables, however, conversion to CNF can be accom-
plished in linear time. The idea is credited to Tseitin [31] but Wilson’s

11




more compact version [35] simply replaces a disjunction F'V G with the
conjunction
({L‘l \/512‘2) A (‘u’lj‘l vV F) A (‘UL‘Q vV G),

where x1, z9 are new variables and the clauses —z1 V F' and —x9 V G encode
implications 1 — F and x9 — G, respectively. For example, formula (4)
yields the conjunction,

(21 V...Van) A N (25 Vaj) A (v bj),
j=1

which is equivalent to (4) and grows linearly with the length of (4). The
precise algorithm appears in Figure 2.

3.3 Recognizing Redundant Partial Assignments

Let a prime H-implication of a constraint set S be a prime clausal implica-
tion when H is the set of logical clauses. The following lemma allows one
to check for redundancy by examining individual prime implications only.

Lemma 2 If H contains all logical clauses, then any partial assignment
that is redundant for a constraint set S is redundant for some prime H -
implication of S. It also violates some prime clausal implication of S.

This is easy to see. If a partial assignment (a;,,...,a;,) = (vi,...,vp)
is redundant for S, then S implies the clause

1—-vp

1—v
a; 'V-Vay (5)
where a? is the literal —a; and a} is the literal a;. So by Lemma 1, some
prime implication P of S implies (5). This means the partial assignment is
redundant for P. Since (5) is a clause, some prime clausal implication C' of

S implies (5). Thus the partial assignment violates C'.
By Lemma 2 and the definition of consistency,

Corollary 1 A constraint set S that contains all of its prime clausal impli-
cations s consistent.

12



Let F' be the formula to be converted.

Set k=0 and S =0.

Replace all subformulas of the form G = H with (G— H)A(H — G).
Replace all subformulas of the form G D H with -GV H.

Perform Convert (F) .

The CNF form is the conjunction of clauses in S.

Function Convert(F)
If F has the form C then add F to S.
Else if F' has the form ——G then perform Convert(G).
Else if F' has the form GA H then
Perform Convert(G) and Convert(H).
Else if F has the form —(G A H) then perform Convert(-GV —H).
Else if F has the form —(GV H) then perform Convert(-GA—H).
Else if F' has the form C'V (G A H) then
Perform Convert(C'V G) and Convert(CV H).
Else if F' has the form C'V ~(GV H) then
Perform Convert(C'V (-G A —H)).
Else if F' has the form CV GV H then
Add CV xp_1Vap_o to S.
Perform Convert(—xy_1V G) and Convert(—xp_oV H).
Set k=k—2.
Else
Write F as GV H.
Add xp_1VTr_o to S.
Perform Convert(—xy_1V G) and Convert(—xp_oV H).

Figure 2: Linear-time conversion to CNF (adapted from [20]). The letter
C represents any clause. It is assumed that F' does not contain variables
T1,L2y .+ -

3.4 Consistent Formulations

Given a set S of clauses, the resolution algorithm derives all prime clausal
implications of S. So by Corollary 1, resolution achieves consistency.

To apply resolution, the propositions in S must first be converted to
clausal form. If each of the two clauses C, D € S contains exactly one
atomic proposition a that appears in the other clause with opposite sign,
then the resolvent of C' and D is the disjunction of all literals that occur in C'
or D except a and —a. For instance, the third clause below is the resolvent

13




While S contains clauses C,D with a resolvent R absorbed by
no clause in S:

Remove from S all clauses absorbed by R.

Add R to S.

Figure 3: The resolution algorithm applied to clause set S.

of the first two.
aVbVe

—a VbV -d (6)
bveV—-d

A clause C absorbs clause D if all the literals of C appear in D. It is
clear that C implies D if and only if C' absorbs D. The resolution algorithm
is applied to a set S of clauses by generating all resolvents that are not
absorbed by some clause in S, and adding these resolvents to S. It repeats
the process until no such resolvents can be generated. The precise algorithm
appears in Fig. 3.

Theorem 1 (Quine [28, 29]) The clause set S’ that results from applying
the resolution algorithm to clause set S contains precisely the prime clausal
implications of S. In particular, S is infeasible if and only if S’ consists of
the empty clause.

Resolution applied to the example problem (3) yields the four prime
implications
—aVc
—b
o @

-e

Charles will go to the party if Alice does, and everyone else will stay home.
The party will be attended by Charles and Alice, by Charles alone, or by
nobody.

The resolution algorithm has exponential worst-case complexity [16] and
tends to blow up in practice. Yet it can be very helpful when applied to
small constraint sets.

Due to Theorem 1 and Corollary 1,

Corollary 2 The resolution algorithm achieves consistency.

14



For instance, (7) can serve as a consistent representation of (3). A number
of additional theorems that relate resolution to various types of consistency
can be found in [20].

Resolution also achieves hyperarc consistency. The domain of an atomic
proposition a can be reduced to {1} if and only if the singleton clause a is a
prime implication, and it can be reduced to {0} if and only if —a is a prime
implication. In the example (3), the domains of b,d and e are reduced to
{0}. Unfortunately, the entire resolution algorithm must be carried out to
achieve hyperarc consistency, so that one may as well aim for full consistency
as well.

3.5 Tight MILP Formulations

The feasible set of a proposition can be regarded as 0-1 pointsin R" as well as
points in logical space. This means one can design an MILP representation
by defining a polyhedron that contains all and only the 0-1 points that satisfy
the proposition. The best MILP representation contains inequalities that
define the facets of the convex hull of these 0-1 points, as well as equations
that define their affine hull.

For example, the proposition a = b has feasible points (0,0) and (1, 1).
Their affine hull is defined by the equation a = b. The convex hull is the
line segment from (0, 0) to (1, 1) and has two facets defined, for example, by
a >0 and a < 1. So we have the convex hull MILP representation

a=1»
a,be{0,1}

The inequalities a > 0 and a < 1 can be omitted because the linear relax-
ation of the MILP formulation replaces a,b € {0,1} with a,b € [0, 1].

To take another example, the clause a Vb has feasible points (0, 1), (1,0)
and (1,1). The facets of the convex hull of these points are a+b >1,a <1
and b < 1. The last two inequalities are again redundant, and we have the
convex hull MILP representation

a+b>1
a,be{0,1}

The inequality a + b > 1 is the only nonelementary facet of the convex hull
(i.e., the only facet other than a 0-1 bound on a variable).

15



One can also derive the inequality a + b > 1 by observing that since at
least one of a, b must be true, the sum of their values must be at least 1. In

fact any clause
VvV ~b;
jEP JEN
can be given the convex hull formulation

aj— > (1-by)>1
jEP JEN
One way to write an MILP formulation of an arbitrary proposition is to

convert, it to clausal form and write the corresponding inequality for each
clause. This might be called the clausal representation. Unfortunately, it is
not in general a convex hull formulation, even if the clause set is consistent.
For instance, the third (and redundant) clause in (6) is not facet-defining
even though the clause set is consistent. Nonredundant clauses in a consis-
tent set can also fail to be facet defining, as in the following example:

aVb at+b>1
aVe at+c>1 (8)
bVe b+ec>1

None of the inequalities defines a facet, and in fact the inequality a4+b+c¢ > 2
is the only nonelementary facet.

Although converting a proposition to clausal form need not give rise to
a convex hull formulation, there are some steps one can take to tighten the
MILP formulation.

e Convert the proposition to clausal form without adding variables.
That is, use the algorithm in Fig. 1 rather than in Fig. 2. As Jeroslow
pointed out [23], the addition of new variables can result in a weaker
relaxation. For example, (aAb)V (aAc) can be converted to the clause
set on the left below (using the algorithm of Fig. 1), or to the set on
the right (using the algorithm of Fig. 2):

1V Ty
a —xr1Va

-x1 Vb
bVve

-2V a

-2 Ve

The relaxation of the first set fixes a = 1, but the relaxation of the
second set only requires that a € [1/2,1].

16



e Apply the resolution algorithm to a clause set before converting the
clauses to inequalities. It is easily shown that resolvents correspond
to valid inequalities that tighten the relaxation. The clausal repre-
sentation of problem (3), for example, is much tighter (in fact, it is a
convex hull formulation) if one first applies resolution to generate the
consistent formulation (7):

A

a<c

b=d=e=0

Resolution can even tighten the relaxation to the point that it is in-
feasible. Consider for example the clause set on the left below, whose
relaxation is shown on the right.

a+b>1
avh (1—a)+b>1
—a Vb
v b a+(1-5b)>1
“av ) (1—a)+(1—b)>1
a,be0,1]

The relaxation has the feasible solution (a,b) = (1/2,1/2). Yet res-
olution reduces the clause set to the empty clause, whose relaxation
0 > 1 is infeasible. This shows that resolution has greater power for
detecting infeasibility than linear relaxation.

e If it is computationally difficult to apply the full resolution algorithm,
use a partial algorithm. For instance, one might generate all resolvents
have length less than k for some small k. One might also apply unit
resolution, which is the resolution algorithm modified so that at least
one clause of every pair of clauses resolved is a unit clause (i.e., consists
of one literal). It can be shown that unit resolution generates precisely
the clauses that correspond to rank 1 Chvétal cutting planes [13].

e To obtain further cutting planes, view the clauses as a special case
of cardinality clauses, and apply the inference algorithm of Section 4
below. This procedure derives the facet-defining inequality a+b+c > 2
for (8), for instance.

Table 1 displays the prime implications and a convex hull formulation of

some simple propositions. For propositions 1-2 and 4-8, the prime implica-
tions correspond to a convex hull formulation. Formula 7 is very common in
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MILP modeling, because it asks one to linearize the relation ab = ¢, which
occurs when condition c is true if and only both a and b are true. One might
be tempted to write the MILP model

c>a+b-1
2c<a+b

The first inequality is facet defining, but the second is not.

The facet-defining inequality for proposition 9 is the smallest example
(smallest in terms of the dimension of the space) of a nonclausal facet-
defining inequality for set of 0-1 points. The inequality of proposition 10 is
the smallest example of a facet-defining inequality with a coefficient not in
{0,1,-1}.

4 Cardinality Clauses

A cardinality clause states that at least k of a set of literals is true. Car-
dinality clauses retain some of the properties of propositional logic while
making easier to model problems that require counting.

4.1 Basic Properties

A cardinality clause can be written
{L1,...,Lp} >k (9)

form > 0 and k > 1, where the L;s are literals containing distinct variables.
The clause asserts that at least k of the literals are true. To assert that at
most k literals are true, one can write

{—|L1,...,—|Lm}2m—k

By convention a cardinality clause (9) with m < k is necessarily false. (9)
is a classical clause if k= 1.
The propositional representation of (9) requires (krf 1) clauses:

\/ L, all JC{1,...,m} with [J|=m —k+1 (10)
JjeJ
It is useful to write cardinality clause (9) in the form A > k, where A is

a set of literals.
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Table 1: Prime implications and convex hull formulations of some simple
propositions. The set of prime implications of a proposition can serve as a
consistent formulation of that proposition.

Proposition Prime Convex Hull
Implications Formulation
1. aVvd aVb a+b>1
a—Db -aVb a<b
a=b -a Vb a=1b
aV b
a— (bVe) —aVbVe a<b+c
(aVb)—c —a Vb a<b
—aVc a<c
6. (aVvVb)=c aVbV-c c<a+b
—aVc a<c
-bVc b<ce
7. (anb)=c —a VbV c>a+b—-1
—aVc a>c
-bVc b>c
8. (a=b)=c aVbVe a+b+c>1
aV bV —c b+c<a-1
—a VbV -c at+c<b-1
—-aV-bVe at+b<c—1
9. (aVbA aVb a+b+c>2
(aV )N aVe
(bVve) bVe
10. (aVbVe)A aVbVe a+b+c+2d>3
(aVd)A aVd
(bvd)A bvd
(cVvad) cVd
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Lemma 3 ([12]) A > k implies B > { if and only if |A\ B| < k — (.

For example, {a, b, c,d, e} > 4 implies {a, -b, ¢, ~d} > 2.

A modeling example might go as follows. A firm wishes to hire one or
more employees from a pool of four applicants (Alice, Betty, Charles, Diane),
including one manager. Only one of the applicants (Betty) does not belong
to a minority group. The firm must observe the following constraints.

At least two women must be hired.  {a,b,d} >2 (i)

At least two minority applicants {a,c,d} > 2 (i)
must be hired.

Only Alice and Betty are qualified  {a,b} > 1 (4i7) (11)
to be managers.

Alice won’t work for the firm unless {—a,c} >1 (iv)
it hires Charles.

4.2 Consistency and Prime Implications

Consistency can be achieved for a single cardinality clause simply by gen-
erating all of the classical clauses it implies, using (10). However, there is
no need to do so, since it is easy to check whether a partial assignment is
redundant for a given cardinality clause (9): it is redundant if it falsifies
more than m — k literals in {L1, ..., Ly, }.

One can achieve consistency for a set S of cardinality clauses by gener-
ating all the classical clauses S implies and applying the standard resolution
algorithm to these clauses. However, this could result in a large number of
clauses.

A more efficient way to recognize redundant partial assignments is to
generate prime cardinality implications of S; that is, prime H-implications
where H is the set of cardinality clauses. Since H contains clauses, Lemma 2
guarantees that any redundant partial assignment for S is redundant for a
prime cardinality clause of S.

Prime cardinality implications can be generated with a procedure one
might call cardinality resolution [18], which is a specialization of the 0-1
resolution procedure described in the next section. Cardinality resolution
generates two kinds of resolvents: classical resolvents and diagonal sums.

A cardinality clause set S has a classical resolvent R if

(a) there are classical clauses Cy, Cy with resolvent R such that each C; is
implied by a cardinality clause in .S, and
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(b) no cardinality clause in S implies R.

Thus either clause below the line is a classical resolvent of the set S of clauses

above the line:
{a,b,c}>2
{—a,c,d} >2
{b,d} > 1
{c} 21

The clause {b,d} > 1, for example, is the resolvent of {a,b} > 1 and

{—a,d} > 1, each of which is implied by a clause in S.

The cardinality clause set S has a diagonal sum {L1,..., Ly} > k+ 1 if

(12)

(a) there are cardinality clauses A; > k for j = 1,...,m such that each
Aj > k is implied by some C; € S,

(b) each A; C {L1,..., L},

(c) Lj ¢ A; for each j, and

(d) no cardinality clause in S implies {Li,..., Ly} > k+ 1.
Consider for example the following set S of cardinality clauses:

{a,b,e} >2
{b,c,e} >2 (13)
{a,c,d} > 1

A diagonal sum {a, b, ¢, d} > 2 of S can be derived from the following clauses
Aj Z k:
{ byecd}>1
{a, ¢, d}>1
{a,b, d}>1
{a,bye, }>1

Note that each clause in (14) is implied by (at least) one of the clauses in S.

The cardinality resolution algorithm appears in Fig. 4. The following
theorem is a special case of the 0-1 resolution theorem stated in the next
section.

(14)

Theorem 2 ([18, 19]) The set that results from applying the cardinality
resolution algorithm to cardinality clause set S contains precisely the prime
cardinality implications of S. Consistency can be achieved for S by applying
cardinality resolution algorithm but generating only classical resolvents in
the course of the algorithm.
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While S has a classical resolvent or diagonal sum R
that is implied by no cardinality clause in S:
Remove from S all cardinality clauses implied by R.
Add R to S.

Figure 4: The cardinality resolution algorithm applied to cardinality clause
set S.

The theorem can be illustrated with example (11). Clauses (ii) and (iv)
yield the classical resolvent

{e} =21 (15)
Each of the following diagonal sums can be derived from (i) and (15):
{a,b,c}>2
{b,c,d} > 2 (16)

Now the clauses (i),(ii) and the two clauses in (16) yield the diagonal sum
{a,b,c,d} >3 (17)

The prime implications of (11) consist of the two clauses (15) and (17).
They say that the firm must hire at least three people, and it must hire
Charles. These prime implications also allow one to recognize all redundant
partial assignments for (11). For instance, the partial assignment ¢ = 0 is
redundant for (and in fact violates) the prime implication (15) but is not
redundant for any of the original constraints (11).

Since diagonal summation is not needed to achieve consistency, it does
not allow one to recognize any additional redundant partial assignments.
For instance, all partial assignments that are redundant for {a,b,c,d} > 2
are already redundant for the clauses in (13). Yet generation of diagonal
sums can accelerate the process of achieving consistency, and it can reduce
the number of constraints one much check to determine whether a partial
assignment is redundant.

A possibly faster way to recognize some redundant partial assignments
is to generate a set 0-1 inequalities that are known to imply resolvents. A
cardinality clause

{al,...,am,—'bl,...,—'bn} Zk‘ (18)

is easily written as a 0-1 inequality:

n

Sa- Y1) >k (19)
j=1

j=1
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It is convenient to say that a 0-1 inequality implies (18) if it implies (19).

Theorem 3 (Barth [8]) All classical resolvents of two cardinality clauses
are implied by the sum of the two corresponding 0-1 inequalities.

An alternative proof of the theorem appears in [20]. As an example, the sum
of the inequalities that correspond to the cardinality clauses in (12) appears

below the line:
a+b+c>2

(I—a)+c+d>2 (20)
b+2c+d>3

Both classical resolvents in (12) are implied by this sum. The sum (20) also
helps one to recognize redundant partial assignments. For example, ¢ = 0
is redundant for b+ 2¢ + d > 3 but not for either of the clauses in (12).

It is easy to check whether a partial assignment

(a:jl,...,xjp) = (v1,...,0p)

is redundant for a 0-1 inequality ax > (. It is redundant if and only if
aZ < (3, where

Vj iij{jl,...,jp}
zj=< 1 ifj&{j,....jp}and a; >0
0 otherwise

Theorem 3 is paralleled by a similar result for diagonal sums, but it does
not assist in the recognition of redundant partial assignments.

Theorem 4 (Barth [8]) Any diagonal sum A > k + 1 of a cardinality
clause set S is implied by the sum of |A| or fewer cardinality clauses in S.

Again an alternate proof appears in [20]. For example, the diagonal sum
{a,b,c,d} > 2 derived from the set S in (13) is implied by the sum of the
three clauses in S, which is

20 +2b+2c+d+2e>5

Theorems 3 and 4 do not in general produce prime implications, because
the sums they describe imply only cardinality clauses that appear in the
first round of resolution.

23



4.3 Tight MILP Relaxations

The single 0-1 inequality (19) is a convex hull formulation of the cardinality
clause (18) [37]. Tighter relaxations can be obtained by applying the cardi-
nality resolution algorithm, in whole or in part, and writing the resolvents
as 0-1 inequalities. Thus the example (11) has the MILP formulation

a+b+c+d>3
c=1
a,b,c>{0,1}

This happens to be a convex hull formulation.

Generating sums as indicated in Theorems 3 does not strengthen the
MILP formulation, even though it strengthens the logical formulation by
excluding more redundant partial assignments.

5 0-1 Inequalities

One can regard 0-1 inequalities as logical propositions as well as numerical
constraints. A 0-1 inequality is a linear inequality of the form ax > o where
each z; € {0,1}. We will suppose that a and each coefficient a; are integers.

There is a large literature (surveyed in [26, 36]) that investigates how
to tighten a 0-1 formulation by adding cutting planes. It is also possible
to write a good 0-1 formulation for logical purposes. In particular there is
a resolution procedure that yields all prime 0-1 implications of a set of 0-1
inequalities.

The 0-1 resolution procedure requires that one be able to check whether
one 0-1 inequality implies another, but unfortunately this is an NP-complete
problem. Checking whether ax > « implies bx > ( is equivalent to checking
whether the minimum of bz subject to ax > a,x € {0,1}™ is at least 3. The
latter is the general 0-1 knapsack problem, which is NP-complete. Due to
this difficulty, 0-1 resolution is most likely to be useful when applied to a
special class of 0-1 inequalities, such as cardinality clauses.

Let a clausal inequality be a 0-1 inequality that represents a logical clause.
Two clausal inequalities resolve in a manner analogous to the corresponding
clauses. A set S of 0-1 inequalities has a classical resolvent R if R is a clausal
inequality and

(a) there are clausal inequalities C, Co with resolvent R such that each C;
is implied by an inequality in S, and
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(b) no inequality in S implies R.
A 0-1 inequality ax > « implies a clause x}’ll VeV x;}: if and only if
the partial assignment (z;,,...,2j) = (1 —v1,...,1 — ) is redundant for
ax > «, which can be checked as described earlier.
To take an example, either clausal inequality below the line is a classical
resolvent of the clauses above the line:
1+ 2w2 + 23 > 2
1 —2x9 +23 >0
X1 Z 1
I3 Z 1

To define diagonal sums, it is convenient to write a 0-1 inequality ax > «
in the form az > § —n(a), where n(a) is the sum of the negative components
of a and ¢ is the degree of the inequality. Thus clausal inequalities have
degree 1. A set S of 0-1 inequalities has a diagonal sum ax > § + 1 + n(a)
if there is a nonempty J C {1,...,n} such that

(a) aj =0for j & J,
(b) there are 0-1 inequalities a/z > § — n(a’) for j € J such that each
a’x > 6 —n(a’) is implied by some inequality in S,
(c) each a’x > (8 +n(a’) satisfies
A aj —1 if j=iand a; >0
ay=4¢ a;+1 ifj=ianda; <0
a; otherwise
(d) no inequality in S implies az > § + 1 + n(a).
Consider for example the set S consisting of
1 +5x0—3x3+x4>4—-3
2v1+4x9—3x3+24>4—3
2x1+5x0 — 223+ x4 >4 —2
2x1 4+ 59 — 313 >4-3

(21)

Note that the inequalities are identical except that the diagonal element in
each is reduced by one in absolute value. Since each inequality in (21) is
implied by a member of S (namely, itself), S has the diagonal sum

2x1+5x0 —3x3+24>5—3
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While S has a classical resolvent or diagonal sum R
that is implied by no inequality in S:

Remove from S all inequalities implied by R.

Add R to S.

Figure 5: The 0-1 resolution algorithm applied to set S of 0-1 inequalities.

in which the degree is increased by one.

The 0-1 resolution algorithm appears in Fig. 5. The completeness the-
orem for 0-1 resolution must be stated carefully, since there are infinitely
many 0-1 inequalities in a given set of variables x = (x1, ..., z,). Let a finite
set H be a monotone set of 0-1 inequalities if H contains all logical clauses
and given any inequality ax > 0 +n(a) in H, H contains all 0-1 inequalities
a'z > ¢' + n(a’) such that |a}| < |a;| for all j and 0 < §" <4,

Theorem 5 ([19]) If H is a monotone set of 0-1 inequalities, the set that
results from applying the 0-1 resolution algorithm to a set S € H of 0-1
inequalities contains precisely the prime H-implications of S.

Again, diagonal summation does not allow one to recognize additional
redundant assignments, although it can reduce the number of inequalities
one must examine to check for redundancy.

6 Cardinality Rules

A cardinality rule is a generalized form of cardinality clause that provides
more expressive power. A cardinality rule has the form

(L1, .. L} >k — {My,..., My} > ¢ (22)

where literals L; and M; contain distinct variables. The rule states that if
at least k of the literals L; are true, then at least £ of the literals M; are
true. It is assumed that m >k >0, n >0, and £ > 1.

No specialized inference method has been developed for cardinality rules,
but a convex hull MILP formulation for an individual cardinality rule is
known. Without loss of generality, assume all literals in (22) are positive:

{ai,...;am} >k —{b1,...;bp} >4 (23)

Any negated literal —a; is represented in the convex hull formulation by
1 — a; rather than a;.
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Procedure Facet({a1,...,am} >k — {b1,...,bn} > 0)
If m>k=1 then
For all i€ {l,...,m} perform Facet(a; — {b1,...,bp} > 0).
Else if n=/¢>1 then
For all je{l,...,n} perform Facet({a1,...,am} >k — b;).
Else
Generate the facet-defining inequality
lar+ - +am)—(m—k+1)(by+...+b,) <Llk-1).
If m >k and n >0 then
For all {i1,...,4m-1} C {1,...,m},
perform Facet({a;,,...,a;, ,} >k — {b1,....bn} > 0).
If />1 and m > 0 then
For all {ji,...,jn-1} C{1,...,n},
Perform Facet({ai,...,m} >k — {bj,,....,b;, ,} >¢—1).

Figure 6: An algorithm, adapted from [37], for generating a convexr hull
formulation of the cardinality rule (23). It is assumed that a;,b; € {0,1} is
part of the formulation. The cardinality clause {a;} > 1 is abbreviated a;.
The procedure is activated by calling it with (23) as the argument.

Theorem 6 (Yan, Hooker [37]) The algorithm of F'ig. 6 generates a con-
vex hull formulation for the cardinality rule (23).

This result has been generalized in [4].

The following example is presented in [37]. Let a; state that a plant
is built at site ¢ for ¢ = 1,2, and let b; state that product j is made for
j =1,2,3. Plant construction must observe the following constraints.

If at least 2 plants are built, {a1,a2,a3} > 2 — {b1,be, b3} > 2
at least 2 new products
should be made.
At most 1 new product should {—ay,-as} > 1 — {=by, =bg, =bs} > 2
be made, unless plants
are built at both sites
1 and 2.
(24)
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The convex hull formulation for the first rule is

2(a1 + a2 +ag) —2(bs + b2 +b3) > 2
7(&14—&2)—()1—[)2—()322
2(&14—&3)—()1—[)2—()322
2(&24—&3)—()1—[)2—()322
a1+a2+a3—2(b1+b2)21
a1+a2+a3—2(b1+b3)21
a1+a2+a3—2(b2+b3)21
ar+az—by—by>1
ay+az —by —b3 >1
ay+az —by—b3 >1
ar+a3—by—by>1
ar+az —by —b3 >1
ay+az —by—bs3 >1
az+as3—by—by>1

as +az —by —bs3 >1

as +az —by —bs3 >1
ai,bjE{O,l}

The convex hull formulation for the second rule in (24) is

21 =a1) = (1 =b1) = (1 —=b2) = (1= b3) 20
21 —az) = (1 =b1) = (1 —=b2) = (1 —=b3) 20
(I-a1)=(1=b1)=(1=b2) >0
(I—a1)—=(1=b1)—(1—b3) >0
(I—a1) = (1—b2) = (1—b3) >0
(I—a2)=(1=b1) = (1=b2) >0
(I1—a2)—(1—=b1) —(1—b3) >0
(I1—a2)—(1—b2) —(1—b3) >0

7 Mixing Logical and Continuous Variables

Very often logical and continuous variables must be combined in a constraint.
A constraint involving continuous variables, for example, may be enforced
only when a certain logical expression is true. One versatile syntax for
expressing such constraints is a conditional constraint:

gla) = Az >b (25)

where g(a) is a formula of propositional logic containing atomic propositions
a = (ai,...,a,). Formula (25) says that Az > a is enforced if g(a) is true.
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It is straightforward for a solver to implement conditional constraints.
The constraint in the consequent of (25) is posted whenever the antecedent
g(a) becomes true in the course of branching and constraint propagation.
The rule is “fired” when the currently fixed atomic propositions a; are
enough to ensure that g(a) is true; that is, when every extension of the
current partial assignment makes g(a) true. It is clearly advantageous to
put the antecedent in clausal form, since this allows one to check whether
every extension makes g(a) true by checking whether the partial assignment
already satisfies every clause. For example, the partial assigment a; = 1
necessarily satisfies the clause set {a1 Vag, a1V as} because it makes a literal
in both clauses true, whereas ao = 1 does not necessarily satisfy the clause
set.

Relaxations can also be generated for conditional constraints, as will be
seen below.

7.1 Modeling with Conditional Constraints

To illustrate the use of conditional constraints, consider a fixed charge prob-
lem in which an activity incurs no cost when its level z = 0 and a fixed cost
F' plus variable cost cx when x > 0. This is normally formulated in MILP
with the help of a big-M constraint:

z= fa+cx
< Ma
x>0,a€{0,1}

where M is the maximum level of the activity and z is the total cost. Binary
variable ¢ is 1 when the activity level is positive and zero otherwise. A
conditional formulation could be written

a—z2>f+cx

a—x=0 (26)
z,z>0

To take another situation, suppose it costs fi to build plant A only, fo
to build plant B only, and f3 to build both plants, where fs # f1 + fo.
The capacities of plants A and B are M, and M, respectively, and total
production is . One might write the total cost z in an MILP by defining
a 0-1 variables a that takes the value 1 when plant A is built, and similarly
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for b. A third 0-1 variable ¢ is 1 when a = b = 1. Thus ¢ = ab, an expression
that must be linearized. The model becomes

z=uaf1 +bfs +c(fs — f1— f2)

c>a+b-—1

a>c

b>c

xz < aMy+ bMy

a,b,ce {0,1}

With a little thought one might realize that the cost constraint simplifies
if a is set to 1 when only plant A is built, and similarly for b = 1, so
that a + b < 1. Also a = b = 0 when ¢ = 1, which can be written with
the constraints a + ¢ < 1 and b+ ¢ < 1. These three inequalities can be
combined into a single inequality a + b 4+ ¢ < 1. This simplifies the model
but sligtly complicates the capacity constraint.

z=afi1+bfa+cf3
a+b+c<1

r < aM,+ bMy + C(Ma + Mb)
a,b,ce {0,1}

A logic-based approach permits one to write the model as it is originally
conceived:

(27)

(

(a/\—|b)—>(IL’SMa7ZZfa)
(maAb) = (z < My, z=fp)
(anb) = (xz < Mg+ My, z = f.)

(28)

7.2 Relaxations for Conditionals

MILP formulations have the advantage that a continuous relaxation is read-
ily available from the model itself, simply by dropping integrality constraints.
However, conditional constraints can trigger the generation of comparable
or even better relaxations.

To obtain a relaxation, however, one must indicate which groups of con-
ditionals imply a disjuncion (a chore that could be done automatically if
desired). A natural way to indicate this is to use an inequality-or global
constraint. The two conditionals (26), for example, imply a disjunction:
either a is true and z > f + cz, or a is false and x = 0. This can be written

inequality-or{ (z > J?-I- cx’) , (x_fl0> } (29)
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Similarly, the conditionals (28) can be written

A —b a N —b —aAb —a A —b
inequality-or ( ¢ >, < Mg |, |z Mp|,|x< Mo+ My (30)
r=2=0
2= fa z2=fp z2=fe

In general inequality-or has the form

inequality-or{ (Af];(g)bl’> e, (Akq;(g)bK> } (31)

Constraint (31) implies a disjunction of linear systems
K
\/ AFz > bF (32)
k=1

that can be relaxed in two ways. The big-M relaxation is

Afp > 08 — ME(1— ), k=1,...,K

K

=1 (33)
k=1

y >0, k=1,..., K

where

M} = bf — min {min{Afz| A} <of'}, all k' # k}

If some M} = oo, then x must be bounded to prevent this. Beaumont [9]
showed that the relaxation (31) simplifies for a disjunction of inequalities

K
\/ akx > by
k=1
where 0 < x < m. The relaxation becomes a single inequality
K k K
a br
— > — —-K+1 34
(i) = 2 e o

where

My, = by, — mkin {H{Tin{af:): lalf <bp, 0<z< m}, all k' # k} (35)

i
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A second relaxation for (32) is the disjunctive convex hull relaxation of
Balas [2, 3]:
Akgk >vhy k=1,.. K

K
xr = Zwk
k=1
K
=1
k=1

y >0, k=1,..., K

The disjunctive convex hull relaxation provides the tightest linear relaxation
but requires additional variables z!, ... z%.
For example, the disjunction in (29) can be written

(—ecx+22>f)V (-2 2>0) (37)

where 0 < z < M (it turns out that no bound on z is needed). To apply
Beaumont’s big-M relaxation (34) we obtain from (35) that M; = f and
My = M. Thus the big-M relaxation is

z > (c—l—%)x (38)

The disjunctive convex hull relaxation (36) of (37) simplifies to
z>fy+ex, 0<y<1 (39)

This is equivalent to the big-M relaxation (38), which is the projection of
(39) onto x, z. For this particular model, the big-M relaxation is as tight as
the disjunctive convex hull relaxation and is simpler.

Sometimes the disjunctive convex hull relaxation is simpler than the
big-M relaxation. Consider for example a problem in which one can install
either of two machines, or neither. Machine A has cost 50 and capacity 5,
while machine B has cost 80 and capacity 10. If z is the total fixed cost and
x the output, the model is

a A —b a b
inequality-or ( _0 ,) , z > 50 , z >80
v 0<z<5) \o<z<10
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The big-M relaxation is
z < 10(y1 + v2)
< 5(2—1y1)
x < 5(1+y2)
2> 50y (40)
z 2 80y2
y1+y2 <1
z,y1,y2 > 0

which projects onto z, z as follows:

z > (40/13)x
z > 162 — 80
0<x<10

The disjunctive convex hull relaxation is simpler than (40):

x < 5y1 + 10y
z < 50y1 + 80y2
ity <1
a,y1,y2 > 0

It is also tighter, since it projects onto x, z as follows:

z > 8x
0<z<10

Typically, however, the disjunctive convex hull relaxation is more compli-
cated than the big-M relaxation.

Finally, the disjunctive convex hull relaxation of the plant building con-
straint (30) is precisely the linear relaxation of (27).

8 Additional Global Constraints

The CP community has developed a large lexicon of global constraints.
Three particularly useful ones are briefly examined here: all-different, ele-
ment and cumulative. All have been studied with respect to both relaxations
and consistency maintenance. A number of hybrid modeling examples using
these and other global constraints may be found in [20].
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8.1 The All-different Constraint

The all-different constraint is ubiquitous in scheduling applications. It is
written
all-different{y1, ..., yx} (41)

where y1,...,yr are variables with finite domains. The constraint states
that y1, ..., yx take distinct values.

The all-different constraint permits an elegant formulation of the travel-
ing salesman problem. The object is to find the cheapest way to visit each
of n cities exactly once and return home. Let y; be the ith city in the tour,
and let c;, be the cost of traveling from city j to city k. The problem can
be written

n
min Z Cysy;
= (42)
subject to all-different{y1, ..., yn}

where y,,11 is identified with y;. (It may be more practical to write the
traveling salesman problem with the cycle constraint [20], since it can be
relaxed using well-known cutting planes for the problem.)

The best-known domain reduction algorithm, that of Régin [30], achieves
hyperarc consistency. Let G be a bipartite graph whose vertices correspond
to the variables yi,...,yr and to the elements (vy,...,v,) in the union
of the variable domains Dy, ..., Dy. G contains an edge (vj, vy) whenever
v € Dj. Hyperarc consistency is obtained as follows. First find a maximum
cardinality bipartite matching on G. For each vertex that is not covered by
the matching, mark all edges that are part of an alternating path that starts
at that vertex. By a theorem of Berge [10], these edges belong to at least one,
but not every, maximum cardinality matching. For the same reason, mark
every edge that belongs to some alternating cycle. (An alternating path
or cycle is one in which every second edge belongs to the matching.) Now
every unmarked edge in the matching belongs to every maximum cardinality
matching, by Berge’s theorem. One can therefore delete all unmarked edges
from G that are not part of the matching. The reduced domains D; contains
values vy, for which (z;, v;) is a remaining edge.

For example, consider the constraint all-different(yi, . . ., y5) in which the
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initial domains are as shown on the left below.

Dy = {1} — {1}
Dy = {2,3,5} — {2,3}
Ds = {1,2,3,5} — {2,3}
Dy ={1,5} — {5}

Ds ={1,2,3,4,5,6} — {4,6}

The algorithm reduces the domains to those shown on the right.
The convex hull relaxation for all-different is known for the case when the
variables have the same domains, even if it is rather weak and exponentially

long [20, 34]. Let each domain D; be a set {¢1,...,t,} of numerical values,
with ¢; < ... < t,. A convex hull relaxation of (41) can be written as
follows:

n n

2T =Dt

j=1 j=1

] (43)
> ozp>> "ty all Je{1,...,n} with [J] <n
jed j=1

For example, consider all-different{y;, y2,y3} with domain {15,20,25}.
The convex hull relaxation is

y1+y2+ys =60
y1+y2 > 35
y1+ys =35
y2 +ys = 35
Y1, Y2, Y3 = 15

8.2 The Element Constraint

The element constraint selects a value to assign to a variable. It can be
written
element(y, (v, ...,vp), 2) (44)

If the value of y is fixed to 7, the constraint fixes z to v;. If the domain D,
of y is larger than a singleton, the constraint essentially defines a domain
for z:

ze{v; | i€ Dy} (45)

The current domain D, of z can also be used to reduce the domain of y:

ye{i|lvieD.} (46)
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If the values v; are numerical, there is an obvious convex hull relaxation for
(44):
min{v; | i € Dy} < z <max{v; | i € Dy} (47)

The element constraint is particularly useful for implementing variable
indices, an example of which may be found in the objective function of the
traveling salesman problem (42). A constant with a variable index, such as
vy, may be replaced by the variable z and the constraint (44).

An extension of the element constraint implements variable indices for
variables:

element(y, (x1,...,2,), 2) (48)

If y is fixed to 4, the constraint posts a new constraint z = x;. Otherwise
the constraint is essentially a disjunction:

\ (z =)

i€D,

Hyperarc consistency can be achieved for (48) as follows [20]. Let Dy,
D.,, D, be the current domains, and let Dy, D,, and D, be the reduced

domains. Then ~
D.=D.n |J D,
ieDy

Dy = Dyn{i|D.N Dy, # 0} (49)
D — D, if D, = {i}
“ | Dg; otherwise

Disjunctive relaxations may be derived for (48) using the principles of
the previous section. It is proved in [20] that (48) has the following convex
hull relaxation when all the variables z; have the same upper bound mg:

Yo <2< Y ai— (IDyl = )mg (50)

1€Dy 1€Dy,

When each z; < m; one can write the relaxation

1 .

ST —]:< Y Z 4Dy -1
m " y

i€Dy " i€Dy " (51)
1 T;

dYo— |z > ——IDy+1

1€Dy i 1€Dy mi
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as well as setting mo = max;{m;} and using relaxation (50) as well.
An expression of the form z,, where z is a variable, can be implemented
by replacing it with z and the constraint (48).

8.3 The Cumulative Constraint

The cumulative constraint [1] is used for resource-constrained scheduling
problems. Jobs must scheduled so that the total resource consumption at
any moment is within capacity.

The constraint may be written

cumulative(t, d, r, L) (52)
where t = (t1,...,t,) is a vector of start times for jobs 1,...,n, d =
(di,...,d,) is a vector of job durations, r = (ry,...,7,) a vector of re-

source consumption rates, and scalar L the amount of available resources.
The domain of each t; is given as [a;, b;j], which defines an earliest start time
a; and a latest start time b; for job j. The cumulative constraint requires
that
> r;<L, allt
J
t; <t<t;+d;

and a <t <b.

An important special case is the L-machine scheduling problem, in which
each resource requirement r; is 1, representing one machine. The cumulative
constraint requires that jobs be scheduled so that no more than L machines
are in use at any time.

The cumulative constraint can be approximated in an MILP formulation
if one discretizes time, but this can result in a large number of variables.

A number of domain reduction procedures have been developed for cu-
mulative (e.g., [1, 5, 6, 7, 14, 27]), although none of them are guaranteed
to achieve hyperarc consistency. They are generally based on edge-finding
ideas.

To create a relaxation, it is convenient to analyze the problem in two
parts: the “lower” problem, in which the upper bounds b; = oo, and the
“upper” problem, in which the lower bounds a; = —o0o0. Relaxations for the
upper and lower problem can then be combined to obtain a relaxation for
the entire problem. Only the upper problem is studied here, but the lower
problem is closely parallel.
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Facet-defining inequalities exist when there are subsets of jobs with the
same release time, duration, and resource consumption rate.

Theorem 7 (Hooker and Yan [22]) Suppose jobs ji, ..., ji satisfy aj, =
ag, dj, = do and rj; = 1o fori = 1,...,k. Let Q = |L/ro] and P =
[k/Q]—1. Then the following defines a facet of the convex hull of the upper
problem.

1
tj, +-- -+ 15 > (P—|—1)a0—|—§P[2k— (P+1)Q]d0 (53)
provided P > 0. Furthermore, bounds of the form t; > a; define facets.

The following valid inequalities are in general non-facet-defining but exist
in all problems.

Theorem 8 (Hooker and Yan [22]) Renumber any subset of jobs j1, . .., ji
using indices ¢ = 1,...,k so that the products rqd, occur in nondecreasing
order. The following is a valid inequality for the upper problem:

k
T
tj1+---+tjk22((1f—q+%)fq—%>dq (54)
q=1

Suppose for example that there are five jobs and a = (0,0,0,0,0), d =
(2,4,3,3,3), r = (4,2,3,3,3), L = 6. The minimum makespan is 8, using
(t1,...,t5) = (3,3,0,0,5). The following relaxation can be written, where
the second constraint is facet-defining and derives from Theorem 7, and the
third constraint is from Theorem 8.

min z

subject to 2z >t1 +2,to +4,t3+ 3,84+ 3,t5+ 3
t1+ta+t3>3
ty+to b3 +ts +15 > 1143
tj >0, all j

The optimal value of the relaxation is 5.38, which provides a valid bound
z > 5.38 on the optimal makespan.
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9 Conclusion

Table 2 lists the logical-based constraints discussed above and briefly indi-
cates how one might write or reformulate the constraint to achieve consis-
tency, as well as how one might write a tight MILP formulation. Consistency
is important for CP-based or CP/MILP hybrid solvers, and it can also help
generate tighter MILP formulations. The MILP reformulation is obviously
essential if one intends to use an MILP, and it also provides a tight relaxation
for hybrid solvers. The situation is summarized in Table 3.

The consistency methods are designed to be applied to groups of con-
straints and can be implemented either by hand or by the solver. The MILP
reformulation would be carried out automatically.

As mentioned at the outset, there are advantages to applying a unified
solver directly to logic-based constraints, rather than sending them to MILP
solver in inequality form. The advantages are not only computational, but
such constraints as all-different, element and cumulative are difficult to for-
mulate in an MILP framework.

The discussion here has focused on obtaining consistency and a tight
relaxation before solution starts. Similar methods can be used in the course
of solution. CP and hybrid solvers, for example, typically restore hyperarc
consistency or some approximation of it whenever domains are reduced by
branching or filtering. This is regularly done for all-different, element and
cumulative constraints. Resolution could be repeatedly applied to clause
sets and to antecedents of conditional constraints in order to maintain full
consistency. Cardinality and 0-1 resolution may be too costly to apply re-
peatedly. It may also be advantageous to update linear relaxations.

Several types of logics other than those discussed here can be given
MILP formulations. They include probabilistic logic, belief logics, many-
valued logics, modal logics, default and nonmonotonic logics, and if one
permits infinite-dimensional integer programming, predicate logic. All of
these are discussed in [20]. Many of the resulting MILP formulations provide
practical means of reasoning in these various logics. The formulations are
omitted here, however, because it is unclear whether it is practical or useful
to incorporate them with other types of constraints in a general-purpose
model. This remains an issue for further research.
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Table 2: Catalog of logic-based constraints.

Type of constraint
and examples

To achieve consistency
(or ease detection of redun-
dant partial assignments)

To obtain a tight MILP
formulation

Formula of
propositional logic
aV-bVc
a=(b—c)

Convert to clausal form
using the algorithm of Fig.
1 or 2 and apply resolution
to achieve full consistency,
or apply a limited form of
resolution.

Convert to clausal form
without adding variables
(using the algorithm of
Fig. 1) and write clauses
as 0-1 inequalities. If
desired apply cardinality
resolution.

Cardinality clauses

Apply cardinality resolution

Apply cardinality resolution

{a,—b,c} >2 to achieve full consistency. and convert the cardinality
(Diagonal sums are not clauses to 0-1 inequalities.
needed for consistency but
can accelerate checking for
redundant assignments.)

0-1 linear Apply 0-1 resolution to Generate cutting planes.

inequalities, achieve full consistency

viewed as logical (best for small or specially

propositions structured inequality sets).

3r1 —2x9 +4x3>5

Cardinality rules

Generate a convex hull

{a,—b,c} >2 formulation as described
—{d,e} >1 in Fig. 6.

Conditional Consistency unnecessary, Use inequality-or global

constraints but put every antecedent constraints to identify

bV —c) — (Az > a)

into clausal form.

disjunctions of linear
systems and relax using a
convex hull relaxation (36)
or a big-M relaxation
given by (33) or (34).

All-different
all-different{y;,

Use Régin’s matching
algorithm to achieve

Use the convex hull
formulation (43) if it

ey Unt hyperarc consistency. is not too large.
Element Use formulas (45) and (46)  Use the range (47).
element(y, to achieve hyperarc

(V1,...,00),2) consistency
Extended element Use formulas (49) to achieve Use relaxations (50)
element(y, hyperarc consistency. and (51).

(1,0 ,Tn), 2)
Cumulative Use relaxations (53)

cumulative(t, d,r, L)

and (54).
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Table 3: Advantages of consistent and tight formulations.

Type of Advantage for Advantage for Advantage for
formulation CP solver hybrid CP/MILP MILP solver
solver
Consistent Reduces Reduces May help generate
logic-based ~ backtracking. backtracking. tight MILP
formulation formulation.
Tight MILP May provide tight Provides tight
formulation relaxation for relaxation for
better bounds. better bounds.
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