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Preface

To many people. mathematics may look like series of true statements, with
the corresponding irrefutable proofs, ordered in a perfectly logical manner.
Perhaps one would expect that the process of writing a mathematical thesis
reflects this image. My experiences were quite different. To me it was a time
of guesses and doubts, of conjectures, for which proofs and refutations were
proposed to shoot holes in them. A period of trying different approaches,
and re-evaluations in order to give some coherence to the process. A process
involving emotions ranging from victorious joy to levels that [ do not wish
to recall right now. Looking back, I conclude that acquiring mathematical
knowledge is not very different from the rest of life. So it will come to no
surprise that like in real life, for completing this thesis I owe a great deal to
the support of many other people. I owe so much to so many people that it
is impossible to tell to whom I owe most.

When I started working at Maastricht University, it was Yves Crama who
introduced me to a mix of manufacturing problems and polyhedral theory.
He succeeded in getting me interested, and together with the enthusiastic
and optimistic support of Koos Vrieze, and the enthusiastic and critical
support of Antoon Kolen, he created a research environment that has been
very beneficial to me.

Furthermore, I wish to thank Egon Balas for our work on the Chapters
2 and 5, for introducing me to many aspects of polyhedral theory, and for
triggering the development of my view on mathematics.

I also want to express my gratitude to the members of the assessment
committee: Hans Peeters, Egon Balas, Stan van Hoesel, Stef Tijs, and Lau-
rence Wolsey. Even I have to admit that in many cases you can not tell from
reading my proofs that I always aim for elegance.

Many thanks are also due to my colleagues at the Department of Math-
ematics and the Department of Quantitative Economics of Maastricht Uni-
versity. In particular to my room-mates: Frits Spieksma, Jeroen Kuipers,
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Pim Martens, and Jeroen Rutten. They have shown me many useful things.
For example, how to derive interesting results in chaos, and in order; or the
advantages of doing research with a more direct relevance for society. And
they have shown me what talent is about.

[ am aware that there has been much more to writing this thesis than
mathematics. As a consequence, many more people have been involved in
this thesis than I mention here. Likewise, I will show that there are many
more ways to show gratitude.
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Chapter 1

Introduction

When 1 started the quest for a PhD-thesis at the University of Limburg in
June 1990, I joined a group of researchers focusing on combinatorial aspects
of problems arising in flexible manufacturing systems. Their eflorts culmi-
nated in a series of publications, and eventually theses ([Spieksma, 1992],
[Oerlemans, 1992]), on different topics concerning schedunling and set-up
problems in the highly automated environment of flexible manufacturing
systems. In general, for production systems like these, it is extremely diffi-
cult to schedule the processing of every part in the right time on the right
machine with the right tools. Therefore, it could be advantageous to split up
the production process into smaller and relatively independent subprocesses,
just to make the tooling, loading, and scheduling problems more tractable.
So, I started studying the possibilities of forming production cells. The
choice of applying polyhedral techniques was based on the observation that
these techniques are efficient for other partitioning problems. Furthermore,
they were in line with ongoing research within our group.

However, the central topic of this study is not cell formation, but the
relations between polyhedra. The reason is that the formation of cells is not
just one grouping problem, but it entails a wide variety of slightly different
problems. I'or example, sometimes we have to take into account additional
constraints; limits on the number of groups, the number of machines in one
group, the number of parts in one group; pairs of machines that have to be
in the same group; the possibility to buy additional machines; or alternative
ways to process a part. It is easy to extend this list. Clearly, the value
of deriving theoretical results for a specific problem is dependent on the
possibility to transform those results into useful information about variants
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of the original problem. As a consequence the emphasis of the study shifted
from the formation of production cells towards relating polyhedra.

To get acquainted with the basic ideas of applying polyhedral theory to
combinatorial problems, we discuss a simple example in the next section.
The most important concepts will be introduced formally in Section 1.2. In
the final section of this introduction a brief outline of this thesis is presented.

1.1 Example: The Vending Machine Payment

In this section we discuss a small instance of a combinatorial problem, that
in real life not many people would be inclined to tackle with polyhedral
techniques. It is presented here just for the sake of illustrating the basic
concepts of polyhedral theory applied to combinatorial problems.

Example 1.1.1 In the dungeons of an american university a vending ma-
chine prowides foods, among which are Swiss Rolls. Suppose we want to
purchase a pack of Rolls. This purchase should cost us 40 cents (it does not,
but that is a different discussion).

In our wallet we have 3 quarters, 5 dimes, and 10 cents. A little red light
indicates a lack of change. Not willing to tip for this bad service, we decide
to pay exact. Is this possible? If so, we would prefer to use as few coins as
possible. How many of each type of coins should we use?

This example is an instance of the abstract problem of paying exactly a
certain amount of money given a set of coins and banknotes, such that the
total number of coins and notes that are used to pay is minimal. In our case a
solution of the instance consists of three numbers. Let us denote the number
of quarters as ,uarters, the number of dimes as zi,,.5, and the number of
cents as Teenrs. In a feasible solution, ,yuarers can only have the values 0,
1, 2, or 3. Similarly, zgimes € {0,1,2,3,4,5}, and zeents € {0,1,...,10}.
These integer constraints express that we can only use the coins we have.
To be feasible, a solution also has to satisfy the following linear constraint.
Let us call it the pavment equality. It expresses that we are paying exactly
40 cents:

253-{;1(:!1’!:1’3 + lOf.iimm + Leents = 10.

An optimal solution is one of the feasible solutions with the best objective
value. In our case the objective is to minimize the number of coins used.
That is:

minimize Touarters + Tdimes + Tcents-
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To determine an optimal solution we need to evaluate all solutions, preferably
in the way requiring the least effort. Checking all possible 264 combinations
of values for our three variables is an option, but it is not likely to be the
most efficient one. A more promising method is to split up the instance into
subinstances that we can analyze more easily. For example, we could split up
our instance into four subinstances, one for each possible value of #4yarters-
Obviously, the subinstances for which the value of the used quarters exceeds
40 cents do not have a feasible solution and can be discarded. Implicitly, we
discard half of all possible combinations of values for the three variables.

Evaluating a subinstance is slightly more work than evaluating a solution,
but it is worth the effort. We can cut back on the number of subinstances
to be evaluated by improving the evaluations. Up to now the evaluation
was a simple check of feasibility: if the remaining coins should add up to
a negative amount, we discard the subinstance. We could do more, like
deriving an upper bound on the optimal value of the instance and a lower
bound on the optimal value of the subinstance. If for a subinstance the lower
bound exceeds the upper bound, we can discard the subinstance. Usually,
trivial bounds, like zero and the number of coins available, are not of much
help. To derive useful bounds we have to make an extra effort.

As for the upper bounds, any feasible solution implies a nontrivial up-
per bound for all subinstances. So we could design a simple algorithm that
provides us in reasonable time with a reasonable chance with a feasible so-
lution that is fairly good (though maybe not optimal). Such an algorithm
is called a heuristic. Deriving a nontrivial lower bound is harder, since not
every infeasible solution implies a lower bound. What we can do is try to
solve a relaxation of the instance. We should relax or even omit some of the
constraints in such a way that we get an instance of a problem that can be
solved more easily.

In our case I would suggest to relax the integer constraints on g uarrers,
Tdimess and Zoents, by replacing them with upper and lower bounds on these
variables. Let P.,;,, denote the set of solutions satisfying the payment equal-
ity and the upper and lower bounds on the variables:

Qv).’Jf e = 10z 4; + T = 40

‘quarters dimes Leents

i r € R
quarters

I) . — T e ]R 0 S Iquurtr_-rs S 3
cotns — Ldimes 0 < . & E
P c R -~ Ldimes S 9

[as t e

nes O S Leents S lU

The task of optimizing our objective function over this set is called the linear
relazation of the original instance. It is linear, because all the constraints as
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well as the objective are linear expressions in the variables. In our case, the
linear relaxation can be formulated as follows:

minimize Zauarters T Tdimes + Tcents
EUbJeCl to (zqmrtcfn Ldimess Icenu) € FPovins

The set P.,ins is a polytope. Optimizing a linear function over a polytope
implies that there is always at least one corner point of the polytope that
is an optimal solution. There exists a wide variety of computer packages
designed to select an optimal corner point efficiently.

Teents

(0,3,10)

10
(1.2,0,10)7

Tdimes

(0,4,0)

Touarters

Figure 1.1: A geometrical representation of the polytope Peyins.

The set P.,ins is represented geometrically in Figure 1.1. Since Pyins
is a polytope, and the objective function is linear in the variables, we only
need to check the corner points of P.,,, to find an optimal solution. In this
case inspection is sufficient to find an optimal solution: the corner point for
which #guarters = 1.6 and Zgimes = Teents = 0. The corresponding objective
value, the sum of the variables, is 1.6. This solution is optimal for the linear
relaxation, but it is not a feasible solution of the original instance since it is
not integral. Still, it gives us some nontrivial information: if there exists a
feasible solution, then it involves at least two coins.
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Evaluating an instance by solving the linear relaxation is slightly more
work than before, but maybe it is worth it. We could cut back on the number
of instances to be evaluated by improving the linear relaxations. This is were
polyhedral theory comes in. From now on we are not going to bother about
smart strategies to split up instances, or about clever heuristics, but instead
we are going to focus on deriving lower bounds for an instance applying
polyhedral theory.

Often it is easier to solve a problem defined in two dimensions than one
defined in three. Notice that if we know two of our numbers Zguarterss Zdimes,
and .., we can easily compute what the third number should be. Let
us get rid of the cents by rewriting the payment equality to T eney = 40 —
252 guarters — 10Zdimes and by replacing zcenes With 40 =252y arters = 102 dimes
in the other expressions. Now if we solve the following instance:

minimize 40 — 242 4rters = Y dimes
subject to Zguarters € {0,...,3}
Zdimes € {05448}
25Z quarters + 10Zdimes € {30, ...,40}

we implicitly solve the original instance, since, given the optimal solution
of the simplified instance, it is easy to construct the optimal solution of the
original instance.

Now let us study the linear relaxation of the simplified instance. We
denote the set of feasible solutions of this linear relaxation of our instance
as Qcoins. Clearly, Qcoins is a polytope (see Figure 1.2):

0 < Ziuarters <3
r ters € IR i, 5
Qcoins = ;uﬁ"‘" cr’E IR 0 2 Zdimes <5
dimes 30 < 25Iquarlcra + 10Zdimes < 40

In fact, Q pins is a projection of P.,,s on the plane where z..,,, = 0. And
it is a very special projection, since for each corner point in Qpins there is
exactly one corner point in F,,;,,, and the other way round. Among other
things, necessary and sufficient conditions for this property are discussed in
the next chapter of this thesis. Obviously, projective relations can be useful
to abstract information about one polytope from the other,

The linear relaxation of the simplified instance can be formulated as follows:

minimize 40 — 24Z4uarters — 9T dimes
subject t0 (Zouarierss Zdimes) € Qi
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Ldimes
(0,4)
L
(0,3)
(1.6,0)
i Lquarters
(1.2,0) e

Figure 1.2: A geometrical representation of the polytope Q oins.

Clearly, the objective function is linear in the variables. So, we only need
to check the corner points of @ .oins to find an optimal solution: the corner
point for which #gy4rters = 1.6 and zgim., = 0. The corresponding ob jective
value is 1.6.

How can we improve this result? Looking at Figure 1.2 it is obvious
that we could chop off pieces of Q.yins Without excluding a feasible integer
solution. For example, we can reason that it is allowed to add the constraint
Zguarters < 1 1o the constraints that define @ ins. All feasible integer solu-
tions satisfy this inequality, but the solution that is optimal in Q yns does
not. Geographically, adding the inequality can be interpreted as cutting off
a piece of Q.pins. Therefore, this inequality is called a cutting plane. But
it is not the only cutting plane we could think of. We could also add the
constraint 2 gimes > | to the constraints that define @ .ins. Which cutting
plane is better is hard to say. We discuss the strength of cutting planes in
Chapter 4 of this thesis.

Let Q coins be the set of solutions in Q ..ins that satisfy both cutting planes
discussed in the paragraph above; see Figure 1.3 for a geometrical represen-
tation. Optimizing over Q coins» We find as an optimal solution Tquarters = 1y
Tdimes = 1.5 and the objective value is 2.5. This implies that we have to use
at least three coins: adding the cutting planes improved our lower bound!

But how do we go from here? How to come up with new cutting planes?
Do we just have to wait for inspiration to formulate new cutting planes?
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Ldimes

(0,4)
L
(0,3) 9

(1.1.5)

L1 (1,1)
(0.8,1)~

-r.;rmrh rs

Figure 1.3: The polytope @ oins-

No, not necessarily. For instance, sometimes we can derive a cutting plane
by improving an inequality we already know. Consider for example the
inequality 252 yarters + 102 dimes = 30, or equivalently: 2%;:',f,‘,,,.¢,,.,1 + Tdimes >
3. The variable 2 yur1ers is either 0 or 1. If 7 y4rters = 0, than the inequality
implies Zgimes > 3. If on the other hand ,4,4er, = 1, than the inequality
implies gimes = ]3 Can we change the inequality such that it stays valid for
all integer solutions and implies Zg;mes = 110 Zguariers = 17 Sure, by lowering
the coefficient of = ,4,1er5 iD the inequality from 2% to 2: 22quariers T Zdimes 2
3. Similarly, we can improve the inequality 25z uarters + 10240004 < 40, or
equivalently: 2%.1',“,,,.,“..,5—I—;rd;,,u.s < 4. We can lift 2% to 3 to get: 3z uarters +
Zgimes < 4. This kind of improvement techniques are called lifting procedures
and we discuss them in Chapter 3 of this thesis.

Actually, together with ,,4,1c,5 = 0, the two improved inequalities de-
scribe the convex hull H..;., of the integer solutions of the simplified in-
stance, as is illustrated in Figure 1.4. All corner points of H,,;,, are integer
solutions. So, optimizing any linear function over H,,;,, vields an integer
solution, which is therefore also an optimal solution of the simplified instance
and implies an optimal solution for the original instance. No further anal-
ysis is needed. Only one instance has to be evaluated to solve the original
instance.

There are different possibilities to describe H.,i,,. Preferably, we would
like to use as few constraints as possible. Clearly, for H,.,in, the minimum
number of inequalities to describe H,.,;., is three, one for each of the three
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J"Fl‘l"l’ L]

) (0,4)

(0,3)9

(1,1)

Loquarters

Figure 1.4: The convex hull of the integer solutions, H.,;ns.

line-pieces forming the boundary of ;. These line-pieces are called
facets. Facets have our special attention, since for each facet we need to
hiave an inequality in the minimal description of H ;-

Deriving inequalities that define facets for H.,;,s is not very interesting un-
less we can generalize the inequalities for the problem of paying exactly a
certain amount of money, given a set of coins and banknotes. For the cell
formation problem such a generalization is possible. In Chapter 6 a general
model for the cell formation problem is [ormulated and discussed. Valid
and facet defining inequalities for the polytope that is the convex hull of all
solutions to the model are studied in Chapter 7 and Chapter 8.

1.2 Definitions and Terminology

In the remaining chapters of this study the reader is assumed to be familiar
with the basic concepts of polyhedral theory. In this section, only the most
important concepts are defined. For a thorough discussion see for example
[Rockafellar, 1970], [Schrijver, 1986], and [Nemhauser and Wolsey, 1988].

Definition 1.1 A polyhedron s the set of points that satisfy all the in-
cqualities of a finite setl of linear inequalities.
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Definition 1.2 A polyhedron P C IR" is bounded if there exists a positive
number M € IR such that P C {x € R"| - M < z; < M forall i €
1 ...n}}).

Definition 1.3 A polytope is a bounded polyhedron.

Definition 1.4 A polyhedron is of dimension p, denoted as dim(FP) = p,
if and only if the mazimum number of affinely independent points in P is
p+ 1.

As a consequence, an empty polyhedron is of dimension —1.

Definition 1.5 A constraint is called valid for a set S if all points in S
satisfy the constraint.

Definition 1.6 A face of a polyhedron P is a subset F' of P for which there
is a linear inequality, valid for P, such that a point satisfying that inequality
atl equality is in P if and only tf it is in I,

For every linear inequality that is valid for a polyhedron P, there is a set
F of all points in P that satisfy the inequality at equality. This set I'is a
face of P and the inequality is said to define F'. So, an inequality defines a
face of P if and only if the inequality is valid for P.

The polyhedron P itself is a face of P, defined by inequalities equivalent
to 0 < 0. The empty set is a face of all polyhedra. To see this, notice
that the inequality 0 < 1 is valid for all polyhedra, while there is no point
satisfying this inequality at equality.

Definition 1.7 A face of P is called a proper face of P if it is noncmpty
and not identical to P.

I a face of P is not proper, it is called improper. I F' is a proper face of
P. then 0 < dim(F') < dim(P) - 1. A polyhedron P has no proper faces if
and only if P is a subspace.

Definition 1.8 A nonempty face of lowest dimension is called an extreme
face.

In optimizing a linear objective function over a polyhedron P, the exis-
tence of an optimal solution implies the existence of an extreme face such
that all points in the face are optimal.

An extreme face is not necessarily a proper face. If a polyhedron consists
of a subspace, then the polyhedron has only one extreme face, namely the
polvhedron itself.
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Definition 1.9 A face of dimension 0 is called an extreme point, or
equivalently a corner point.

An extreme point is always an extreme face. If P is a polytope, than its
extreme faces are always points. Optimizing a linear objective function over
a polytope P, there exists an extreme point that is optimal.

Definition 1.10 A face of dimension dim(P) — 1 is called a facet.

Definition 1.11 A facial description of a polyhedron is a set of valid
inequalities such that for every valid inequality, there is a linear combination
of the inequalities in the set that is equal to the inequality up to multiplication
by a nonnegative scalar.

For each face containing P, two linear inequalities defining that face are
needed in the facial description of P. For each facet of P, a linear inequal-
ity defining that face is needed in the facial description of P. In a facial
description, for every lace I all inequalities defining F' can be generated by
taking a nonnegative weighted sum of the inequalities in the facial descrip-
tion. In literature, a description of a polyhedron P by linear inequalities is
often intuitively understood to be a set of valid inequalities such that every
point not belonging to P violates at least one inequality. In many cases that
boils down to a facial description. But not always. The difference is crucial
for some of the theorems in Chapter 3. For example, there is a difference
in case P is of dimension zero. Then, the empty set is its only facet, and
an inequality defining the empty set is needed for a facial description of P!
More general, if P is a subspace, an inequality defining the empty set is
necessary for a facial description of the subspace. Furthermore, in case P is
the empty set, all inequalities define P as a face of P itsell. To be able to
generate all inequalities, at least n + 2 inequalities are needed.

Studying the description of a polyhedron P C IR™ implies studying the
set of all inequalities valid for P. This set can be represented in a (n + 1)-
dimensional space. There is one variable for every coeflicient in the inequal-
ity, and a variable for the right hand side. This way. the set of inequalities
valid for P is a polyhedron. A special property of this polyhedron is that it
is closed under multiplication with a nonnegative scalar.

Definition 1.12 A cone is a sel which is closed under nonnegative scalar
multiplication.
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Convex cones are often easier to analyse than arbitrary polyhedra. For
example, the polar of a closed nonempty convex cone can be defined as
follows.

Definition 1.13 The polar K" of a closed conver cone K C IR" is the
closed conver cone defined as:

K% := {{a,...,on) € !R"IZI‘:lr.n. <0 Yz, .:..25) € X}).

Let K be a closed nonempty convex cone, and K'Y the polar of K. Then,
K is the polar of A'°. Some characteristics of a polar pair of closed nonempty
convex cones K and A are "polar”. The following two examples are im-
portant. To start with, the extreme face of K'Y has dimension n — dim(A).
Secondly, consider a face F” of K'° of one dimension higher than the extreme
face of K°. The dimension of I° equals n — dim(K )+ 1. An element on }°
corresponds to an inequality defining a face F' of A of one dimension lower
than A itself. The dimension of F' equals dim(K ) — 1. This implies that F
is a facet of A

We denote the polyhedron representing all inequalities valid for a poly-
hedron P as II°( P), and we will refer to it as the polar cone of P.

Definition 1.14 The polar cone of a polyhedron P is the set denoted as
II°(P). defined as:

| n .
0 . atl | L=y ZiTi—mg <0
H(P)._{ (71, ..y 7o) € IR V(21,2 )€ D )

Now, consider the polar of the polar cone of a polyhedron P C It"™:

n 3
. n+1 2i=1 Ti%i — moTo < 0
{ {.rx“”:lrrhlll]em | V(rrg,...,?rn,fru)EIl”[l"} ’

The relation with P is straightforward. The polyhedron P is the intersection
of this cone with the subspace defined by zy = 1, projected on the subspace
defined by zg = 0. We denote the polar of the polar cone of a polyhedron P
as I{ P), and we will refer to it as the induced cone of P.

Definition 1.15 7he induced cone l(F) of a polyhedron P is the polar
of the polar cone of P.

There is a one-to—one relationship between the facets of P and the facets
of the induced cone of P. Thus, by polarity, an element on a face of the polar
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cone I1°( P) of P whose dimension is one dimension higher than the extreme
face of I1°( P), corresponds to an inequality, valid for P and defining a facet
of P. This concept is used and extended in Chapter 3.

The concept of an induced cone is also of importance in Chapter 4.
Intersecting the induced cone at different values of zg, and then projecting
them on the subspace defined by zy = 0, yields a series of polyhedra P(zg)
in IR™. If these polyhedra contain the origin, than this series of polyhedra
is nested, That gives us a tool to analyze the quality of a relaxation of a
polyhedron, by enclosing the relaxation between P(1) and P(a). The closer
a can be to 1, the tighter the relaxation of P.

1.3 OQOutline

In the next chapter we focus on the relation between the dimension of a poly-
hedron and the dimension of its projection. We derive sufficient conditions
for a one-to-one relation between facets of a polytope and the facets of its
projection. Chapter 3 deals with sequential lifting procedures by establishing
the relations between the description of a polyhedron and the description of
a face of that polyhedron. In Chapter 4 a measure for the strength of classes
of inequalities with respect to a linear relaxation is suggested: the best ratio
between the optimal value of the linear relaxation with and without a class
of inequalities. In the same chapter, we also discuss the relative value of
such a concept.

Chapter 5 is on the cycle polytope of a directed graph. Lifting procedures
and projection enables us to construct facet defining inequalities for the cycle
polytope of a directed graph from each of the facet defining inequalities of
the well-known asymmetric traveling salesman polytope of the same graph.
It is also demonstrated that not all classes of facet defining inequalities of
the cyvcle polytope of a directed graph can be derived this way, even for small
graphs. Lifting procedures are added to gnarantee a complete description
for graphs on 4 and 5 nodes.

Then, in Chapter 6 formulations for the cell formation problem are com-
pared, and a new integer programming model is proposed. In the chapter
thereafter, the polyhedral properties of this formulation are investigated. In
the final chapter a specific property of the cell formation polytope is stud-
ied: the possibility to patch inequalities defining facets together to a new
inequality defining a different facet.



Chapter 2

On the Dimension of
Projected Polyhedra

This chapter is joint work with Egon Balas.
An article based on this chapter has been submitted for publication.
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In this chapter, we address several basic questions that arise in the use of
projection in combinatorial optimization. Central to these is the connection
between the dimension of a polyhedron @ and the dimension of its projection
on a subspace. We give the exact relationship between the two dimensions.
As a byproduct we characterize the relationship between the equality sub-
system of a polyhedron and that of its projection. We also derive a necessary
and sufficient condition for a face (in particular, a facet) of a polyhedron @
to project into a face (a facet) of the projection of @, and give a necessary
and sufficient condition for the existence of a one to one correspondence
between the faces of () and those of its projection. More generally, we char-
acterize the dimensional relationship between the projection of @ and that
of an arbitrary proper face of Q.

2.1 Introduction

Projection has emerged during the last 15 years as one of the most important
iterns in the toolkit of polyhedral combinatorics. In using this tool, one often
faces questions concerning the dimension of projected polvhedra. What is
the connection between the dimension of the original polvhedron and that
of its projections? What about the projections of facets and other faces? It
is known that the projection of a polyhedron may have fewer or more facets
than the polyhedron itself. But when do facets of the polyhedron project
into facets of the projection?

It is this type of questions that have motivated this paper. Our main
result in Section 2.2 gives the exact relationship between the dimension of a
general polyhedron and that of its projection on a specified subspace. From
this, we establish (Section 2.3) the fact that the affine hull of the projection
of a polyhedron @ is the projection of the affine hull of ¢, and we derive
a necessary and sufficient condition for a facet of @ to project into a facet
of the projection of (). More generally, given an arbitrary proper face F
of a polyhedron @, we give a relationship between the dimension of the
projection of @ on a subspace, and the dimension of the projection of F on
the same subspace. Finally, we show that the operations of projection and
monotonization of polyhedra are commutative.

Consider the polyhedron

Q :={(u.x) € R” x IR? : Au+ Bx < b},

where A, B and b have m rows. The projection of @ onto the subspace
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defined by u = 0, called the z-space, is defined as
Proj.(Q):= {zr € IR : 3 u € IR? with (u,z) € Q}.
It is well known that
Proj.(Q) = {x € R : (vB)x < vh, VveE W},
where W, called the projection cone, is
Wi={veR":vA=0, v2>0}.

From the definition, if Q@ = 0, then Proj.(Q) = @ (and vice versa). So for
the rest of this chapter we assume ¢ # (). For background material on projec-
tion see [Schrijver, 1986, Nemhauser and Wolsey, 1988, Pulleyblank, 1989,
Balas and Fischetti, 1993].

2.2 The Main Result

Let us partition the rows of (A, B,b) into (A=, B=,b=) and (A=, B=,b%),
where ASu+ BTz = b~ is the equality subsystem of @, i.e. the set of inequal-
ities satisfied at equality by every (u,z) € Q. Without loss of generality, we
may assume that the equality system is of full row rank (otherwise the redun-
dant rows can be removed), and let 7 := rank(A~, BT) = rank(A~, B=,b7),
where the last equality follows from @ # 0.

It is well known that dim(Q) = p+ ¢ — 7, and that @ is full-dimensional,
i.e. dim(Q) = p+ g, if and only if the equality subsystem is vacuous. We
first address this situation.

Proposition 2.2.1 If dim(Q) = p + g, then dim(Proj.(Q)) = q.

Proof: The dimension of Proj.(Q) is ¢ — 7, where 7 is the rank of the
equality subsystem of Proj(Q). We claim that 7 = 0. To prove this, we
point out that none of the inequalities defining @ is satisfied at equality
by every (u,x) € Q. Now suppose there exists v € W \ {0} such that the
inequality (vB)z < vbof the system defining Proj.(()) is satisfied at equality
by every # € Proj.(@Q). Then

v(Au+ Br) = (vA)u+ (vB)r = vb
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for every (u,z) € (), since vA = (0. But this implies that every row 1 of
Au+ Bz < b such that ©; > 0 is satisfied at equality by every (u,z) € Q, a
contradiction. This proves that 7 = 0. a

Now, we turn to the general situation, when @ is not necessarily full
dimensional. We recall that the matrix (A=, B=) is of rank r, and define
r* i= rank(A%). Let Ay be a nonsingular r* x r* submatrix of A=. Then,
without loss of generality, () can be written as

J ug € IR™° Ao Ay ” By bo
(ug, uy,2) : uy € IRP~" A; As ( u) +| B |z<| b .
| z € IRY AF Af J\m B< b

where

= Ao Ay < < 4< - Bo\ - bo tp
/ = \ .‘l = = \AFg,sA7 ), - ’ = 3 — h)
l ( ;11 {\,'1. ) [ 11] . l‘ ) H (B] b b] ! iy

and wug has r* components corresponding to the columns of Ag.

Let us examine the values that »* can take. Clearly, r* is nonnegative and
cannot exceed the number p of columns of A=. Next, notice that rank( By)+
r* = r, and rank(B;) < ¢. Thus we have

maz{0,7 - q} <™ < min{p,r}.

If #* = p, then .-11‘4-'13.,*1'15 and u; are vacuous. If r* = r, then Aj, Az,
By and by are vacuous. If #* = 0, then Ay, Ay, By and by, as well as A, AoS
and ug are vacuous. In all other cases, all matrices in the above formulation
are nonvacuous. Further, if r* = » — ¢, then By is square, nonsingular.

Next, we project Q onto the subspace of (u;, ), by using the equation

ug = Aatb[] - Elal.ﬁllﬂl - Aalﬂur

to eliminate ug. The entries of the matrix (0, Az — As .451.—'11) obtained from
(Ag, A3) through this transformation are all 0. To see this, notice that since
rank(A=) = r* = rank(Ap), the rows of (A2, A3) are linear combinations
of those of (Ag, 4y). So, there is a ((r — r*) X r*)-matrix R such that
R(Ap, A1) = (Agz, A3). Since RAg = A, and Ap is nonsingular, we have
R = AyAg", implying RA; = A3A;"'A; = A3. Consequently

!}lf

. % B !}]
Y g — ) € P x 9 7 P 5
! ”’J(n].r){(g) - {("l' T) € Ik x IR -’1”1 . Bz < b } '
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where By := By — AyAg" Bo, by 1= by — AgAg'bo, A 1= AF - AFAG Ay,
B := BS — A5A;'By, and b := bS — ASAZ'by. We will denote Q' :=
Proj{ul.r][Q)-

Lemma 2.2.1 dim(Q’') = dim(Q).

Proof: The dimension of a polyhedron can not be less than the dimension
of a projection of that polyhedron. So, to prove tlw lemma we take a set of
z := dim(Q) + 1 affinely independent points (ug, u,, ") €'Q, k211500,
and we show that the corresponding set of points (uf,z*) € Q' is also (Llrnoly
independent. Let these latter points be y* := (u¥,z¥), k = 1,..., 2. Showing
that they are affinely independent amounts to showing that the points (E:),
k=1,...,z are linearly independent. Now suppose they are not; then there
exist values Ay, k = 1,...,2, not all zero, such that y";_, ,\k(’j:} = 0. We
claim that this implies 3"j_; Akuf = 0, which in turn means that the z points
(uf,uf,z*) € Q are also affinely dependent, a contradiction.
To prove the claim, we notice that
z z
S Aeup > Xe(Agtoo — Ayt Ayuf — A5t Box®)
k=1 k=1

= Z AkAal(bo - (Al;BO)yk)
k=1

z k
= —Ay (A1, Bo,bo) > Ak (ﬁl) —~ 0.
k=1

Hence the p+g¢g—7r+1 points y* € Q', k = 1,..., z, are affinely independent.
O

1

Since @’ is the projection of @ on the subspace of (uy,z), it follows from
the definitions that
PTOjI(Q) = PTOj:r(QI)'
Now, the dimension of Q" is the same as that of ¢, but the equality subsystem
Bix = by of Q' has rank » — r*. Notice that ' can be written as

QI = Q”ﬁ{(ul,r)e IRP—TU x IR7 . B]i‘ :51}7

where ) ) )
Q" = {(uy,z) € R x RY : Auy + Bz < b}

is a full dimensional polyhedron, namely one of dimension p + ¢ — 7~.
Next, we want to project ¢’ onto the z-space.
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Lemma 2.2.2 Proj.(Q') = Proj.(Q")n {z € R? : Byz = b;}.

Proof: By definition, € Proj.(Q’) if and only if there exists some u; €
{RP"' such that (u;,z) € Q'; i.e. such that (i) (u;,z) € Q_" and (ii) Byz =
by. But (i) and (ii) imply that z € Proj(Q”)N {z € IR? : Byz = b}. =]

We are now ready to prove our central result.
Theorem 2.2.1
dim(Proj(Q)) = dim(Q)—p+ r".

Proof: Since the projections of @ and Q" are the same, from Lemma 2.2.2
we have . )
Proj.(Q) = Proj(Q")n {z € IR7 : Bz = b, }.

Further, from this inequality,
dim(Proj.(Q)) < min{dim(Proj(Q")), dim{z € IRY; Bz = 51}}

The dimension of {z € RY : Byz = b1} is g—r+r* = dim(Q)—p+r*. This
proves that
dim(Proj.(Q)) < dim(Q)—p+r~.

To complete the proof, we need to show that the inequality also holds in the
other direction. This is equivalent to showing that

dim(Q') < dim(Proj(Q"))+p—r~,

since the projection of Q' is the same as that of @, and from Lemma 2.2.1,
dim(Q") = dim(Q).

Consider a matrix (D, E) whose rows are vectors (u;,z) € Q' that form a
maximal independent set. Here D and E correspond to the components u;
and z, respectively. Then

dim(Q') = rank(D, E) < rank(D) + rank(E).

Since the rank of D cannot exceed the number of its columns (which is p—7~)
and the rank of E cannot exceed dim(Proj.(Q')), we have

dim(Q') € dim(Proj(Q"))+p—r",

which is the needed inequality. O
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2.3 Consequences

One byproduct of the proof by Theorem 2.2.1 is the result that the solution
set of the equality subsystem of Proj,(Q) is the projection onto the z-space
of the solution set of the equality subsystem of Q. Indeed, it is not hard to
see that the solution set of the equality subsystem of an arbitrary polyhedron
P C IR™ is the same as the affine hull of P, denoted af f(P), and defined
as the set of all z € IR™ of the form z = Y_!_, '), for some z; € P and
MNEIR,i=1,....,t €Z, such that T!_; \; = 1. (If the equality system
is vacuous, i.e. P is full dimensional, then the affine hull of P is the whole
space: aff(P) = IR"). With this in mind, the result enunciated above can
be stated as

Corollary 2.3.1 aff(Proj.(Q)) = Proj.(aff(Q)).
Proof: Using the notation introduced in Section 2.2, we have

aff(Q) = {(u,z)€ERPxR": Au+ Bz =507}

(4o, 11, 2) 2 f1uﬂ0+Allll+f_30-’f = 90
0y B j . le

]
<
=

and
af f(Proj:(Q)) = {z€R': Bz =b).

The projection cone needed to project aff(()) onto the z-space has rays
(t,w), where ¢ and w have the same number of components as by and Bl,
respectively, satisfying #(Ag, A1) = 0, and w unconstrained.

Since Ag is of full row rank, all the rays of the projection cone are of the
form (0, w), which means that Proj.(aff(Q))is defined by all possible linear
combinations of the equation of Byz = by, i.e. is the same as a f f( Proj.(Q)).
O

At the beginning of Section 2.2 we discussed the range of r* : maz{0,r —
q} < r* < min{p,r}. In combination with Theorem 2.2.1, this yields the
range of dim(Proj-(Q)):

maz{0,dim(Q) - p} < dim(Proj(Q) < min{q,dim(Q)}.

We will not discuss all the extreme cases again, except for the one which leads
to the next result, which states that the projection operation is dimension
preserving if and only if A= is of full column rank.
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Corollary 2.3.2 dim(Proj.(Q)) = dim(Q) if and only if r* = p.

Proof: Follows directly from Theorem 2.2.1. O

Next we turn our attention to the dimension of projected faces of Q.
Since a face of @ is itsell a polyhedron, we should be able to deduce the
dimension of its projection from Theorem 2.2.1.

Let au + 3z < f3p be a valid inequality for @, and suppose

F:={(u,z) € Q:au+ fz = fo)

is a nonempty facet of Q. Let (:)=" + (g)=1‘ = (‘i")= be the equality
subsystem of F, and let rp := rank ((f‘)=, (g)=) Notice that rp — r = 1,
since dim(F) = dim(Q) — 1. Further, denote rj. := rank (()7). Thus r}
is properly defined; the choice of o may not be not unique, but regardless of
the choice of a, provided that F'is a facet, r}. is unambiguous. Then r}. —r*
can be interpreted as the difference between the number of dimensions “lost™
in projecting ¢ (which is p — r*) and in projecting ¥ (which is p — r}.).

Corollary 2.3.3 dim(Proj.(F)) = dim(Proj.(Q))— 1+ (rj—r).

Proof: From Theorem 2.2.1,

dim(Proj.(F)) = dim(F)-p+r¥
= dim(Q)-1-p+rp
and
dim(Proj(Q)) = dim(Q)—p+r".
Hence
dim(Proj(F)) = dim(Proj.(Q)) -1+ (rp—717).

a

Corollary 2.3.3 says that the dimension of Proj.(F) is at least equal to
the dimension of a facet of Proj.(Q); this seems to, but does not in fact,
imply that Proj.(F) is a facet or an improper face of Proj,(Q). The reason
for this is that the projection of a face of @ is not always a face of the
projection of (2. As an example, think of a pyramid projected onto its base:
the vertex of the pyramid, which is one of its faces, does not become a face
of the projection, when projected onto the base of the pyramid.
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Proposition 2.3.1 The projection Proj.(F) of a face F of Q is a face of
Proj(Q) if and only if Q has a face F3 defined by an inequality of the form
Bz < By (with a = 0), such that Proj.(Fz) = Proj.(F). When this is the
case, F C Fp.

Proof: Necessity. Suppose Proj.(F) is a face of Proj.(Q). Then there
exists an inequality gz < 3y such that Proj.(F) = {z € Proj.(Q) : fzr =
fo}. But fxr < fg also defines a face Fj of @, namely F3 = {(u,2) € Q :
pz = po}. Clearly, Proj.(Fz) = Proj.(F), since the expressions on both
sides of the equality are equal to Proj.(Q)N {z : fz = By}.
Sufficiency. Suppose Fj is the face of Q defined by gz < fy, such that
Proj.(F3) = Proj.(F). Since Sz < 3y is valid for Proj.(Q)and Proj.(Fs) =
Proj.(Q) N {Bz = Fo}, clearly Proj.(Fp)is a face of Proj.(Q); hence so is
Proj(F).

Furthermore, we claim that F C Fj. For if not, let (u,z) € F'\ Fjg; then
(u,z) € F implies z € Proj,(F) and hence Sz = fJ, whereas (u,z) ¢ Fg
implies fz < 35, a contradiction. ]

As an immediate consequence of Proposition 2.3.1 we have

Corollary 2.3.4 There is a one to one correspondence between the faces of
Q and the faces of Proj.(Q) if and only if every face of () can be defined by
an inequality of the form 3z < [y (with a = 0).

Now consider again the important case when F'is a facet of Q. Then we
have

Corollary 2.3.5 Let I' be a facet of (). Then Proj.(F) is a facel of
Proj.(Q) if and only if r. = r*.

Proof:

From Corollary 2.3.3 Proj.(F) has the right dimension for being a facet
of Proj.(@Q) if and only if r;. = #*. It then suffices to show that Proj.(F)
is a face of Proj,.(Q) if ri = r=.

Since F'is a facet of @, it has a defining inequality, say au + fz < ff. If
rg = r*, then there exists a vector A such that &« = AA=; hence the above
inequality is equivalent to (4 — AB™ )z < o — A=, which can be written as
'z < . It then follows from Proposition 2.3.1 that Proj.(F) is a face of
Proj.(Q). ]

An immediate consequence of Corollary 2.3.5 is
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Corollary 2.3.8 If F' is a facet of Q and r* = p, then Proj.(F) is a facet
of Proj:(@Q).

Proof: If the matrix A= is of full column rank, then so is the matrix (%)=,
and thus r* = rj. o

An interesting example where this situation arises is that of the cycle
polytope of a directed graph. Let @ be the Prize Collecting Traveling Sales-
man (PCTS) polytope defined on a digraph G with loops, ie. the convex
hull of points (z,y), where z is the incidence vector of a directed cycle on
some node set 5, and y is the incidence vector of the set of loops indexed
by N\ S. Then Proj.(Q) is the cycle polytope of (i, i.e. the convex hull of
incidence vectors z of directed cycles of (.

Now let F' be any facet of the PCTS polytope Q. It is shown in Chapter
5 that Proj,(F), the projection of F onto the z-space, is a facet of the cycle
polytope defined on ;. The proof is based on the fact that the matrix A=
in the polyhedral description of ¢ consists of the unit columns associated
with the components of y, hence is of full column rank and so Corollary 2.3.6
applies.

On the other hand, if F' is a facet of @ but Proj,.(F) is not a facet of
Proj.(Q), i.e. v # r®, then the only possibility is that &* := rp. — r* = 1.
Since this implies that Proj.(F') is of the same dimension as Proj.(Q). it
follows that either Proj,.(F) = Proj.(Q), or else Proj.(F) is a subset, but
not a face, ol Q.

Clorollary 2.3.6 can be generalized to faces other than facets. Indeed, we
have the following.

Proposition 2.3.2 If F is a face of Q of dimension d and v~ = p, then
Proj.(F) is a face of Proj.(Q) of dimension d.
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Sequential Lifting
Procedures

An article based on this chapter has been submitted for publication.
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In integer programming we often find some benefit in having disposal of
strong valid inequalities for the convex hull of the set of all feasible solutions.
To determine such inequalities, so-called lifting procedures can be applied.
The main idea of these procedures is to use the description of a face P’ of P,
defined by fixing some variables, to derive a partial description of the original
polytope P. In this chapter sequential lifting is extended in such a way that
lifting an inequality defining a facet of P’ guarantees to yield an inequality
defining a facet of the original polytope P. Furthermore, it is shown that, by
generalizing this procedure in an appropriate way, all inequalities defining
nontrivial facets of P can be obtained by lifting. For convenience, in this
paper we restrict ourselves to zero-one programming, but the results can be
extrapolated.

3.1 Introduction and Terminology

Consider the zero-one program maz{c'z |z € § C IB"} (where IB" denotes
the set of n-dimensional binary vectors). Define P to be the convex hull of
S, where by convention the convex hull of the empty set is the empty set.
Unlike integer programming in general, each feasible solution z € § is an
extreme point of P,

Theoretically, given the set S, a facial description of P can be deter-
mined by examining the polar cone I1°( P) of P, representing the coefficients
(a.ap) € IR™*! for which the inequality alz < ag is valid for P (see Section
1.2 for a brief explanation). The polar cone of P is described as follows:

1°(P) = { (a,a0) € B**'|a"zr~ag <0 VzeS$ } (3.1)

If P is of full dimension and bounded, and (a”,ao) # 0, then a’z < ag
defines a facet of P if and only if (a”, ap) is on an extreme ray of I1°( P). This
is a well-known result, see for example [Rockafellar, 1970], [Schrijver, 1986],
and [Nemhauser and Wolsey, 1988]. However, determining the extreme rays
of I°(P) is computationally complex. At the moment, programs designed
for computing a minimal facial description of the convex hull of a set of
points (see e.g. [Fukuda, 1994]) can only handle relatively small sets S of
feasible points.

Sequential lifting procedures are based on the idea to organize the quest
for equalities of P and facet-defining inequalities of P by making use of the
(partial) description of the faces of P induced by the trivial inequalities:
x; > 0,and z; < 1 for any j € {l.....n}. To achieve this, we assume
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first that j = n and we partition the set S into two subsets, say S" and
5!, as follows: $®* = {x € S: 2z, =0}, and §' = {z € § : 2, = 1}.
P and P! are defined as the convex hull of §° and S' respectively. This
implies that PY and P! are (possibly improper) faces of P. Let p°, p',
and p denote the dimensions of P, P!, and P respectively. This implies
-1 < p%p' < p € P+ p' + 1. The difference of the dimensions of a
polyhedron P and a face F' of P is important for this chapter.

Definition 3.1 The dimension gap of a polyhedron P and a face F of P
is the difference between the dimensions of P and F.

Obviously, the dimension gap between P and P° can range from 0 to p' + 1.
Definition 3.2 An inequality of the form:
a'z + Bz, < ag gelR (3.2)

is called a lifting from P° to P of the inequality a’z < ay if the inequality
(3.2) is valid for P.

In case S!is empty, the validity of the inequality (3.2) is independent of the
value of 3. Otherwise, it is easy to see that (3.2) is a valid inequality for P
if and only if the coefficient 3 satisfies:

B < ag—maz{a’z|ze S} (3.3)

The closer 3 is to its upper bound, the stronger the lifting. However, opti-
mizing the maximization problem in the upper bound can be very hard.
Therefore, in some cases we have to settle for approximations (see e.g.
[Gu et al, 1995]).

Assume that the inequality aTz < ag defines a face of P° of dimension Py,
so p? € {—1,...,p"}. Then, inequality (3.2) defines a face of P of dimension
at least p. When (3.3) is satisfied with equality, the dimension of the
face of P defined by (3.2) is at least p? + 1 (the union of a maximal affinely
independent set of solutions in S° satisfying (3.2) with equality, with at least
one solution in S? satisfying (3.2) with equality is still affinely independent ).
Sometimes, when (3.2) defines a facet of P°, it also defines a facet of P, as
is formulated more precisely in the next proposition.

Proposition 3.1.1 [Wolsey,1975] Assume o’z < ay defines a facet of PP
and the dimension gap between P and P° is 1. Then, a’ z+ iz, < ag defines
a facet of P if and only if 3 = ag — maz{a’z | z € §'}.
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All valid inequalities of P! can be lifted in a similar way. Let P’ be a
nonempty intersection of P with a set of hyperplanes defined by the trivial
inequalities 0 < z; < 1; in other words: P’ is a lower dimensional face of
P defined on a subset of the variables. Now, we can derive a strong valid
inequality for P by lifting a strong valid inequality for the lower dimensional
face P’ of P one variable at a time. We can consider different orderings of the
variables to be lifted, so from one valid inequality for P’ we can derive a fam-
ily of valid inequalities for P. However, even lifting all facet defining inequal-
ities in all possible orderings of the variables to be lifted, not all inequalities
valid for P can be derived (see e.g. [Nemhauser and Wolsey, 1988]).

The sequential lifting procedure can be generalized in several ways. In
[Wolsey,1976] a result is presented, showing how a valid inequality for the
convex hull of a set of integer points (not necessarily zero-one) can be derived
from a valid inequality in a subset of the variables. In [Zemel,1978] a parallel,
or simultaneous, lifting procedure is proposed. For this procedure, the coef-
ficients of a subset of the variables are determined simultaneously, and if the
number of variables equals the dimension gap, an inequality defining a facet
of the lower dimensional polytope is lifted to an inequality defining a facet
of the higher dimensional polytope. Traditional lifting with a dimension gap
of 1 can be interpreted as a special case of this procedure. In general, it is
not possible to partition a lifting sequence of variables into reasonable small
subsequences of a cardinality that corresponds to the respective dimension
gaps. [Balas and Zemel, 1984] showed that with this procedure every non-
trivial facet of the polytope corresponding to a multidimensional knapsack
problem can be obtained.

However, for all sequential lifting procedures discussed so far, the lifting
of an inequality defining a facet of P” is not guaranteed to define a facet
of P unless the dimension gap of P and P° happens to equal 1. So, if an
inequality defines a facet F° of P°, then a procedure is required to transform
the corresponding lifting to an inequality defining the same facet FO of P°
but also defining a facet of P. [Boyd and Pulleyblank,1991] presented an
iterative procedure transforming an inequality which is valid for a polyhedron
P and facet defining for a non-empty face @) of P, into an inequality that
is equivalent to the original inequality with respect to @, and that is facet
defining for P.

Our purpose here is to propose a sequential lifting procedure such that
the lifting of an inequality defining a facet of PY always defines a facet of P.
First, in the next section, we will compare the traditional lifting, simultane-
ous lifting, and the lifting suggested in this paper, by means of an example.
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Section 3.2

Then, in Section 3.3 we will investigate the relation between the dimension
gap, and the equality systems of P’ and P. It turns out that facet defining
inequalities of P can be generated by combining a specific set of equalities,
satisfied by all elements in S, but not by all elements in S. In Section 3.4
we discuss the possibilities to use this specific set of equalities in order to
formulate a sequential lifting procedure such that the lifting of an inequality
defining a facet of PY always defines a facet of P. In Section 3.5 the results
of the former two sections are combined to generalize the procedure in such
a way that all inequalities defining nontrivial facets of P can be obtained by
lifting the facial description of P". Procedures similar to those presented in
Sections 3.3, 3.4, and 3.5, can generate facet defining inequalities of P, lifting
inequalities of P'. In that case, the analysis is analogue. In Section 3.6 we
present an approach called strict sequential lifting. Basically, an inequality
for PV is lifted to P via intermediate polytopes P = Py, Pi,...,Py_jo = P
such that P;,_; is a facet of P;, and therefore the dimension gap between
P, and P;_y is one for all i € {l,...,p—p"}. In Section 3.7 we discuss an
example on the cell formation polytope, and in the final section we briefly
discuss the results presented in this chapter.

3.2 Comparison of the Procedures

In this section, an example is discussed, illustrating the nature and the
limitations of the different procedures, as mentioned in the former section.

Consider the set § of feasible solutions consisting of (0,0,0), (1,1,0),
(1,0,1), and (0,1,1). Then, the polar cone (see Section 1.2) of the convex
hull P of S is described as follows:

0 < ay
a, + a < ag

1°(P)=<{ ay.a,,a5,a0.€R| 57 Y =
( ) xy by, tz, Ue az+az S ao
(l'y+a'z S u’U

This cone has four extreme rays: (1,1,1,2),(1,-1,-1,0),(—1,1,—-1.0),and
{—1,—1,1,0), from which we abstract the following minimal description of
P (in general the number of inequalities describing P and I1% P) are not the
same):

r+y+z < 2
r—y—z < 0

P = 3%
=k € —r+y—z2 < 0
—r—y+z < 0
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A geometrical representation of P is given in Figure 3.1 below.

e
=

"“-\_‘“I
Figure 3.1: The polytope P, the convex hull of §

Let §%:= SN {x,y,z € B|z = 0}, and §% := §°n {z,y,2 € Bly = 0}.
Let P and P% be the respective convex hulls. It is trivial to derive a
minimal description of P%, and to verify that this polytope has only one
facet, namely the empty set, which is defined by the inequality 0 < 1 (and
many other inequalities). A lifting from P% to P of this inequality, as
defined in Definition 3.2, is a valid inequality of the form gy < 1. Given
that the inequality is valid for PY, the upper bound for 4 is 1. Since the
dimension gap between PY and P% is 1, the inequality y < | defines a facet
of PY. Notice that P is the face of PY defined by the inequality y > 0,
and since the dimension gap is 1, we find that the inequality y > 0 defines a
facet of P° too.

A lifting of the inequality y < 1 from P to P is a valid inequality of the
form y + 7z < 1. The maximum value v can obtain, is 1 — maz{y|(z,y,z) €
S :z =1} = 0. Since the dimension gap between P and P° is 2, the
inequality y < 1 defines a face of P of dimension 1 or 2. Notice that we also
find that the inequality = > 0 defines a face of P of dimension precisely 1.

Could we improve our results by choosing another ordering of lifting the
variables? No, since § is symmetric in the variables r, y, and 2. We can swap
any pair of variables, but the description of § would not change. Actually,
we have the following equations:
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L - T=32 ify=0
= {.r‘y...tﬂi o }

|
|

r ify=1

ifz=0
-z ifr=1 J

In this example, applying lifting of facet defining inequalities, starting from
any of the faces defined by trivial inequalities, yields nothing but trivial
inequalities, though none of these inequalities defines a facet of P.

Now, let us try to improve these results, by applying simultaneous
lifting as proposed by Zemel. Two convex hulls whose dimension gap equals
the number of variables to be lifted, are P and P", but for this lifting, the
method boils down to ordinary lifting, since the dimension gap is 1. The only
other possibility is to lift from a single point to P. Since for this example
P is of full dimension, and for the solution (0,0,0) the convex hull of that
single solution has dimension 0, the dimension gap between these polytopes
is . So, the inequality 0 < 1 can be lifted to a facet defining inequality
of P by lifting all variables simultaneously. The simultancous lifting of the
inequality 0 < 1 with respect to all variables, is a valid inequality for P of
the form:

—_—

y
— . y.z2€ B

Bez + By +B:2<1 B, By, B € R

The inequality above is valid for P if and only if the coefficients satisfy the
following inequalities, one for each solution of S different from (0,0.0):

B-+p8, <1 for (ziy:2) = (1;1,08)
B.+pp. < 1 for (z,y,2) = .0,
By+pB: <1 for (z,y,2) = (0,1,1

Zemel showed that each extreme point of the polyhedron, defined by the
three inequalities above, corresponds to a simultaneous lifting with the prop-
erty that it defines a facet for P. Here, the inequalities induce only one
extreme point: (%%%] The lifting corresponding to this extreme point
indeed defines a facet of P:

r+y+2<2

Now, we will give a rough sketch of how the procedure suggested in this
chapter performs on this example. As long as the dimension gap equals
1, the method is identical to lifting based on Definition 3.2. As described
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earlier, this is going to yield the inequalities y < 1 and y > 0 defining facets
of PY. For the next lifting step the dimension gap between P° and P is 2
and here the methods diverge.

Besides z = 0, there are many other equalities that hold for P° but not
for P. We need a maximal linearly independent set of equalities with this
property. All the other equalities with this property are linear combinations
of the equalities in the set. Such a set could be 2 = 0 and z — y = 0. The
cardinality of such a maximal set equals the dimension gap.

The extended lifting of the inequality y < | with respect to variable
2z, is a valid inequality for P of the form:

y+az4p(zr-y) <1 a, e IR

The inequality above is valid for P if and only if the coefficients a and
satisfy the following inequalities, one for each solution in S\ §%:

l+4a-8 < 1 for (z,y,z) = (0,1,1)
a+p < 1 for (z,9:2) = (1,01

In Section 3.4 it will be shown that each extreme point of the polyhedron
that is defined by the two inequalities above, corresponds to an extended
lifting defining a facet of P. In this case, the inequalities induce only one
extreme point: (%.%). The extended lifting corresponding to this extreme
point can be formulated as:

r+y+z<2

which indeed is facet defining for P.
In a similar way, the extended lifting of the inequality y > 0 with respect
to variable =, is a valid inequality for P of the form:

—~y+az+p(z—-y)<0 a, e lR

The inequality above is valid for P if and only if the coefficients a and g
satisfy the following inequalities, one for each solution in 5\ S°:

~l4+4a-3 < 0 for (z,y,2) = (0,1,1)
a+3 < 0 for (z,y,2) =

Again, the inequalities induce only one extreme point: {%.—%). The ex-
tended lifting corresponding to this extreme point can be formulated as:

—r—y+2<0
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which indeed defines a facet of P.

As in the case of traditional lifting, there is also a byproduct relating
to the equalities. Assume we are looking for valid inequalities for P of the
following form:

az+ Blz-y)<0 a,de IR

Such an inequality defines a face of P containing PY. The inequality is valid
for P if and only if the coefficients & and 3 satisfy the following inequalities,
one for each solution in §\ S":

(0,1,1)

a+ 0 for (z,y,2) (1,0,1)

Il

a-3 < 0 for (z,y,2)
<

In Section 3.3 it will be shown that each extreme ray of the cone defined by
the two inequalities above, corresponds to an extended lifting that is facet
defining for P. The inequalities induce only two extreme rays: (=1, 1), and
(=1,=1). The extended liftings corresponding to these extreme rays can be
formulated as:

—I+Yy—=z
T—Y—2z

which define facets of P.
In this example, the procedure of extended lifting does not only yield
facet defining inequalities of P, but even gives us a minimal description of

the polytope P. In general, to derive a minimal description takes an extra
effort, as will be explained in Section 3.5.

IAIA
o

3.3 The Dimension Gap and Equality Lifting

In this section we study the relation between the dimension gap of > and
P" as defined in section 3.1, and the equalities that hold for P but not for
P. Our interest in these kind of inequalities is motivated by the following
observation:

Observation 3.3.1 Let Q be a face of P such that Q # P. Then, there is
at least one facet F of P such that Q C F.

This observation implies that there is at least one inequality b7z < by which
defines a facet of P and which is satisfied at equality by all z € SY. We will
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see a procedure to abstract the inequalities defining these facets of P, from
equalities holding for P°.

We first study relations between the dimensions of P and P°. Let Lg :=
{(eT,e0) € ™' |eTz = ey ¥ z € Q}. So Lg represents all equalities satis-
fied by . Then, Lg is a linear space of dimension n — ¢. Let {(e*r,ea),i =
l,...,q} form a basis of Ly and let (E,e) be the (n — ¢) x (n + 1)-matrix
whose i-th row equals (e‘T.rf(’,)- The set of basic vectors will be called an
equality set of Q, and (F,e) an equality matriz of Q).

Let (F,€) be an equality matrix of P’ and I(_'!; (E=.e™) be an equality
matrix of P. It can occur that for every row (r-'l.r{,) of (E,e) there is an
z € S" such that e z # ¢i, though there might exist linear combinations
M (E,e) of the rows of (E,e) inducing equalities that are satisfied by all
x € S. We need to pay attention to this phenomenon, which is illustrated
in the following example.

Example 3.3.1 Consider the instance discussed in the former section.
An equality set of P consists of the rows (1,0,-1,0), (0,1,0,0), and
(0,1, ~1,0), corresponding to respectively the equalities x — = = 0, y = 0,
and y — =z = 0. None of these equalities holds for P°. In fact, our choice
Jor the equality set (basic vectors) was an unlucky one. Below, we will show
that it is possible to choose the equality set for PP in such a way that the
number of basic vectors that do not correspond to equalities for P° eractly
equals p° — p*. Notice that for this example p° — p"° = 1.

In general, it is not trivial to determine an equality set of P°, not even
when an equalily set of PY is given. Consider the set of linear combinations
of the above equality set of P that hold for P°:

A Ae R Mz —2)+Xy+As(2—y)=0 V(z,y,2) € S\ 59}
(A€ A+ As — As = 0}
= {/\GIR:il(.}\l.r\g,/\g):(‘1(1.0.1)4‘(‘2(0,1,1), C1,€2 € IR}

The set A is a subspace. Any minimal set of elements spanning this sub-
space, corresponds to an equality set of P°. For example, the set of elements
{(1,0,1),(0,1,1)} correspond to the equalities (z —2)+ (z—y) =z —y =0,

and y + (2 — y) = z = 0, inducing an equality set of P°.

Consider the linear spaces Lp and Lpo as defined above. Obviously,
Lp C Lpo. Hence, there exists a basis {(E‘T,r{,).i ) R n—p?} of Lpo
such that the vectors of {[f‘r,q"]‘). £ = Loy n — p} form a basis of Lp. The

space defined by the difference set {{f'r,r,},),i =n-p+1l,...,n—p% is
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called the dimension gap space !101}\'00:1 P and PY. A basis (equality set) for
this space will be denoted as {{d'f.d{,),i =1,...,p=p"}. Let (D,d) be the
corresponding equality matrix. We will call (D, d) the equality system of the
dimension gap between P and PY.

Henceforth, we make the following assumptions: the equality set of P
is a subset of the equality set of PY, (D,d) is an equality system of the
dimension gap of P and PY, and the dimension gap is at least one, that
is P! is nonempty. Since p > p", we also assume in the remainder of this
chapter that the first row in (D, d) represents z, = (O: r!l'r.r = T = 0 d",.

Now, let us reconsider Observation 3.3.1. That suggested the existence
of at least one inequality b7z < by valid for P, and defining a facet Fj of P
containing P°. The latter property of bTx < by implies that there is a unique
(6,A) € RP-°)+(n=p) sych that b7 = 67D + ATE=, and by = 67d + ATe=.
From the validity of b7z < by it follows that & satisfies 87 Dz < é67d for all
z in P. So, as a first step to abstracting (b7, bg) from (D, d) and (E=,e™),
we define a lifting cone A= for the equality system (D,d) as follows:

A= ={6e k""" | §TDz < 6Td, VazeS').
For this cone we can prove the following proposition:

Proposition 3.3.1 If 51 is nonempty, the cone A~ has precisely one ez-
treme point, i.e. the zero vector, and at least one extreme ray.

Proof: Since AT is a cone, the zero vector is the only extreme point, if
there is any. Suppose the zero vector is not an extreme point of A=. Then,
there is a nonzero § € AT such that also =6 € A=. But that implies
6T(D,d)z = 67d for all z € S, contradicting the definition of (D, d).

To prove that A= has an extreme ray, it is sufficient to show that A= has at
least dimension one, since we have already concluded that A= has a face of
dimension zero. So, it suffices to exhibit a nonzero element 6 € A=: 4 = —1,
and 6; =0 forall i € {2,...,p— p°}. o

Definition 3.3 An inequality of the form
§TDz < &7d §ec R (3.4)

is an extended lifting from PY to P of the corresponding equality
system (D, d), if it is a valid inequality for P.

Clearly, inequality 3.4 is valid for P if and only if the vector 8 is in A=. The
next proposition generalizes this observation.
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Proposition 3.3.2 The inequality b'z < by is valid for P and defines a
face Fy of P containing P° if and only if there erists a (unique) (8,)),
with 6 € A=\ {0} and A € IR"?, such that b = 67D + A\TE=, and
bu = 6?.(1 4 /\TF=.

Proof:

= ) Since PY C F,, and the rows of (D,d) and (E=,e=) form an equality
set of P, there exists a unique (4, ), with § € RP and X € IR™ P such
that b7 = 67D 4+ ATE=, and by = 67d + ATe=. Suppose § ¢ A=. Then,
there is at least one z* € S' such that 6" Dz* > 67d. But that implies
6T Dx* + ATE=2* > 6Td + ATe=, which is equivalent to bTz* > by. This
contradicts the assumption that b7z < by is valid for P.

< ) Given is: 67Dz < 6Td for all z € S*, 67Dz = 67d for all z € S°, and
M E=z = ATe= for all z € §. Combining these three expressions, it follows
that 67Dz + ATE=z < §Td + ATe=, for all z € §, implying the validity of
b"x < by for P. Combining the latter two of the given expressions, we get
8T'Dx + NTE=z = 6Td + ATe= for all z € §°, implying b7z = by for all
z € PY, therefore P° C F}. a

So, with A% we characterize all inequalities valid for P and defining a
face of P containing PY. But which of these inequalities are facet defining?
In the simple case where p—p® = 1, the lifting set boils down to A= = {§ €
IR | & < 0}. The only ray of this cone corresponds to the inequality z, > 0,

which defines a facet of P, since p” = p— 1. This result can be generalized
as lollows.

Proposition 8.3.3 The inequality b'z < by is valid for P and defines a
facet Fy, of P containing P° if and only if there ezists a (unique) (6,)), with
6 on an extreme ray of A=\ {0} and A € R""?, such that b7 = 6T D+ \TE=,
and by = 6Td + ATe=.

Proof:

= ) Using the results of Proposition 3.3.2, we only have to show that § is on
an extreme ray of A=. Assume there is a nonempty index set I, such that
6 = 3 ie10i, where &; # 0 for all i € I. We show that for every i € I there
is a scalar a such that ¢, = aé.

Let b = 6T'D, and b'y = é7d for all i € I. Then, from Proposition 3.3.2 it
follows that b;7z < b%y is valid for P and defines a face F; of P containing
PO, for all i € I. Since bTz < by is implied by the set of valid inequalities
b;Ta < b'y for i € I, Fy is a subset of each of the faces F; of P. Because Fj
is a facet of P and é; # 0, F; is a facet of P too, and Fy = F; for each i € I.
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Choose any i € I. The row (b7, by) together with the rows of (E=, ¢=), form
an equality set of Fy. So, there is a unique (a,pu) € R'*("?) such that
(b,f.b‘u] = a(bT,by) + u( E=, e=). Plugging in the expressions for (b,‘r.b'n)
and (b7,bg) in (D,d) and (E=,e=) we get:

5:T(D,d) = asT(D,d) + (a) + wWT(E=,e5).

By the linear independence of the rows of (D,d) and (E=,e™), we have
(6; — ad) = 0.

4 ) Using the results of Proposition 3.3.2, we only have to show that F} is
a facet P. Assume there is a nonempty index set [, such that for each i € I
there is a facet F; of P, and such that ,¢; F; = F,. We will show that for
eachiel, F, = F,.

Assume that for each i € I the inequality ¢;Tz < ¢o' defines the facet F; of
P. So, (b7, by) = el W (6T, eo") for some nonnegative weights w;. Also, by
Proposition 3. 3 2, for each 1 € I there is a lllll(|lll‘ (7:, ,u )hll(‘ll that v, € A=,

pi € R ;T =9"D 4 ,TE=, and ¢;o = %,7d + ;" ¢=. Combining this,
we get:
(b7,b0) = 8T(D,d)+ AT(E=,e7) = Y wi(7](D,d) + I (E=,¢7)).
1€l

Because the rows of (D,d) and (F=,e™) are linearly independent, we con-
clude: é = 37,y w;7;. Since ¢ is an extreme ray, all the 7;’s are on the same
ray. So, for every ¢ € I, there is a positive scalar o such that aé = 5,. Then,
every r € F; satisfies: aé’ Dz = aé™d. This implies I}, = F}. o

This result implies that we can abstract facet defining inequalities from
the equality system of a dimension gap, by generating extreme rays of A=,
To get better acquainted with this approach, let us consider an example.

Example 3.3.2 Let R := {2 € R' | 3zy 4 225 + 223 + 224 < 6}, and
define the set S of feasible solutions as follows: § := BN R. Civen a
linear objective function, we can optimize over S by using LP techniques to
optimize the same function over the conver hull P of S. However, we don’t
have a closed form description of P yet. Approzimating P with [0,1]* N R
could result in a fractional solution, like y = (%,0, 1,1).

Apparently, the approrimation could be improved, even if we restrict our-
selves to the intersections of P with both the subspaces defined by x5 = 1 and
x4 = 1 respectively. Let P! := {z € P |z4 =1}, and P! := {z € P! | 23 =
1}. It is easy to deduce a minimal facial description of P'':

Pl'={zeR'|z,=0,0<z,<1,23=1,24=1}.
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The only constraint that is not satisfied by our fractional solution y =
%,0, 1,1) is the equalily constraint z; = 0. So, let us try to generate an
inequality defining a facet of P' that is violated by y, lifting an equality
system of P' to facet defining inequalities of P*.

The equality systemn we use is induced by the equalities: z; = 0 and 3 = 1.
Consider the lifting set of this equality system:

A:

]

2
be IR I VeeSstzg=0,z4=1

{6 € IR? | 63> 0,6, 2 &).

6121 + bx(z3—1) <0 }

AT has two extreme rays, which we can represent by (=1,0) and (1,1) re-
spectively. These rays correspond to the inequalities x, > 0 and zy + x5 < 1.
Apparently, these inequalities define facets of P'. The latter inequality is
violated by our fractional solution. Applying traditional lifting we obtain a
violated inequality defining a facet of P: xy + 25 + x4 < 2.

Ty Ty Ty Z2

o] TEP o] TE Pl a
T stz =0 T ] mitzz=1

ay Iy

Figure 3.2: Liftings from the equality system

3.4 Extended Lifting

In this section we describe a generalization of the sequential lifting procedure,
from now on denoted as the extended lifting procedure. With this procedure
it is always possible to generate an inequality defining a facet of P from an
inequality defining a facet of P°. The existence of a procedure with such a
feature is indicated by the next proposition.

Proposition 3.4.1 Let Q be a face of P, and let Fy be a facet of Q. Then,
there is at least one facet Fp of P such that Fp N Q = Fy.

Proof: Notice that @ is nonempty, since there exists a facet of Q. f Q = P
then the proposition is trivial, so assume Q # P. Let (D.d) denote an
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equality system for the dimension gap between P and Q. The number of rows
is at least one, because @ is a proper face of P. Since Q is a face of P, adding
Dz = d to a minimal facial description of P yields a facial (though in general
not minimal) description of . The description is complete, so at least one
of its inequalities defines Fg, say the inequality b”x < by. This is true, even
if Fg is empty. To see the latter, if F is empty, @ is a point, and there is
at least one facet of P not containing that point. The inequality b7z < by
also defines a facet Fp of P. Therefore, Fg = FpN{z: Dz =d} = FpNQ.
O

An important implication of this proposition is that given an inequality
a’z < ag defining a facet F, of P°, there is an inequality b7z < by defining
both a facet F}, of P and the facet F, of P’. How to go from the coefficients
(', ag) to the coefficients (b7, by) is the topic of this section.

To identify all interesting equivalents of the inequality a’ z < ag we need
to know the equality system (D, d) of the dimension gap between P and PY.
Then, we are able to define for each inequality a’ = < ag a lifting polyhedron:

AlaT,ap) := {6 € /i |’z +6TDx < ag+6Td  forallz € 513.

The lifting polyhedron can be interpreted as the projection of a truncation
of the cone A*:

At = {(a,8) € R"*P) | aaTz 4+ 67Dz < aag + 67d, a > 0 Vz € S').

Intersecting A% with the subspace induced by the equation @ = 1, and
projecting out the a yields A(a”,ag). Since the dimension of the truncated
cone and its projection are the same, it follows from the analysis of Chapter
2 that there is a one to one relation between the faces of the truncated cone
and its projection. Now, it is easy to see that the next proposition holds:

Proposition 3.4.2 Assume that a’z # ag for some z ¢ 89, and P' is
nonempty. Then, the lifting polyhedron A(a”,ay) is nonempty and has at
least one extreme point.

Proof: First we exhibit an element § € A(a”, ag) to show that A(a”,ag) is
nonempty: é; = ap—maz{a’z |z € §'},and §; = Oforall i € {2,...,p—p"}
(recall that the first row of ( D, d) represents z,, = 0; this solution corresponds
to traditional lifting).

It can be shown that the cone A* has precisely one extreme point, i.e.
the zero vector, and at least one extreme ray, with a reasoning analogue to
the proof of Proposition 3.3.1. Since the intersection of the cone A* with
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the subspace induced by the equation @ = 1 has been shown nonempty,
this intersection has at least one extreme point. And so does A(a”,aqg), as
follows from the projective relation. a

Definition 3.4 An inequality of the form
Tz +6"Dzr < ag+67d, 6 R (3.5)

is called an extended lifting from P° to P of the inequality a™z < aq if
the inequality (3.5) is valid for P.

Clearly, (3.5) is a valid inequality for P if and only if the vector é is in
A(a”,ay). Moreover, if aT’z < ay defines a facet F, of P°, then it follows
from Proposition 3.4.1 that there is an inequality b'z < by defining F, of
PP as well as a facet F of P. Because bTz < by defines F,, there is a strictly
positive scalar a, a vector § € A(a”,a), and a vector A € IR"”, such that
(b7, bo) = a(a’,ap) + 6(D,d) + AT(E=.e=). This implies that there is an
extended lifting of a’z < ay defining the facet F of P.

Since an inequality defining a facet F' cannot be a linear combination of
inequalities that are valid but do not define F, the only vectors 6 € A(a’, ag)
that we have to consider for this particular extended lifting are the extreme
points of A(aT, ap).

Proposition 8.4.3 Assume the inequality a”z < ag is valid for P° and
defines a facet F, of P°. Then, the following holds:

The inequality bz < by is valid for P and defines a facet Fy of P containing
F, but not P° if and only if there exists a unique (a, 8, ), with o a positive
scalar, & an extreme point of A(a’,ap), and A € IR"P, such that bT =
aal +8TD + ATE=, and by = aag + 6Td + ATe=.

Proof:

Since the inequality a’z < ag is valid for P’ and defines a facet F, of P°,
(a¥,ag) together with the rows of (D, d) form an equality system for the
dimension gap between F, and P. Applying Proposition 3.3.3 we have: the
inequality b7z < by is valid for P and defines a facet Fj of P containing F,
if and only if there exists a unique (a,é,A), (a,é) on an extreme nonzero
ray of At and A € IR""P, such that b7 = aa” + 6TD + ATE=, and by =
aag +67d+ ATe=. It also follows from Proposition 3.3.3 that the inequality
bT2 < by is valid for P and defines a facet Fj of P containing P° if and
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only if there exists a unique (4, A), é on an extreme nonzero ray of A=, and
A € IR"?, such that b7 = 6TD + ATE=, and by = 6Td + \Te=. Comparing
these results, by the uniqueness of the coefficients we have to conclude that
a # 0 if and only if F} does not contain P°. (m)

All facet defining inequalities of P! can be lifted in a similar way. So, we
can derive a facet defining inequality of P by lifting a facet defining inequality
of P’ one variable at a time. To get better acquainted with the extended lift-
ing procedure, let us revisit the instance of the knapsack problem discussed
in Example 3.3.2.

Example 3.4.1 We have to optimize a linear objective function over S :=
B* N R, where R := {xr € R | 32y + 225 + 225 + 224 < 6}. Again, let
P':={zr€ P|zy=1}, and P"' := {z € P' | 23 = 1}. The minimal facial
description of P! is:

Pl={zeR'|2,=0,0<2,<1,23=1,24=1}.

Now, let us try to use this information by lifting the facet defining inequalities
of P! to facet defining inequalities of P'. As before, the equality system we
use, is induced by the equalities 1 = 0 and x5 = 1. First, consider the
nequality zy < 1. We represent a lifting polyhedron of this inequality as
follows:

AlaT,aq) = A(0,1,0,0;1)

2, T2+ +8(23-1)< 1
{6EIR | Vo€ §etizg =0,24=1
{6 € R*| 6, > 0,6, > 6, ~ 1}.

This lifting polyhedron has only one extreme point: é = (1,0). This implies
that the extended lifting x + =, < 1 defines a facet of P'. An affinely
independent set of solutions in P' N S satisfying this inequality at equality
is: (0,1,1,1), (0,1,0,1), and (1,0,0,1). The latter two correspond to the
inequalities 6, > 0 and by > é; — 1 of the lifting polyhedron. The first one is
in P''. Notice that the inequality =, + 3 < 1 cannot be derived by applying
traditional sequential lifting, since that would have yielded z, < 1, which
only defines a face of P'.
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Iy L2

T € P
F =
st xq =1

~_

£

Figure 3.3: Lifting from the facet F of P'! defined by z; < 1

Secondly, consider the inequality x5 < 0. The lifting polyhedron of this
inequality is represented as follows:
A(a”, ag) A(0,~1,0,0;0)
—z3 + 6171 + 82(z3 - 1)< 0 }
Ve Sstzzs=0,z4=1
{6 € IR? | 63 > 0,6, > 6, ).

{.ﬁe IR? |

N

This lifting polyhedron has also one extreme point: 6 = (0,0). This implies
that the extended lifting —z4 < 0 defines a facet of P'. This may seem less
spectacular than lifting the other inequality, since the resulting inequality
is the same for traditional lifting. But traditional lifting would not have
guaranteed that the inequality is facet defining.

The extended lifting of the facet defining inequalities of P! is equivalent to
traditional lifting, since the equality set contains only one equalily, equivalent
to ry = 1. The reader can verify easily that the following inequalities result:
2y > 0, and xy + 29 + x4 < 2, defining facets of P. Since the variables x;,
rq, and x4 are similar to a certain ertent, we deduce that the inequalities
x>0, 2420, 21+ 22+23 <2, and xy + r3+ x4 < 2, also define facets of
P.

3.5 Complete lifting

In this section an algorithm is suggested generating a set of inequalities
representing all facets of P, from a minimal facial description of P°. This
algorithm is a generalization of the algorithms suggested in the two former
sections. The next observation indicates that such a procedure might be
possible.

Observation 3.5.1 Let F' be a facet of P. Then F contains a face of P°.
Let F© be the face of P° that is the intersection of F and P°. If F° is empty,
then F is defined by the trivial inequality z,, < 1.



Section 3.5 11

The latter part of this observation is typical for the convex hull of binary
vectors. Observation 3.5.1 is of a slightly different nature than Observation
3.3.1 and Proposition 3.4.1. Observation 3.3.1 claims that there are facots
of P corresponding to the equality system of P°. Proposition 3.4.1 indicates
that for each facet of P° there is at least one facet of P. Observation
3.5.1 however does not claim that there is a facet of P for each face of
P, but points the other way around: there is some face of P° for each facet
of P. Nevertheless, the construction of the procedure is analogue to the
construction of the procedures presented in Sections 3.3 and 3.4,

As in the former sections, our first step is to characterize the set of
inequalities, valid for P. Let (A,a) be a m x (n 4 1)-dimensional matrix,
such that every inequality that is valid for P° is implied by Az < a and the
equality set of PY. We say that the matrix (A, a) with the equality set forms
a facial description of P®. Furthermore, we assume that m is minimal, This
implies that every row of (A, a) corresponds to an inequality defining a facet
of PY. Now, we can define a complete lifting cone of the polytope P°:

A° ;= {a' € R}, b€ R |aTAz + 6" Dz < aTa+6Td Ve ]’1}.

The complete lifting cone of the polytope PY is a cone, for which we can
prove the following proposition:

Proposition 3.5.1 The cone A° has precisely one extreme point, i.e. the
zero veclor, and at least one exlreme ray.

Proof: Since AU is a cone, the zero vector is the only extreme point, if there
is any. Suppose the zero vector 0 is not an extreme point of A”. Then, there
is a nonzero (a,é) € A” such that also (—a,-6) € A". Since a € RT', we
know a = 0. But that implies 67 Dz = 67d for all z € §?, contradicting the
definition of (D,d). To prove that A” has an extreme ray, it is sufficient to
show that AY has at least dimension one, since we have already concluded
that AY has a face of dimension zero. So, it suffices to exhibit a nonzero
element (a,8) € A% a=0,8 =—1,and §; =0 forall i € {2,....p— p°}.
O

Definition 3.5 An inequality of the form

(@TA4+6TD+ATE=)z < aTa+ 6Td+ ATe=

3.6
a€ R™. 6 RP" \e R"P. (:8)

is called a complete lifting from /Y to P of the minimal facial de-
scription of P if the inequality (3.5) is valid for P.



42 Chapter 3

Clearly, inequality (3.5) is valid for P if and only if (a,é) € A”. Furthermore,
if an inequality b7z < by defines a facet of P, then there is an (a,8) € A” such
that (b7,bg) = (e A + 67D + ATE=,a"a + 67d + ATe=). This observation
can be strengthened, as reflected in the next proposition.

Proposition 3.5.2 The inequality b"z < by is valid for P and defines a
Jacet Fy of P if and only if there exists a (a,8,\) with (a,d) on an extreme
ray of A° and A € IR"P?, such that b7 = aTA + 6TD + ATE=, and by =
ala + 6Td 4+ ATe=.

Proof:

=% ) The inequality b7z < by is valid for P, defines a facet Fj of P, and a
face F¥ of PY. Then there is a (p—p°) x (n + 1)-dimensional matrix (A’, a’),
whose rows are a linearly independent subset of the rows of (A, a), such that
A'z = a' for all z € F°. Together with the rows of (D, d), the rows of (A’, a’)
form an equality system of the dimension gap between P and FP. It follows
from Proposition 3.3.3 that there exists a unique (a’,8.\) with (o’,é) on an
extreme ray of the lifting cone of the equality system of the dimension gap
between P and FO, and A € IR, such that b7 = o7 A’ + 67D 4+ ATE=.
and by = o'Ta’' + 67d + ATe=.

Construct a such that a; = 0if row i of (A, a) is not a row of (A’,a’), and «;
equals the value of corresponding element in o otherwise. Clearly, (a,¥é) is
in A% Nisin R" P, b7 = aT A4+ 6T D+ATE=, and bp = aTa+6Td+ \Te=.
For each set of vectors in A summing up to (a.é), the elements of the
vectors corresponing to the rows in (A, a) that are not in (A’, a") must have
value zero. This, combined with the fact that (a’,8) is on an extreme ray
of the lifting cone of the equality system of the dimension gap between P
and FO implies that (a,8)is on an extreme ray of A% which completes this
part of the proolf.

4 ) Assume (a,é,A) with (a,6) is on an extreme ray of A° and A € IR"7,
such that b7 = oA+ 6TD + ATE=, and by = aTa + 6T7d + ATe=. Then
b¥x < by is valid for P and defines a face F} of P. Because (a.4) is nonzero,
Fy does not contain P. Since (a,é) is on an extreme ray of A, Fj is not in
the interesection of two different facets of P. Therefore, F}, is a facet of P.
0

A consequence of this proposition is that we can find all inequalities
defining a facet of P by checking all extreme rays of A”. Some rays may
refer to the same facet, since a face of PY can be the intersection of various
different sets of facets of PY. However, the extreme rays of A all correspond
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to some facet of P.
Again, as an illustration, we revisit Example 3.3.2, presented in Section
3.3,

Example 3.5.1 We lift the polytope P'' completely. The lifting cone of
P* is:

. > 0,00 >0
R? 2 VU,ap 2
Al = :Eﬂi" —ayry +ax(ry=1)+6ry +62(x3~-1)<0
VXESas.L Ty = U..l".| = ]

q >

aclR?® |a; >0 “1121;3
= 2 . S az +0z 2

de R ag > 0 aq 485 > b

So, there are five inequalities characterizing A''. An extreme ray satisfies
at least three linearly independent inequalities at equality. That is, there are
al most ten different possibilities. We checked them all, and the resull can
be summarized as follows:

ap e b6 Oy inequality | index
0 0 -1 0 >0 (a)
0 0 1 1 Ty 4 Tg S 1 (b)
1 0 0 0 x9 20 (e
0 1 1 0|z +2y <1 (d)
1] 0 -1 ra >0 (e)

The inequalities (a) and (b) correspond to extreme rays of the lifting cone of
the equality system of P°. The inequalities (c¢) and (d) are extended liftings
of the inequalities 0 < x5 < 1. Inequalily (¢) is a trivial inequality, the lifting
of the empty face. We could also have checked wether this defines a facet by
checking the dimension of P°'. In itself, the resulting inequalities may nol
be very spectacular in this case. However, the complete lifting guarantees
that together, these inequalities form a facial description of P'.

Finally, since we have a facial description of P', we lift P' completely.

a e IR° -1 T — Ty — a3T3 + 0(xq — 1)
Al = 6€-Bi+ +ag(zi+ 29— 1)+ as(zy+23-1)<0
V)S'ESSJ.I‘t:O
6 > —ag—a; &6 2 —ag—as
_ a€lR, |6 > —az—a4 6 > as—o;—ay
- 6elR |6 > —-m b > ag—0a —ay
&6 > —ag— oy
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This cone has 14 extreme rays:

oy Gy 3 4 o5 & inequality | index
0o 0 0 0 0 1 <1 (f)
1 0 0 0 0 0 20 (9)
0o 1 0 0 0 0 x>0 (h)
0O 0 1 0 0 0 320 ()
0o 0 0 1 0 1 Ty + 234124 <2 (7)
0 0 0 0 | ] J.'|+J-‘3+J'.|$2 (.\(..‘)
0O 0 1 0 1 0 1 <1 (f)
1 0 0 0 1 0 g3 < 1| (m)
0O 1 0 1 0 0 1 <1 (n)
1 0 0 1 0 0 T < 1 (0)
I 0 0 1 | 0 ry+ry+ry<?2 (p)
1 0 1 0 -1 ry >0 (q)
1 0 1 0 1 -1 g 20| (r)
0 0 0 1 1 1|2z+z3+z3+24<3]| (s)

The inequalities (1)-(s) do not correspond to exireme rays of the extended
lifting of inequalities or the equality system of P'. Inequality (s) does not
occur in an extended lifting of inequalities or an equality system of P° either!
Notice that the inequalities (1) and (n), as well as (q) and (r), are pairwise
identical.

3.6 Strict Sequential Lifting

The sequential lifting procedures discussed so far, do guarantee a facet defin-
ing inequality for P, but require to check the extreme rays or extreme points
of a (p — p") dimensional polytope. However, it is possible to lift the equal-
ities of the equality system one by one. Thus, lifting an inequality from P°
to P can also be done by checking the extreme points of (p — p®) one dimen-
sional polytopes. This possibility will be briefly discussed in this section.
The theoretical results supporting this approach, are of the same nature as
the results in the former sections, so we illustrate the principles by means of
an example.

In strict sequential lifting, we lift an inequality p — p° times with dimen-

sion gap one. So, we need to construct a sequence of polytopes Fy,. .., '
starting with Py = P and ending with P,_p0 = P, such that P;_; is a facet

of P; forall i € {I,.... p—p"}. One way to generate a sequence like that is
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intersecting FP; by a hyperplane inducing a facet of P, containing P". The
intersection will be identical to the facet, and form F;_;. Such a facet cor-
responds to an extreme ray of the lifting cone of the equality system of the
dimension gap between P, and Py = PY, as discussed in Section 3.3.

Again, as an illustration, we revisit Example 3.3.2 presented in Section
3.3.

Example 3.68.1 We will lift the inequalities x5 < 1 and z3 > 0 from P to
P! in a strict sequential way.

To generate a sequence of polytopes with dimension gap one from P!
to P' we intersect P' with a hyperplane inducing a facet of P' containing
P''. There are two such facets corresponding to the extreme rays of the
lifting cone of the equality system of the dimension gap between P' and
P'' as discussed in Ezxample 3.3.1. Inequalities inducing these facets are
ry+x3 <1 and xry 2 0. We choose one arbitrarily, say x, + 4 < 1. So,
the sequence of polytopes is: Py = PV, Py = {x € Pyley + x5 = 1}, and
Py = P'. An equality system for the dimension gap between Py and Py is
zy 4+ w3 = 1. An equalily system for the dimension gap between Py and I
18 T = 0.

Now, liftings of the inequalities 29 < 1 and x4 > 0 from Py to P, are
inequalities, valid for Py, of the forms xq+béxq < 1, respectively —axy+b6r) <
0. These inequalities should be satisfied by all x € § such that x4 = 1,
21+ a3 = 1. All solutions for which xy; = 1 yield an upperbound for 6. There
is only one such a solution: = = (1,0,0,1). For the first inequality we derive
1 as an upper bound for 6, for the second one we find 0. So the inequalilies
z1+ 29 <1 and x4 > 0 define facets of Py.

Liftings of the facet defining inequalities x1 + x4 < 1 and x5 > 0 from P
to Py are inequalities, valid for Py, of the form zy 4 x5+ 6(xqy + x3) < 146,
respectively —xq + 6(xy + x3) < 0+ 8. These inequalities should be satisfied
by all © € S such that x4 = 1. All solutions for which =, + r4 # 1 yield
an upperbound for §. There are two solutions salisfying these conditions:
z=1(0,0,0,1) and x = (0,1,0,1). In both cases we find 0 as an upper bound
for 6. So the inequalities z1 + x4 < 1 and x5 > 0 define facets of Py = PP,

We could have chosen our sequence of polytopes differently, say: Py =
P', P, = {z € PJz; = 0}, and P, = P'. In this ezample that does
not influence the result. In general, it could yield a different resull, just as
traditional lifting could yield a different result for different orderings of the
variables to be lifted.
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3.7 An Example on the Cell Formation Polytope

In Chapter 6 a model is suggested for the cell formation problem. In this
problem we have a set of M machines and a set of N parts. Each machine
and each part has to be assigned to at most one cell, such that some ob jec-
tive function is optimized. The number of cells to be formed is part of the
problem. The model is based on binary variables z;; € {0,1}. The interpre-
tation of the variables is that z;; has value one if and only if machine i and
part j are in the same cell, and z;; has value zero in all other cases. It is
shown that a solution =z € IBM*N is feasible if and only if it satisfies all of
the following so-called square inequalities:

) . vV hiie{l,...,M} -
TiitThit Tik—Tae S 2 Y jke{l,...,N) (3.7)
The inequalities 3.7 have an obvious interpretation: if machine i and part j
are in the same cell, and if machine ¢ and part & are in the same cell, then
il machine h and part j are also in the same cell, machine ko and part k are
bound to be in the same cell too.

In Chapter 7 and Chapter 8 the facial structure of the convex hull of the
feasible solutions is discussed. It turns out that this polytope has all kind
of nice properties. For example, it is of full dimension. As for the square
inequalities, they are facet defining, and so are the the trivial inequalities.
Actually, together these inequalities form a minimal facial description of the
polytope if the number of machines equals two.

Suppose now that we have to adapt our model, because we are given an
extra opportunity: for some part there is an alternative production plan,
requiring a different set of machines. This is not an unusual scenario. The
problem of having to choose between different production plans for a part
is known in literature as concurrent engineering, see for a more thorough
discussion of this topic [Ham et al, 1985].

To start with, let us keep things simple. Assume there are only two
machines and two parts. Let part 1 have a set of production plans, and let
S1 = {1,....51} be the index set of these plans. Now, for each production
plan there is a binary variable p' € { 0,1} that has value one if and only if
production plan / is chosen. Assuming we can choose at most one production
plan, we have: 37 p' < 1. We also need more z-variables for part 1, with
an extra index per process plan: ,rf_i has value one if and only if machine i
and part j are in the same cell, and production plan [/ is in use.

First, we take only one process plan into consideration: s; = 1. Let P
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be the convex hull of all feasible solutions. Then the equality p' = 1 defines
a face F of P, and for this face we know a minimal facial description:

( peR YlesS \
zl, € R Vie {1,2),l€ S,

p'=0Vie S\ {1}
]Jl —3 |
.rfl = p‘ Vie S;\ {1

IAIA S

",:< J"i] + T2 + J“%l — X922 2 |
rh+rTi2—-1 + 202 2
T}, —T12+ 3} + 3122 < 2
---.r{l + T2 + .r-i, + x99 < 2
0 < z1, <1
0 € z2 £ 1
0 < J‘_I” < 1
{ 0 < 29p < 1 )

We can lift each of these inequalities with respect to p'. Since the dimension
gap between P and F' is one, ordinary sequential lifting suffices to derive
facet defining inequalities for P. We add to this the inequality derived by
lifting the equality system. Actually, we find the following approximation P
of P:

pl e R Vlie S 3
zt € R Vi€ {1,2},l€ 5

pt=0 vle S5\ {1}
p' <1
=9 Ve S\ {1)

p_) PHrhtrntay-rn <1
T+ T12— 23 + 22 < 2
-pl ol —r2t ol o <1
-z +Tia 2y + 22 <02
0 < zi; < p'
0 < a2 < p
0 < .'1."]11 < pl
0 < a5 < p

and in this special case, one can prove that the approximation is exact and
the description minimal.
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Now let us make the case more interesting, and bring into consideration
the second process plan: s; = 2. We interprete P as the face of a larger
polytope @, the convex hull of all feasible solutions for two process plans, that
is induced by intersecting @ with the subspace defined by the equality p? = 0.
This equality does not induce an equality system, since the dimension gap
between @ and P is three. An inequality system is: p? = 0, z%, = p?, and

"'§| = p". The lifting cone of the inequality —p’ + .r}l + xr19 + r%[ —192 <1

I8
«a er |179° A <0
10 <0
!I: .H QQW
em |71°° <0
! 7 < 1

This polyhedron has two extreme points: (0,0,0) and (1,1, 1). These corre-
spond to respectively the following inequalities:

—p' + J““ + 20 + ;1.'.;1 —192 < |
and

-p' - p? ¢+ el + 2% + 2+ 2l + .r%l -222<1
The first one could have been derived by applying ordinary sequential lifting,
but without the guarantee that it defines a facet of (). The second one is
due to extended lifting, though it could also have been derived by strict
sequential lifting. In the latter case we would have to study the lifting cone
of a three dimensional equality system, and still it is not a priori clear which
sequence yields interesting results. The second type of inequalities give some
extra insight that leads to a straightforward generalization.

Let S; be the index set of concurrent project plans for part . Then, the

following inequality is facet defining for the polytope that is the convex hull
of the feasible solutions of the concurrent engineering cell formation problem:

{ l l
DA DIEE DI IR EHEEHE S
IET, IET, I€T,
for all n € Sy, for all 7; C §; such that T} # @, for all h,z € {1...M},
for all j,k € {1...N}. We refer to this class of inequalities as concurrent
square inequalities. Although this is an exponential class of inequalities,
it is easy to see that the seperation problem is polynomial solvable. Other
inequalities that are facet defining for this polytope are 3, pr<i, .rfJ >0

and xf-J < p'. The latter two types of inequalities are the result of lifting the
cquality system.
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3.8 Polarity, Duality, and Lifting

Beginning with a minimal facial description of P’ on a subset of the vari-
ables, sequentially complete lifting yields a facial description of the original
polytope P. This could be interpreted as a directed recursive procedure to
find the extreme rays of the polar cone II°(P) of P. To see this, notice that
we could start lifting from the empty set. For simplicity, assume P is full
dimensional. Take the equalities z; = 0 for i € {1,...,n} together with the
equality 0 = 1 as a facial description of the empty set. These equalities also
form the equality system (notice that there are p — p” = n + 1 equalities) of
the lifting gap between P and the empty set. Then the lifting cone of this
equality system is equivalent to the polar cone of P:

A" = {(8,én41) € R™H | R <bpyy VZES).

Another way of interpreting complete lifting is via duality theory. Sup
pose we maximize ¢ z over 5” and we have a facial description of P. That
is equivalent to minimizing o a+6Td+ ATe= over o, 8, A € IR™Hp—")+(n-p)
such that & > 0 and ¢T = of A+ 6T D+ AT E=. Extending S° with S' implies
extra conditions on the dual, namely (a,6) € A°.

To get affiliated with this interpretation via duality theory, consider the
extreme case where 59 is empty. Like before, we chose the following equalities
as a facial description for the empty set: z; = 0 for all ¢ € {1,...,n}, and
0 = 1. Although the primal problem does not have a solution, we still can
formulate a dual. The dual would be to minimize &, such that ¢; = 8, for
all i € {1,...,n}. Extending the empty set S® with a nonempty set S, the
following inequalities are added as restrictions to the dual: 67 z(= ¢’'z) <
841 for all z € S1.

In general, we cannot expect that sequential complete lifting is very
efficient. If the structure of a problem is exploited in order to keep the
method as simple as possible, the method might in some cases be suitable
to derive a facial description of P, or to be used as a tool to prove the
completeness of a description.

We also introduced and discussed extended lifting of inequalities and the
equality system. An equality system of P’ can be lifted to facet defining
imequalities of the original polytope P. Also, together with an equality sys-
tem of P’ an inequality defining a facet of P’ can be lifted to facet defining
inequalities of the original polytope P, either using all equalities of the equal-
ity system at once, or one by one {under certain conditions on the equality
system). The sum of the dimensions of the polytopes of which we have to
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determine extreme rays, respectively extreme points, is dim(P) — dim(P’).
Again, dependent on the possibilities to use the structure of the underlying
problem, these procedures can be appropriate in some cases.

There are several differences between the extended lifting procedure and
the simultaneous lifting procedure suggested by [Zemel,1978]. With the ex-
tended lifting procedure it is always possible to lift an inequality one variable
at a time. It is even possible to lift equality by equality, with strictly sequen-
tial lifting. On the obverse, more knowledge is required about the equality
systems.



Chapter 4

On the Strength of
Inequalities
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Recently, in [Goemans, 1995] an indicator has been suggested to compare
classes of linear inequalities with respect to their potential effectiveness in
a cutting plane algorithm, geared on optimizing linear objective functions
over a polyhedron. He showed that this indicator has a nice interpretation
in case the polyhedron is of blocking type and the objective is to minimize
a linear function with nonnegative coefficients.

In this Chapter we show that the indicator has a similar interpretation
for maximizing any linear objective function in case the description in the
origin is identical for a relaxation polytope, and its strengthenings, the poly-
topes resulting from intersecting the relaxation polytope with the halfspaces
induced by the respective families of valid inequalities. Some examples are
added to illustrate the result.

4.1 Introduction

For a wide variety of problems cutting plane algorithms have been imple-
mented succesfully. The process of designing such an algorithm usually starts
with a thorough investigation of the facial structure of polyhedra corre-
sponding to the problem under study, yielding classes of valid inequalities.
For some classes separating violated inequalities is harder than for others.
In fact, for many classes the separation problem is NP-hard, indicating we
might have to settle for some separation heuristic.

Ideally, one would balance the effort of separation with the improvement
of the relaxation of the polytope under research. It is not clear how to
measure this improvement. Generally, there is a preference for classes of
inequalities that define facets of the convex hull of feasible solutions. But
then again we could use some measure for the improvement of the relaxation
resulting from adding each of the classes of facet defining inequalities we
derived.

Recently, in [Goemans, 1995] a measure is introduced, let us denote it as
I‘E‘b(l’), for the strength of an inequality a”z > b with respect to a polytope
P:

b
min{alz|z € P}’

I2,(P)=

Of course, the strength of an inequality a”z < b, with respect to a polytope
P, denoted as I"E‘.h(."). can be written as:
b

< (p) = )
LaalP) max{a’z|z € P}
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Goemans shows that in specific cases this strength has a nice interpretation.
The result is based on the following observation.

Observation 4.1.1 Let P and Q be convez sets in the positive quadrant
such that Q C P C IR}, and 0 ¢ P. So Q is a strengthening of P. Assume
both sets are of blocking type; that is, a set S is of blocking type if x € S
and y > x imply y € 5. Denote {azx|z € P} where a is a scalar as aP.
Then, there exists a scalar a > 1 such that aP C Q) C P.

Now add the assumption that P and @ are polyhedra. We can write =
{z € Plal'z > b;,¥ i € N} for some nonempty index set N representing a
family of inequalities. For each inequality a’z > b;, i € N, we compute the
indicator I'E‘bl( P). The maximum of these indicators is denoted as I'2( P, Q).
Define a strengthening Q, of P as follows: Q; = {z € Pla]z > b;}. Clearly,
Q = Nien Qi and min,{c’z|x € Q} > maxen) ming{c’z|z € Q,}. It is
shown in [Goemans, 1995] that now can derive:

min{c'z|z € Q} < amin{c’z|z € P} Vee IR"

— a>T2(P,0) (4.1)

In other words, adding the inequalities corresponding with N to the polytope
P the objective function value cannot increase more than o times the optimal
value over P. One of the interesting features of this result is that to compute
the indicator ['Z(P, Q) only the cases in which a single inequality is added
to P have to be considered.

Of course, for each polyhedron P we can define a polytope dom(F) which
is the minimal polyhedron of blocking type containing P. But there is not
always a one to one relation between families of inequalities valid for P and
families of valid inequalities for dom( P). For example, consider a polyhedron
P containing the origin and all unit vectors. Clearly, dom( /) is in the
positive quadrant and contains P, but the analysis described above is not
of much use. This raises the question whether there are other polyhedra
for which the Goemans measure of strength has a similar and meaningful
inferpretation.

In the next section we present such a class of polyhedra. The result is
indicated by the next observation, which is analogue to Observation 4.1.1.

Observation 4.1.2 Let P and Q be conver sels containing the origin as an
interior point (so P and () are of full dimension). Assume () C P. Then,
there exists an a € (0, 1) such that: aP = {az|c € P} CQ C P.
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It is always possible to shift a nonempty polytope in such a way that it
contains the origin. However, if a polytope is not of full dimension, it does
not have an interior. To cope with this, we introduce the concept of zero-
identical polyhedra, and claim that it might be a usefull concept to a wide
variety of problems.

Definition 4.1 Twe polyhedra, say P and Q, are called zero—identical if
and only if for all a € IR"™:

aTz <0 YVeeP < aT2<0 YzeqQ.

In the next section we will study the interpretation of the indicator
"S(P,Q) as a worst case ratio comparing the linear relaxation P and its
strengthening @ under the assumption that P and @ are zero-identical. In
Section 4.3 we will illustrate the results with some examples.

4.2 Worst Case Analysis for Zero-Identical
Relaxation Polyhedra

If a polyhedron P is strengthened to a polyhedron @ by adding a set of
additional inequalities, but none of these inequalities is violated by the origin,
or satisfied at equality by the origin, then P and @ are zero-identical. In
other words, we can add additional inequalities of the form e’z < b as many
as we judge necessary, as long as b is strictly positive, the relaxation polytope
and its strengthening will be zero-identical.

The concept of zero-identical polyhedra is getting more interesting if the
origin is a feasible solution. We can prove the following:
Proposition 4.2.1 Let P and Q be polytopes, and 0 € Q C P.
Then, the following statements are equivalent:

a) P and Q are zero-identical;

b) there exists a v € (0,1] such that:
aP ={arlr€e P} CQ Vace(0,7];
c¢) there exists a y € (0, 1] such that for any ¢ € IR":

min{c’ z|xr € Q} < amin{c’z|z € P} Va € (0.7].
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Proof: a) = b): Let X = {z',z% ...,2%} be the set of all extreme points
of P. It is sufficient to show that for all # € X there is a strictly positive
scalar 3 € IR such that gz € Q.

Let 27 € X. If 7 € Q then we set 3; = 1. So assume z’ ¢ Q. That implies
an inequality a”z < b that is valid for Q but violated by z’: a’z’ > b > 0.
Without loss of generality, let a”z < b be the inequality for which b/(a”2?)
is minimal. Take g; = b/(a’z?). Clearly, B; € (0,1) and g2’ € Q. Finally,
take 7 = min; 3;.

b) = ¢): Since aP C @, it follows (via the separating hyperplane theorem)
that we have for all ¢ € R™: min{c’z|z € Q} < min{c"z|z € aP}. The
term on the right hand side can be reformulated to: min{c’(az)|z € Q) =
amin{c’ z|z € P}.

c¢) = a): By contradiction, suppose that ¢ and P are not zero-identical.
Then there should exist an inequality of the form d7z > 0 that is valid for
all elements in @, but not for all elements in P (not the other way around,
since () C P). Let y € P such that d'y < 0. Now, take the vector d as the
cost vector ¢. Since « is strictly positive, we get the following contradiction:

0 < min{dTz|z € Q} < amin{d’z|z € P} < adTy < 0
O

Notice that P and ) are assumed to be polytopes. The results also hold
in case they are polyhedra, but then we have to require that 7 is a ray of P
if and only if 7 is a ray of ().

Furthermore, statement c) can be reformulated to:

¢') there exists a y € (0,1] such that for any ¢ € IR":
max{cTz|z € Q} > amax{c'z|xr € P} ¥V a € (0,7].

In statements b) and c) of Proposition 4.2.1 the existence of some scalar
v is mentioned. Of course we are interested in the minimum value, say ¥~
that this scalar could have. That is:

. max{c’ z|z € Q} min{cTz|z € Q}
v" = inf T = sup —T : ,
ceRr | max{c'z|z € P} cerr | min{c'z|z € P}
where by convention 0/0 equals 1.
Under the assumptions of Proposition 4.2.1, it follows from statement

¢ and the fact that the origin is in P and @, that max{c’z|z € P} >
max{c’z|z € Q} > 0, and so 7* € (0,1].
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We can assume that Q = {z € Pla’z < b; Vi € N} where N is a
finite nonempty index set representing a family of inequalities. For each
inequality a’z < b;, i € N, we compute the strength indicator I‘flb'(P),
defined in Section 4.1. Similar to [Goemans, 1995], we define I'S(P, Q) to
be the minimum of the indicators [‘;E.b.”))‘ and show in the next proposition
that 4* is a minimum and equals I'S( P, Q). The proof of the proposition is
analogue to the proof Goemans presents. It has been added for the sake of
completeness.

Proposition 4.2.2 Let P and Q be zero-identical polytopes, and 0 € Q C
P. Let v* and TS(P,Q) be as defined above. Then: v* = I'S(P,Q).

Proof: First we show that 7* < ——p—— = I‘flb'(P) for all i € N. This

max{a/ r|re P}
is nearly trivial:

¢ = inf max{c’z|z € Q} < max{a’ z|z € Q} - b;
T = ek max{c'z|z € P} [ = max{a/z|zr € P} ~ max{alz|z € P}

forall i € N.

So, it remains to be shown that v* > min;ey Wm =TS(P,Q).

We are going to use duality, therefore we need an explicit description of P.
We can assume that P = {z € IR"|a’z < b; ¥ i € M}, where M is a finite
index set representing a set of inequalities.

By strong duality:

max {T2} = min {3 enup bivi}
s.1. Z;;] aj;rj < b; s.t. Za‘eNuM aijyi =¢j
VieNUM Vie{l,...,n}
yi 20

Vie NUM.
Let y* be an optimal dual solution of the program above. Then we have:

maxepf{clz} = '“aerP{z;"::(E.'eNu.u“u‘jy.")l',f}
< Tienvum(max{alzlz € P})y;.

Hence,
max{cT.rl,r €Q}
max{c’ z|r € P}
2ienun biv}
ienum(max{alz|z € Py
(max{a/ z|z € P}y’ b,
Yienum(maxia) z|z € P})y; | max{a/zlzeP}’

(A"

Zre.\"U.\f
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The latest expression can be interpreted as a weighted sum of I-“—n;{-l-fl:m,—}-
\ L]

since (max{alz|z € P})y" > 0 for all i € N U M. Therefore, we have:
b, b;

v© 2 min = > min - :
ieNuM max{a!z|z € P} ~ €N max{a]z|z € P)

0

The study of less than full dimensional polyhedra is often approached via
the study of its full dimensional relaxations. There are many possibilities for
deriving full dimensional relaxations. Standard relaxations are known as the
submissive (downward monotonization) and the dominant (upward mono
tonization) (see [Pulleyblank, 1989, Cunningham and Green-Krotki, 1986,
Balas and Fischetti, 1993]). For a polyhedron P in the positive quadrant,
these monotonizations are defined as follows:

dom(P) = {yelR"|y>zx forsome x € P},
sub(P) = {yeR"|0<y<z forsomex € P}

Suppose we are investigating a polytope @ that is not {ull dimensional,
and its relaxation P in the same affine hull, both in the positive quad-
rant. Assume also that we have derived some inequalities to strengthen P
with respect to (). Then we can bring the inequalities in a form such that
they strengthen dom(P) with respect to dom((Q)) and use the analysis in
[Goemans, 1995] to analyse the strength of the inequalities. Similarly, we
can bring the inequalities in a form, most likely different from the form for
the dominants, such that they strengthen sub( P) with respect to sub(()) and
use the analysis presented here to analyse the strength of the inequalities.

4.3 Some Examples

In this section the theoretical results of the former section are illustrated.
For many combinatorial problems, the zero solution and all unit vectors are
feasible solutions. This implies that the convex hull of the feasible solutions is
a full dimensional polytope, all nonnegativity constraints are facet defining,
and it implies that these constraints are the only inequalities defining facets
containing the zero solution. Any linear relaxation of the problem that sat-
isfies the nonnegativity constraints is zero-identical to all its strengthenings.
The examples are both of this nature.

In the final section we compare the examples. The inequalities of the
first example seem stronger than the inequalities of the second example.
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However, the polytope of the second example is a projection of the polytope
of the first example. From the projective relation between the problems it
follows that relaxation of the first polytope can never be better than the
relaxation of the second. In other words, here we discovered a huge class of
objective functions for the first polytope on which the inequalities perform
much worse than the strength indicator suggests, illustrating the limited
value of the strength analysis.

4.3.1 The Clique Partitioning Polytope

The clique partitioning problem can be described as follows. Given is a
complete graph G = (V,E),n = |V| > 3, m = n(n — 1)/2, together with
edge weights w;; € IR for all {i,j} € E. A subset D C E of the edges
is called a cligue partion if the components of the graph H = (V, D) are
cliques, i.e. complete subgraphs. The problem is to find a clique partition
of maximal weight.

Mathematically, the clique partition problem can be formulated as fol-
lows.

Maximize 3 (; jyinE Tij
subject to =z + xjy —xx; <1 forall i,j,keV
z; € {0,1} forall {i,j}eV

The clique partitioning polytope P(() is defined as the convex hull of all
feasible solutions to the above model. This polytope has been studied exten-
sively, see for example [Grotschel and Wakabayashi, 1989]. The inequalities
in the integer program are called triangle inequalities, and they define facets
of P((/). Also, the nonnegativity inequalities define facets of P(G). This
implies that we can apply the theory of this chapter fairly easily. The linear
relaxation of the above model is zero-identical to the unit cube. So, the
strength of an inequality is simply the right hand side divided by the sum
of the positive coefficients in the left hand side of the inequality. Therefore,
the strength of the class of the triangle inequalities is 1/2. In other words,
optimizing over the relaxation induced by the triangle inequalities will never
vield an objective value lower than half of the sum of the positive coefficients
of the objective function.

Now consider the following straightforward generalization of the triangle
inequalities. Let s € V', and T C V such that s ¢ T. Then,

Z gy — Z ri; <1

JET (i J}eTXT
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defines a facet of P((G). The strength of these inequalities is 1/|7'|. From
this we can conclude that the relaxation of P((G) induced by the triangle
inequalities can be arbitrarily bad.

4.3.2 The Cell Formation Polytope

The cell formation problem can be described as follows, as will be explained
in Chapter 6. Given is a complete bipartite graph B = (U, W, E), |U|,|W| >
2, together with edge weights w,; € IR for all {i,7} € E. A subset D C F of
the edges is called a bipartite clique partion if the components of the graph

H = (V,D) are complete bipartite subgraphs. The problem is to find a
bipartite clique partition of maximal weight.
Mathematically, the cell formation problem can be formulated as follows.

Maximize Y

Laell }:Jt_-'_l'l' Iy
subject to r, + i+ xp, —rpe <2 forall hyiel, j,hkeW
zi;j € {0,1} forall ielU, jeW

The clique partitioning polytope P(B) is defined as the convex hull of all
feasible solutions to the above model. This polytope will be discussed exten-
sively in Chapter 7 and Chapter 8. The inequalities in the integer program
are called square inequalities, and they define facets of P(). Also, the non-
negativity inequalities define facets of P(B). Again, this implies that we
can apply the theory of this chapter fairly easily. The linear relaxation of
the above model is zero-identical to the unit cube. So, the strength of an
inequality is simply the right hand side divided by the sum of the positive
coeflicients in the left hand side of the inequality. Therefore, the strength
of the class of the triangle inequalities is 2/3. In other words, optimizing
over the relaxation induced by the square inequalities will never yield an
objective value lower than twothird of the sum of the positive coefficients of
the objective function.

For the cell formation polytope it is far from trivial to construct classes
of inequalities for which the strength is arbitrarily close to zero. But it can
be done, as is shown in the last section of Chapter 8.

4.3.3 Comparing the Examples

The cell formation problem can be formulated and solved as a clique par-
tition problem, by adding the missing edges and giving them weight zero.
That might be a good idea, since the strength indicators suggest that the
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class of triangle inequalities is stronger than the class of square inequalities.
However, this idea is of no help. If V = U U W, then P(B) is a projection
of P((7). To see this, we have to convince ourselves of two facts. Firstly, the
fact that a feasible solution for the clique partition problem will always in-
duce a feasible solution for the cell formation problem. That follows from the
observation that each square inequality is the sum of two triangle inequali-
ties. The other way around is a little harder: from each feasible solution for
the cell formation problem we can construct a a feasible equivalent solution
for the cell formation problem. Assume h,i € U, and we are looking for a
feasible value of z),;. To satisfy all triangle inequalities, we must have:

max{zn; +z;;} = 1 < zp; € 1 — max |zpk — Zik|-
JEW{ hy U} STh S e I hk lkl
Such a value for z); must exist, since otherwise for some j, k € W:

'rh_;‘l';ru + Thie — Tik > 2.

Repeating this argument appropriately, it can be shown that for all missing
variables z;; we can find values such that all triangle inequalities are satisfied.

Irom the projective relation it follows that there is a huge family of
objective functions, for which optimizing over the relaxation induced by the
triangle inequalities will never yield an objective value lower than twothird
of the sum of the positive coefficients of the objective function, in spite of
the strength indicator being 1/2. This illustrates the relative value of the
indicator.
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The Cycle Polytope of a
Directed Graph

This chapter is joint work with Egon Balas.
An article based on this chapter has been submitted for publication.
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The cycle polytope of a directed graph & is the convex hull of the incidence
vectors of simple directed cycles of (. In this chapter we show how to obtain
facets of the cycle polytope from facets of the asymmetric traveling salesman
polytope. It involves sequential lifting, as discussed in Chapter 3, and facet
preserving projecting, see Chapter 2. We also obtain facets that have a
different origin.

5.1 Introduction

Given a directed graph on n nodes ( := (N, A) and the collection C of
its simple directed cycles, the eycle polytope Fe of GG is the convex hull of
incidence vectors of simple directed cycles of (75 i.e.,

Pe 1= conv {.rl-’_ {(}.l}-“;_ru = { ll] ::j:g(l\(' , for some ('EC}.

Notice that the convex hull of unions of simple disjoint dicycles is the
assignment polytope, and that optimization of a linear function over the as-
signment polytope is a task whose complexity is O(n”). Notice also that min-
imizing a linear function over the cycle polytope Fg, i.e. finding the shortest
cycle in a directed graph with arbitrary arc lengths is an NP-complete task,
as it subsumes the asymmetric traveling salesman (ATS) problem as a spe-
cial case; but it can be solved in polynomial time if the cost coefficients are
restricted in sign so as to exclude the occurrence of negative-length dicycles.
Indeed, for cost functions satisfving the above condition, finding a shortest
path from j to ¢ in  — (i,j) and adding to it the length of (i,j) yields
the shortest cycle containing (i, 7). Repeating this for every arc in the role
of (#,7) and then choosing the shortest among the cycles found solves the
problem.

The symmetric counterpart of e, i.e. the cycle polytope of an undirected
graph, has been studied in [Coullard and Pulleyblank, 1989], and quite re-
cently in [Bauer, 1993] (see also [Seymour, 1979]).

The cycle polytope of a digraph is closely related to the Prize Collecting
Traveling Salesman (PCTS) polytope, studied in [Balas, 1989a, Balas, 1993]
(see also [Fischetti and Toth, 1988]). The PCTS problem goes like this.
A salesman traveling between cities 7 and j at a cost of ¢;;, gets a prize
w; for every city ¢ € N that he visits. His goal is to find a minimum-cost
tour that enables him to collect at least wg units of prize money. It has
been formulated on a directed graph with loops, GG; := (N, AU L), where
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L = {(1,1),...,(n,n)} is the set of loops (n = |N|), as the problem of
finding

minz Z CijTi; (5.1)

1EN JEN\{i)

subject to

-.._
l"-r'\

z(t,N) 4+ vy = 1
.I'(.'\'.j-] + Y,

s 53

(5.2)

|
L
m
>

eEN
z(5,8)+ D wi-we < |S|-1
€S\ (k) (54)
foral SCN,2<)5]<n-2 =
and ke S, e N\ S
zi; € {0,1}, y: € {0,1}, i,jEN (5.5)

where z and y are the incidence vectors of arcs and loops, respectively,
U = 3 .enwi — wo, and where for 5,7 C N we define z(5,7) :=
2ieS jeT\{i} Tij» and we denote z({i}, 5) = (7, 5), #(5, {1}) = z(9,1).

Every (x,y) satisfying (5.2)-(5.5) defines a simple cycle of length > 2 and
a collection of loops, one for every node not in the cycle, with the number of
loops (and hence the length of the cycle) constrained by (5.3). The PCTS
polytope is then

P* := conv {(z,y) € {0,1}VE : (z,y) satisfies (5.2),(5.3),(5.4),(5.5)}.
In studying the properties of P*, it is useful to focus on the closely related

polytope Fy obtained from P* by deleting inequality (5.3):

By o= con.;.»{(:,yye (0,1yA0L | (@) satisfies (5.2),(5.4), (5.5), }

z2(N,N) > 2

Note that P, is the special case of P* when U equals n — 2 and the
weights w; all have value 1. We will call P, the cycle-and-loops-polytope of
GL.

For the case when the digraph G is complete, [Balas, 1993] gives a general
procedure for obtaining facet defining inequalities for Py and P* from facet



G4 Chapter 5

defining inequalities for the asymmetric traveling salesman (ATS) polytope
P, i.e. the convex hull of incidence vectors of tours (Hamiltonian dicycles)
in (v,

This chapter is organized as follows. Section 5.2 discusses some basic
properties of Fe. In Section 5.3 we show that the facets of Fy are in 1-1
correspondence with those of Py, and that the latter can be obtained from
the former by projecting out the loop variables. We thus obtain, roughly
speaking, as good a description of the cycle polytope of a directed graph,
as the one we have for the ATS polytope defined on the same graph. In
the same section we give an overview of all primitive facets derived from the
ATS polytope.

In Section 5.4 we discuss additional methods for generating facets of
the cycle polytope. For the ATS polytope [Balas and Fischetti, 1993] have
given a cloning procedure. We show what this procedure means for the cycle
polytope. We also give a (direct) cloning procedure for the cycle polytope.
Cloning is a special form of lifting inequalities. Unlike the ATS polytope,
the cycle polytope on a complete graph on n nodes is a face of the cycle
polytope on a complete graph on n + 1 nodes. Therefore, lifting a facet
defining inequality is much easier. In Section 5.5 we give an explicit lifting
procedure, different from the cloning procedures mentioned earlier.

Finally, in Section 5.6 we study complete descriptions of the cycle poly-
tope for n = 3, n = 4, and n = 5. For n = 3 one can derive the complete
description from the complete description of the ATSP polytope. Alas, that
doesn’t hold for the other two cases. We can find some extra classes by
lifting the inequalities of a lower dimensional cycle polytope. In itself, this is
in none of the cases sufficient to derive a complete description; but in combi-
nation with the description derived from the ATSP polytope, it is powerful:
for n = 5 we derive a complete description. Remarkably enough, this doesn’t
hold for n = 4: we cannot ‘find’ the trivial nonnegativity inequalities. These
inequalities define facets of the cycle polytope on four cities, but define only
faces of both the ATSP polytope on four cities and the cycle polytope on
three cities.

5.2 The Cycle Polytope

Theorem 5.2.1 The cycle polytope Fr of G is the conver hull of points
x € {0, 1} satisfying the system

2(i,N) < 1 i€eN (5.6)
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z(N,i)—z(i,N) = 0 i€N (5.7)
n-1 n
Yo > o=z 21 (5.8)
=1 =i+l
z(k,S)+z(L,N) - 2(S\ {k},N\S) < 1 (5.9)

Jorall S C N,
2< |8 < [(n-2)/2],
keSS, e N\S

Proof: Constraints (5.6) and (5.7) are satisfied by the incidence vectors of
all unions of simple dicycles and the zero vector. Constraint (5.8) excludes
the zero vector by requiring the solution-subgraph to contain at least one
arc (1,7) such that ¢ < j. Clearly, any dicycle and therefore any union of
dicycles, has this property. Conversely, any r € {0, 1} that satisfies (5.6),
(5.7), (5.8) defines a union of simple dicycles in .

Constraints (5.9) are satisfied by all simple dicycles, but violated by unions of
dicycles with more than one member. Indeed, let ' be a simple dicycle and =
its incidence vector. If C C (.5, 9), then z({, N) = 0; and if C C (N\S,N\S),
then z(k,S) = 0. In either case (5.9) is satisfied. So let €' N (S5,9) # 0,
CN(N\S,N\S)#0. If 2(k,5) =0, (5.9) is clearly satisfied; otherwise &
is the tail of an arc in C'N (S5, 5), which implies that z(S\ {k}, N\ 5) =1,
since the cycle C' leaves § through some node other than k. In either case,
(5.9) is satisfied. Conversely, suppose z is the incidence vector of a union
of several cycles. Let ("} and (', be among these. Now choose § such that
(7 C(5,8)and C3 C (N\S,N\S). Then there exists k € S and L€ N\ §
such that z(k,S)=1,z({,N)=1and (S \ {k}, N\ §) =0, i.e. z violates
(5.9). O

From now on we assume that the digraph & is complete. We first estab-
lish the dimension of Fe. Recall that the dimension of the ATS polytope P
isn?—3n+1 = (n—-1)2—=n. The dimension of the cycle-and-loops-polytope
Py was shown in [Balas, 1989a] to be (n — 1)2.

Proposition 5.2.1 The dimension of Pr is (n — 1)%.

Proof: The system defining Fr has n(n—1) variables and an equality subsys-
tem of rank < n — 1 (the coefficient matrix of (5.7) is the node-arc incidence
matrix of G). Hence dim (Pe)<n(n—=1)—n+1=(n—-1)%

Next we show that any equation 7z = 7 satisfied by all z € F¢ is a linear
combination of the equations (5.7). First, for any triplet {h,i,j5} C N of
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distinct indices, since the incidence vectors of all 2-cycles and 3-cycles defined
on the node set {h,i,j} belong to Fr, we have

Thi + Tih = ?rh_) +: ?rjh = Tri_; e Tr_;l = To

and

Thi + Tij + Tjh = Thy + i + Tin To

which implies 75 = 0.

Next, in view of (5.7) we may assume w.l.o.g. that m;; = 0 for all j €
{2,...,n}. For indeed, should this not be the case, an equivalent inequality
with this property could be obtained by adding to 7z = 7o the j-th equation
(5.7) multiplied by 7y for j = 2,...,n. From n;; + 7j; = 0 forall i,j € N,
7;1 = 0 implies 7y, = 0 for all j € {2,...,n}.

Now we show that 7;; = 0 for all remaining pairs (¢,7) € N x N. For each
such (¢,7), consider any 3-cycle on {1,,j}. Since its incidence vector is in
I{ , we have m;; + m;; + m; = 0; which in ligllt of mj; = 0 = my; implies
ti; = 0. Since mg = 0 and =;; = 0 for all (4,7) € N x N, the equation
& = wg is a linear combination of the equations (5.7). O

Notice that the polytope FPe is the projection of F% onto the subspace of
the arc variables; in other words, Fe can be obtained from Fy by projecting
out the loop variables y;, i € N. Yet, the dimension of P is the same as
that of Fy. This property holds the key to the one to one correspondence
between the facets of Py and those of Fp to be discussed below.

Theorem 5.2.2 The incqualities z;; > 0 define facets of Fe for n > 4.

Proof: Clearly, z;; > 0 defines a face F of F;. Let ar < ag define a facet
F4 of Pe, containing F. We will show that az < ag is equivalent to —z;; <0
up to multiplication with a positive scalar.
First, choose a triple of nodes h,k,l such that i ¢ {h,k, [} (this is possible
since n > 4). Any cycle on two or three nodes of {h,k,!} induces a point in
¢ that satisfies z;; = 0, so we deduce like in the proof of Proposition 5.2.1
that ap = 0. As in that proof, in view of (5.7) we may assume w.l.o.g. that
ape = 0 for all h € N \ {k} for some k ¢ {i,j}. Since k ¢ {i,j}, all 2-cycles
involving k satisfy z;; > 0 at equality, and hence ag, = 0 for all h € N\ {k}.
Now we will show that ay; = 0 for all (h,l) # (1,7). For each (h,l) # (1,7)
any 3-cycle on the node set {h,f,k} induces a point in Fe satisfying z;; =0,
so ap; + ap + arp, = 0. Since ajp = 0 = ag,. we have ap; = 0.
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Finally, since the cycle on i and j satisfies z;; > 0, it does not belong to F
and hence its incidence vector satisfies a;;z;; + a;;x; < 0; and since a;; = 0,
we have a;; < 0, which concludes our proof. (

In the following we assume that n > 5.
Clearly, the inequalities z;; < 1 are dominated by (5.6), so they cannot
be facet defining.

Theorem 5.2.3 The inequalities (5.6) define facets of Pe.

Proof: Clearly, (i, N) < 1 defines a face F' of Fe. Let ar < ay define a
facet F4 of Fg, containing F. We will show that ax < ag is equivalent to
x(1, N) < 1 up to multiplication with a positive scalar.

As in the proof of Proposition 5.2.1, in view of (5.7) we may assume w.lL.o.g.
that for any fixed i € N, a;; = 0 for all j € N\ {1}, Since any 2-cycle
involving node i satisfies z(i, N) = 1, we have a;; = aq for all j € N\ {i}.
Now we will show that aj, = 0 for all j, k such that ¢ ¢ {j, k}. For each j, k
such that i ¢ {j, k} we construct a 3-cycle on {1, j,k}. That induces a point
x € Pc satisfying z(¢, N) = 1, so a;x + ak; + a;; = ap. Since ap; = 0 and
a;; = ap, we have a;; = 0.

Finally, since the 2-cycle on any h and j such that 7 ¢ {h,j} satisfies
z(i, N) < 1, we have ag > ap; + aj; = 0. x

Next we turn to the inequality (5.8). Unlike the constraints z;; > 0 and
(5.6), (5.7), (5.9), the inequality (5.8) seems to depend on the numbering of
the nodes. Symmetry considerations suggest that this cannot be the case;
and indeed, as the next Theorem shows, the inequalities (5.8) obtained for
all possible numberings of the nodes are valid and have the same properties.

Theorem 5.2.4 For any permutation © of the node set N, the inequality

n-1 n
D D T 2 1 (5.10)
i=1 j=i+1

defines a facet of I¢.

Proof: Assume w.lo.g. that {z(1),...,7(n)} = {1,...,n}, i.e. that (5.10)
is (5.8). It is easy to see that every 2-cycle satisfies (5.8) at equality; therefore
(5.8) defines a nonempty face F' of Fe. Let F. be a facet of F¢ containing
F and let bz < by be an inequality defining F.. In view of (5.7). we may
assume w.l.o.g. that b;; = 0 for all i € {2,...,n}.



68 Chapter 5

First, consider the coefficients by; for 1+ € {2,...,n}. Since the incidence
vector of the 2-cycle on {1,i} is in F., we have b;; + by; = by; = by for all
i€{2,...,n}.

Consider now the coefficients b;; for i € {3,...,n}, j € {2,...,i— 1}, corre-
sponding to the arcs for which the index of the tail is greater than the index
of the head. For each such pair, consider the 3-cycle visiting the nodes 1, i
and 7 in that sequence. Since the incidence vector of the 3-cycle is in F,, we
have by; + b;; + bj1 = bg = by + by;, implying b;; = 0 for all 7 € {3,...,n},
JE€A{2,...,i-1}.

Next consider the coefficients b;; for 1 € {2,...,n -1}, j € {i+ 1,...,n}.
Since the 2-cycle on {i,j} induces a point in F., we have b;; + b;; = by,
implying b, = bp forall i € {2,...,.n—1},j€{i+1,...,n}.

We have shown that the inequality bz < by defining F. is equivalent to (5.8)
up to multiplication with a positive scalar. This proves that (5.8), and hence
(5.10), is facet defining. O

Note the huge size of the class (5.10): it contains n! facets of Py, one for
each linear ordering of N.

As to the inequalities (5.9), they are the projections of the correspond-
ing inequalities (5.4) for Fy onto the subspace of the x variables, i.e. each
inequality (5.9) associated with a given triplet {S.k € S.0 € N\ §} is
obtained from the inequality (5.4) associated with the same triplet by sub-
stituting 1 — x(¢, N) for y;, ¢ € (S \ {k}) U {€}. The total number of such
inequalities is O(n”2"). Now it is well known that when a polyhedron II is
projected onto a subspace, facets of 1I do not necessarily project into facets
of the subspace-polyhedron. It is therefore noteworthy that in the particular
case of Py and Fg, they do, as the main theorem in the next section shows.

Notice also that the inequalities (5.9) can be restated in a way that
evidences a certain symmetry, hidden in the formulation (5.9):

vk, N)+2(l,N)-2(5,N\§) < 1 (5.9
forall S C N,
2< |5 < [(n—2)/2],
forallke S5,e N\ §

The inequality (5.9") can be obtained by adding the inequalities (5.6) for
i = k, { to the negative of the cutset inequality z(5, N\ S) > 1, valid for the
ATS polytope but not for the cycle polytope.
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5.3 The Main Result and Some of Its
Consequences

As already mentioned, the cycle polytope Fe is the projection of the cycle-
and-loops polytope Fy onto the subspace of the arc variables; and facets of
Fy can be obtained from facets of the ATS polytope by some specialized
lifting procedures [Balas, 1993]. Next we show that, unlike in the case of
a general polyhedron projected onto an arbitrary subspace, in this case the
facets of Py project into facets of Fy (see Chapter 2).

Theorem 5.3.1 Let ax + By < ag be a facet defining inequality for the
cycle-and-loops-polytope Py. Then the inequality

Z Z (aij — Bi)zij < ap — Z B, (5.11)

€N JEN\{i} 1EN

which is the projection of axr + By < ag onto the subspace of ©, defines a
facel of Fc.

Proof: Clearly, (5.11) is the projection of az + Jy < g onto the subspace
of 2, since it can be obtained from the latter by substituting 1 — z(i, V)
for each y;, 1 € N. We show that (5.11) defines a facet of Pe by exhibiting
dim (F¢) = (n—1)? affinely independent points z € {0, l}"1 N Pe that satisfy
(5.11) with equality.

Since az + 3y < ap defines a facet of Py, there exists a set of (n—1)? affinely
independent points (zF,y*) € {0,1}4YL n Py that satisfy az* + gy* = ay,
and z¥ # 0,k = 1,...,q¢ = (n — 1)%. We will show that if a set of points
(2%, 94*) € {0,132 By, k = 1....,q, is affinely independent, then so is the
set of points z¥, k = 1,...,¢. For suppose not, i.e. suppose the points z*,
k =1,...,qare affinely dependent. Then there exist scalars A\, k= 1,...,q,
not all zero, such that 3"} , Ay = 0 and ] _, .'trf-'_!-)\k = 0 for all (i,7) € A.
We claim that this implies 7 _, y¥Ar = 0 for all i € N, which in turn
means that the points (z*,y*) are also affinely dependent, a contradiction.
To prove the claim, we notice that from the assumptions,

q

S =0,

k=1 jeN\{s}

M
=
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hence fori € N,

9 9
Z!I,k/\k = Z{I -~ Z .'rf-"J}z\k
k=1 k=1 _;GN'\{J:I
9 9

Sz = 0.

k=1 k=1 jeN\{i}

2
¢

Thus the points z¥ € {0,1}* N Pe, k = 1,...,q, are affinely independent.
Further, they clearly satisfy (5.11) with equality, since the corresponding
points (z*, y¥) satisfy az* + ﬁyk =0p; k= 1,0 O

Corollary 5.3.1 The inequalities (5.9) define facets of Fp.

Proof: The inequalities (5.9) are projections of the inequalities (5.4), which
define facets ol Py, Therefore the claim follows from Theorem 5.3.1. ]

We now derive, based on the above theorem, the facet defining inequali-
ties for I'e corresponding to some of the well known facet defining inequalities
for the ATS polytope P. We do this in two steps, as done in [Balas, 1993]
for the cycle-and-loops-polytope Py. First we consider primitive inequalities,
then we address the cloning procedure which yields nonprimitive inequalities.

Two nodes h and &k of (7 are called e¢lones with respect to a valid inequality
ax < ag for the ATS polvtope P, if

(a) a4 = a; and ap; = ayg for all i € N\ {h, k}

(b) apk = agy = max {aip + oy —ay; 14,5 € V\ {h,k}, i # 7}

(¢) the restriction az < agof azr < ag to G = G\{n}, with g := ag—ay,
is valid for the ATS polytope defined on .

A valid inequality ar < aqg for P is called primitive if G has no clones with
respect to ar < aq.

These concepts were introduced by [Balas and Fischetti, 1993a], who
showed that if the primitive members of a family F of inequalities define
facets of P, then all the inequalities in F define facets of P.

We first consider the family called comb inequalities. Let the handle H
and the teeth T, j = 1,...,s, be node sets satisfying

(el | B = |G\ A=15=1,.4 s, & > 3 and odd
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(c2) nT; =0, 4j=1,....8
(c.3) [H\(UjoT5)| €1
(c.4) IN\(HU(V'_,T;))| = 1.

“1=1%)

Then

a(H H)+ Y 2(T;,T5) < |H| + (s = 1)/2 (5.12)

1=1

is a primitive comb inequality. The family of comb inequalities is known to
be facet defining for the symmetric (see [Grotschel and Padberg, 1985]) as
well as the asymmetric (see [Fischetti, 1991]) traveling salesman polytope.
Here is the corresponding result for the cycle polytope FPe.

Corollary 5.3.2 Let H,T, C N, j = 1,...,s, satisfy conditions (c.1),
(c.2), (¢.3) and (c.4). Then the inequality

5

> a(Ty,T;)— 2(H,N\ H) < (s —1)/2

=1

defines a facet of Fe.

Proof: The inequality for Py corresponding to (5.11) is (see [Balas, 1993])
s—1

e(H,H)+ Y o(15,T) + > i < |H| +
F=1 1€H

Substituting for y;, i € H, yields (5.11). O

Next we address the class of odd CAT inequalities for P introduced in
[Balas, 1989]. Two arcs (i,7), (k. £) of GG are called incompatible if i = k., or
J={,ori={(andj=k. A closed alternating trail (CAT) in G is a sequence
of distinct arcs T := (ay,....a;) such that for2,j € {1,...,t}, a; and a, are
incompatible if and only if |1 —j| = 1 or t — 1. An odd CAT is a CAT of
odd length (number of arcs). Let N(T') be the set of endpoints of the arcs
in T. A node i € N(T) is a source if deg*(1) > 2, a destination (sink) if
deg=(i) > 2, and neutral if deg¥(i) < 1 and deg (i) < 1. A node can be
a source and a destination at the same time. Every odd CAT has at least
one 2-cycle with a neutral node. A chord of T is an arc in A\ T joining two
nodes of N(T'). A chord of type 1 is one that joins a source 7 to a sink j # 1.
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Let T be an odd CAT and K the set of its chords of type 1. Then apart
from two small pathological cases (with 5 < n < 6), the odd CAT inequality

(TUK)<(|T)-1)/2 (5.13)

defines a facet of the ATS polytope P (see [Balas, 1989]).

The odd CAT inequality (5.13) is easily seen to be primitive if and only
if every 2-cycle of T' has a neutral node. In such a case we call 7" itself
primitive.

Corollary 5.3.3 Let T be a primitive odd CAT different from the two known
pathological cases, K the set of its chords, and let S C N(T) and D ¢ N(T)
denote the set of sources and destinations of T, respectively.

Then the inequality

f(TUK)-2(SnD,N) < (|T|-1)/2-]5n D] (5.14)

defines a facet of Pe.

Proof: The inequality for Iy corresponding to (5.12) is (see [Balas, 1993])
d(TUKY+ Y w < (IT]-1)/2,
i€snD
and substituting for y;, ¢ € SN D, yields (5.13). O

The next family that we examine is that of the SD (for source-
destination) inequalities, which generalizes the comb, odd CAT and several
other families of inequalities ([Balas and Fischetti, 1993a]). The primitive
members of the family are defined as follows. Let (S, D, W, I,E.,Q) be a
partition of N with the following properties:

S is a (possibly empty) set of sources,

D is the (possibly empty) set of destinations,

H := WU I is the (nonempty) handle, with 0 < |W| < 1 and |[I| =35 > 1,
Fa=i{ing. contals

E:={e1,..., es}, and

T = 05,05 ke 7=V vy s are the teeth
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and 0 < |Q| < 1, with |S| + |D| 4+ s odd. Then the primitive SD inequality

S|+ D] + 2|H| + s - 1
2

s
#SUH,DUH)+ )Y z(T;,T;) < (5.15)
=1
is valid for P and, with the exception of three small pathological cases (with
4 < n <6 and either |S| = |D| = 0or |S| = |D| = s = 1), defines a facet
of Pif ||S| - |D|| € maz {0,s— 3} (see [Balas and Fischetti, 1993a]). The
corresponding result for the cycle polytope is then:

Corollary 5.3.4 Let (S,D,W, I, E,Q) be as above, and let |S|+|D|+s > 3,
with strict inequality if n < 6. Then the imequality

#(S,HUD) + Y5, 2(T;.Ty)
- z(H.N\(HUD)) <

S|+ |D| 45 -1

) (5.16)

defines a facet of Fe.

Proof: The corresponding inequality for Py, shown to be facet defining in
[Balas, 1993], is

|S|+ |D|+2|H|+s—1

(SUH,SUD)+ Y 2(T;.Ty) + Y i < 5

y=1 €l
Substituting for y;, ¢ € H, yields (5.16). O
Next we consider a class of lifted cycle inequalities, namely the 1);’
and D inequalities (see [Grotschel and Padberg, 1985]). Although these
inequalities are strictly speaking not primitive, their only clones are isolated
nodes. Let k be any integer satisfying 3 < k < n—2; then the D} inequality
is
Ef;‘ Tiyisqr + Tigiy +22({i1}: {3002 yik})
+ b ia({is) {is, .. hijm1)) < k-1 (5.17)
In [Balas and Fischetti, 1993] these inequalities were shown to be facet defin-
ing for P. The corresponding inequality for I is as follows.

Corollary 5.3.5 For any integer k, 3 < k < n — 2, the inequality
'r( {il]! {ifj' vy “:}) + Tzt + I(’{il‘}, A,f)
2({ind, N\ ity i)
- 2558 ({1 N\ {izs- . sijsa})
~z({ie} N\ ({0} Uiz ik})) <1 (5.18)
defines a facet of Pe.
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Proof: The inequality for P, corresponding to (5.17), shown in [Balas, 1993]
to be facet defining, is

k-1

L.
Tiyigr + Tigiy + 2e({in} {is, .. ik}) + D _2({is} {ia, - - v i51))

=1 J=4

k
i+ D i, — Vi, k-1
=3

e

for some iy € N\ {iy,...,ix}. Substituting for y;, ,yi, and y;,, j = 3,...,k
yields (5.18). O

The D, inequalities are analogous to the D} inequalities, with all the
arcs with coefficient equal to 2 directed into i, rather than out of ;. A
result analogous to Corollary 5.3.5 gives a facet defining inequality for Fe
corresponding to the D inequality for P.

I'inally, we briefly mention the Ey-inequalities shown by [Grotschel, 1977]
to be facet defining for P. For any {#;,...,i4, } C N, the corresponding Ey-
inequality is

220 + Tiyiy + 2Tiziy + Tigiy + Tigia < 3- (5.19)
Corollary 5.3.6 For any {iy,...,14} C N, the inequality
Risiz F Tigiy + Tigia + Tigiy = Ligis — Tigiy, £ 1 (5.20)
defines a facet of Fe.
Proof: It is not hard to see that the inequality
2Zi iy + Tisiy + 2Zigiy + Tigiy + Tigiy T Zigia TN F Y <3

derived from (5.19) by sequential lifting is valid and facet defining for Fp.
Substituting for y; and y; then yields (5.20), which according to Theo-
rem 5.3.1 must be valid and facet defining for Fp. )

5.4 Cloning

Next we turn to general nonprimitive facet defining inequalities. As men-
tioned earlier, [Balas and Fischetti, 1993a] gave a procedure whereby a facet
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defining inequality azr < ag for the ATS polytope P(G™) defined on the com-
plete digraph G™ on n nodes can be lifted into a facet defining inequality for
the polytope P(G™*') defined on the complete digraph on n + 1 nodes G"*',
This procedure is called cloning, and it is done by making the new node of
G™*!, say k, a clone of some node h of G™ with respect to az < ag, i.e. by
choosing the lifting coefficients ay; and a;, 1 = 1,...,n, so as to satisfy the
conditions (a), (b), (¢) stated above. Applying cloning repeatedly leads to
clique lifting, whereby nodes can be expanded into cliques (of clones).

[Balas, 1993] has extended this procedure of cloning/clique lifting to facet
defining inequalities for the cycle-and-loops-polytope Fy. In the procedure
of [Balas, 1993], when cloning a node of G to lift a facet defining inequality
az + By < ag for Py(G7) into one for !’“[(.';"“ ), the lifting coeflicients ay,,
a;k. t = 1,....n of the arcs incident with the new node k (which is to be
made a clone of, say, node h) are determined as above, in conformity with
conditions (a), (b), (¢); but in addition, a lifting coefficient

apr = maz {ag + ap; — a2 1,5 € V\ {hk}}

is determined for the loop variable y. of node k. Since this lifting coefficient
(for yx) is not necessarily the same as the coefficient ayy of the loop variable
Yn, node k is called a quasi-clone (rather than a clone) of h. In all other
respects, the clique lifting procedure for Py works the same way as the one
for P; above all, it guarantees that facet defining inequalities, when lifted,
give rise to facet defining inequalities.

In turning now to the cycle polytope Fe, it follows from the above discus-
sion that in order to find the facet defining inequality for Pe that corresponds
to a given (arbitrary) facet defining inequality az < aq for the ATS polytope
P((G), one can proceed as follows:

1. Find the primitive inequality az < ag for P(G’), the ATS polytope
defined on some induced subgraph G of (7, from which az < oy can
be determined by cloning (clique lifting).

2. Derive from azx < ag the corresponding primitive facet inducing in-

equality az + By < Gg for Py(Gr) defined on the digraph (5, with
loops.

3. Apply the cloning procedure to az + 3y < ag to obtain a facet inducing
inequality az + Jy < ag for Fo(Gp).

4. Substitute for y to obtain the corresponding facet inducing inequality
ar < ég for Pe(G), the cycle polytope of G.
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We illustrate the procedure by an example.

Example 5.4.1 Consider the inequality
(E.1) 212+ 213+ 215+ Taz + Taqa + T43 + Tas + Ts2 + Ts4 + 2235 + 2253 < 4

whose support graph is shown in Figure 5.1(a). This graph has an arc (i,7)
drawn in a plain line if a;; = 1, an arc (1, j) drawn in a double line if a;; = 2,
and no arc (i,j) if a;; = 0. (E.1) is valid for the ATS polytope P on n > 5
nodes.

It is not hard to see that nodes 3 and 5 are clones, in that a;z = ays
and ay; = ag, for all i, and azs = asz3 = maz {ai3 + as; —a;; : 1,j €
N\ {3,5}} = 2. The primitive inequality from which (E.1) can be obtained
by cloning is the odd CAT inequality with |T'| = 5, also known as T;, whose
support graph is shown in Figure 5.1(b):

(E.2) ria+ T3+ T30+ Taq + 243 < 2

This inequality is known to be facet defining for the ATS polytope P
defined on the complete digraph with § nodes. The corresponding inequality
for Py defined on the complete digraph with loops on 4 nodes, illustrated in
Figure 5.1(¢), 1s

(E.3) via+ 23+ 22+ 2aq+xi3+ys < 2.

Applying the cloning procedure of [Balas, 1993] to node 3 yields the in-
equality whose support graph is shown in Figure 5.1(d):

(E.4) riataiateistrset+rag+eatras+os2+25a+22354 2253+ y3+2ys < 4

Note that node 3 has loop coeflicient of I, whereas its quasi-clone 5 has
loop coeflicient of 2. Finally, substituting for y; and ys we obtain the inequal-
ity whose support graph is shown in Figure 5.1(e), with negative coefficients
drawn in dotted lines:

(E.5) 2124+ 213+ 215+ Tas + Taa + Tas — T31 — Tsa — Tse— 2251 < 1

5.5 Direct Lifting Procedures

In this section we describe a lifting procedure for the cycle polytope, that
subsumes the cloning procedure of the last section as a special case. Two
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Figure 5.1: Cloning via the ATS polytope
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other special cases will be discussed, which may give rise to different facets
than the cloning procedure of Section 5.4.

The cycle polytopes have the property that the polytope Po(G™), the
cycle polytope defined on a complete digraph with n nodes, is a face of
Po (G, the cycle polytope defined on a complete digraph with n + 1
nodes:

Po(G™) = {2 € Po(G™) | Zing1 = Znpri =0 Vi € {1,...,n}}.

Let ar < ag be a valid inequality that defines a proper face F,, of Po(G™).
For our purposes here, a lifting of az < aq is an inequality

n n
ar Zﬁ:-rmi-l -+ Z?_;’In-FIJ S g (521)
=1 J=1

which is valid. Notice that (5.21) defines a face F' of Po(G™*"') such that
F, C F. The set of all vectors (#,7) € IR"*" for which (5.21) is valid, will
be called the lifting set of ax < ap, and denoted L, ,,.

In Chapter 3 we have studied the lifting sets of valid inequalities of
general (as opposed to full dimensional) polyhedra, and we have described
their basic properties. One of the main results specializes to a useful theorem
for our case, which for the sake of completeness we derive here from scratch.

To start with, in the following proposition we introduce a relatively sim-
ple explicit representation of L, ., for the case that ar < ay defines a
nontrivial facet of Po(G™).

Proposition 5.5.1 Let

Bi+v < ay V(i,j)eA
L‘ = ;}, T E fR" .
s’i. e Ye S xq Vi [ 4'\"

Then we have:
(i) If ax < ag is valid for Po(G™), then L C Ly q,-

(it) If ax < ag is valid for Po(G"), and defines a nontrivial facet of
c(G"), then L = L, 4.

Proof:
(i) Let (8,7) € L, and y € Po(G"*"), y integer. We show that (3,4) and y
satisfy (5.21).
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If the cycle C'(y) defined by y does not contain node n 4 1, the inequality
holds by the validity of az < ag. Therefore, assume ('(y) contains node
n+ 1. Let h and &k be the predecessor, respectively succesor, of n 4 1 in
Cly).

If h# k,ie. |C(z)| > 2, then from the fact that removing the arcs (h,n+1)
and (n + 1,k) from C'(y) and adding arc (h,k) yields a cycle in G" whose

incidence vector satisfies ay < ayg, it follows that

I‘Iy + S‘“ '3;‘U|!|+| + T“ ‘,'_'lyra-l—l_? - “,r!' -+ 'ih 1 -:'l

=] =1

(g —apk) + O+ = ag+ (O +7k —ank) < ag.
If h =k, ie |C(z)| =2, then we have:
ay + iy Bivintr + X021 Vivn41i = Bt £ o,

So, for any (3,7) € L, (5.21) is satisfied by all z € Po(G™*"). therefore,
L C Lyay:

(ii) Let (8,7) € Lo,a,- We show L, ., € L. Together with the result of (i)
this proves (ii).

From the 2—cycle on nodes 7 and n + 1 and (3,7) € La,a,. it follows that
Bi + i < ap, for all 1 € N, so (/3,7) satisfies the second type of inequalities
defining L.

Now we consider f; + v; < a;; for any pair ¢ and j such that (z,7) € A.
Because az < o defines a facet of P(G"), and oz < oy is not equivalent
to a nonnegativity constraint, there exists for every arc (7,7) at least one
solution y € Pr(G™) such that y;; = 1 and ay = ag. From C(y) we can
construct a cycle C' in G, by replacing the arc (7,7) in C'(y) with the pair
of arcs {(i,n+1),(n+1,7)}. Let z be the incidence vector of C', Then, from
the validity of 2, we have

n n
az + Z ;‘I-jhziuﬂ-l I Z7k3n+1k = ay — Qg + }(jt =+ T < ayp.
h=1 k=1

Since ay = ag, we derive 3, + v, < ay;. 8]

In the remainder of this section, we will assume that az < aq is valid
for Po(G™) and defines a nontrivial facet of Po(G™), because that is the
only case of interest for the purposes of this section. Now we know what the
lifting set looks like, we can study its polyhedral properties, some of which
are given in the following proposition.

Proposition 5.5.2 Assume that ax < ag is valid for Po(G") and defines
a nontrivial facet of Po(G™). Then L, ., has the following properties:
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(i) Lua, 15 full dimensional.

(ii) If (B,7) € Loy, then (B +c¢l,y—¢l) € Lyo, Y ¢ € IR, where 1
denotes an n-dimensional vector with all entries having value 1.

(iii) The extreme faces of L, ., have dimension I.

Proof:

(i) A polyhedron is of full dimension if and only if it has an interior point,
i.e. a vector satisfying all constraints, but satisfying none of the constraints
at equality. It is easy to verify that the following vector is an interior point
of Laay:

B = 0 VieN
7 min{min;en.iz;{a;},a0} -1 VjeEN

(ii) We show that (3 + cl,y—¢l) € Ly, Ve € R:

(Bi+e)+(ri—-¢) = Bi+7 < a VieN
(Bi+e)+(yj—¢) = Bi+7; < aj; Vi,jEN : (i,j)€A

(iii) An extreme face of L, ., is a nonempty subset of L, ., satisfying a
maximal affinely independent set of inequalities at equality. The dimension
of such a face is the dimension of L, ., minus the cardinality of the affinely
independent set of inequalities satisfied at equality by all elements of the
face. From (i) we know that the dimension of L, o, is 2n. To complete the
proof we show that the cardinality of a maximal affinely independent set of
inequalities satisfied at equality is 2n — 1.

The constraint matrix of L, ,, can be interpreted as the incidence matrix of
a connected graph. This graph has a node set consisting of N and a copy N
of N. There is an arc from every node in N to every node in N. The rank
of an incidence matrix of a connected graph is the number of nodes of the
graph minus one, in our case: 2n — 1. @]

The second property is that for every vector (3,7) € La,a,, We can con-
struct an affinely independent vector (5,7) € L, q,- Notice that a solution
z € Po(G™") satisfies the lifting induced by (3,7) at equality if and only
if & satisfies the lifting induced by (J,7) at equality. In other words, the
liftings corresponding to these two vectors define the same face of Po(G™*!)!

Now we are ready for the main theorem of this section.
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Theorem 5.5.1 Let axr < ag be valid for Po(G"), and define a facet of
Po(G™).
Then, a lifting (5.21) of az < ag defines a facet F of Po(G™*) if and only
if (3,7) is on a one-dimensional face of L o,
Proof: =) Inequality (5.21) defines a facet FU of P(G") and a face F
of P(G™*'), FO C F. First we have to show that there is a facet F* of
P(G™*') containing F, such that F N Po(G™) = F°. The statement is
trivial if F' is a facet of P(G™*'), so assume F is not a facet of P(G™*!).
Observe that there is a facet F of Po(G™ 1Y) containing F'. Then either
FnPe(G™) = FO, or F N Pe(G™) = o(G™). In the latter case, consider
a maximal affinely independent set 7' C F n IB". Because Po(G") C F,
we may assume that there are dim( Po(G™)) elements in 7" belonging to FY,
and one element, say y, belonging to Po(G"™) but not to FY. Let T°
T'\ {y}. Since |T N (Pc(G"*)\ Pc(G™))| = |T~ N(Pe(G™)\ Pe(G™))| =
2n — 2, there are integer solutions z € (Po(G"*1)\ Po(G™)) such that C'(z)
covers node n + 1 and 7~ U {z} is an affinely independent set. Such a set
induces a hyperplane. Each of the hyperplanes contains all integer solutions
€ (Po(G™)\ Po(G™)) such that C'(z) covers node n + 1 and T U {z}
is not an affinely independent set, because each of those solutions is the
affine combination of solutions satisfying (5.21) at equality. At least one of
these hyperplanes supports Po(G"*1), and therefore it contains a facet }' of
Po(G™1). Now, F contains F, and £'U P (G™) = F°.
So, there is a facet F* of P(G™*1) containing F', such that F'1 P (G") = FV.
Therefore, there is a vector (A, u) € L, ,, inducing a lifting of ax < ay
defining F*. Because F’ is on a one-dimensional face of L, ,,, it contains
a set of 2n — 1 integer solutions # € Po(G™*!) such that C'(z) covers node
n+ 1. Because F' C F*, I'* contains the same set. So, (3,7),(F+ 1,7~ 1),
and (A, p) are solutions of a system of 2n — 1 linearly independent equalities,
involving 2n variables. There cannot be more than two affinely independent
solutions to such a system. Apparently, the set of vectors {(7,7),(F+1,7 —
1),(A,pn)} is affinely dependent. This implies that (3,7) and (A, u) are on
the same one— dimensional face of L, ., defining the same face of P (G"H1):
Fr = F.
<) Suppose (3,7) is not on an extreme face of L, ,,. Then (/3,7) is the
linear of a set of affinely independent vectors on extreme faces of L, ,,, and
at least three of the vectors in this set have strictly positive weights. These
vectors cannot be on the same one-dimensional face, since that would imply
dependency. But if these vectors belong to different faces of L, ,,, then
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they define different faces of Po(G™). So, the lifting implied by (3,7), is the
sum of two inequalities, valid for Po(G™*') and defining different faces of
Pe(G™*1), implying that the lifting induced by (3,7) is not facet defining:
a contradiction. o

Preferably, one would like to have disposal of explicit ways of constructing
a vector on an extreme face of L, ,,, ie. deriving facet defining liftings from
a nontrivial facet defining inequality. Actually, for some inequalities we
already have discussed such a procedure in the former section: cloning. In
the remainder of this section we will discuss a general way of generating
vectors on different extreme faces of L, q,. We will demonstrate that all
extreme faces correspond to sequential liftings.

Theorem 5.5.2 Let ax < ag be valid for Po(G™), and define a facet of
Pe(G™). Then, a lifting (5.21) of axr < ag with 59 = 0 defines a facet F of
Po(G™Y) if and only if there erists a sequence Il = (wy,...,72,) of B; and
Yiy 1,3 € {1,...,n}, with 7y = 50, 72 = [3; for some i, such that:

Bi = minjeq e — vl o Bi = 7,7, = m, and k> 1}
Vi = mingeqay{ei =Gl if Bi = 7,y =m, and k < 1}

where oy = g,

Proof:

=») Since (5.21) is facet defining, (3,7) is on a face of lowest dimension of
Loy So, there is a set of 2n — 1 linearly independent constraints satisfied
at equality. This set induces a bipartite graph G' = (U, V, F') where there is
precisely one element u; in U for every coefficient j3;, where there is precisely
one element v; in V for every coeflicient 4;, and where there is an edge
in I for every pair /3;,7,; occurring in the smae constraint of the linearly
independent set. Since (' is connected and contains 2n nodes and 2n — 1
edges, (¢ is a maximal spanning tree.

Now, we choose 7y = 7, and m = f3; for some i such that 3; + v = ay;.
Such an i exists, since otherwise (& could not be a connected graph. Next, we
choose for 73 a 3 such that uy neighbors vy, or a 4; such that v; neighbors
t;, and so on, until all nodes of (& are assigned to a sequence number. The
reader can verify that this II, 3, and 7 satisfy the conditions.

<=) This follows straightforward from sequential lifting (see Chapter 3). O

As an illustration, we consider the following inequality, that is facet defin-
ing for the cycle polytope on four nodes:

Tz + T3+ T34 — T3 < 1 (5.22)
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Now we study all liftings of this inequality. There are many different se-
quences I1: 2680. Fortunately, a lot of those sequences yield the same values
for (a,). For example, let m, = 7, and 7y = 3;. Then 9, = 0, 3, = 1,
B2,P3,84 < 0, 72 <0, and 73,74 < —1. Because of these upper bounds,
all other constraints are redundant. Regardless of the sequencing of the
remaining coefficients, the result will be the same.

Not for all choices of 7, the case is so trivial. Checking all possibilities,
we end up with the following five different liftings:

T2+ T3 + T34 — T3+ T15 — Tpa — Ty 2
Ty2+ Ta1 + T34 — T3+ Ts2 — Tsz — Tys |
Ti12 + T31 + T34 — T3 — T35 < 1
T2+ T3 + T34 — T3+ Tsq — Ty5 — Tas < |1
ZTy2+ T31 + T34 — T3+ T2+ Tsz + Tsq — T15 — Ty — 2725 1

By renumbering the nodes, we can reduse these liftings to each other. For
example, in the last lifting, reassign number 1 to 3, 2 to 4, 3 t0 2, 4 to 1,
and 5 to 5. using the degree equalities, one can find the first lifting.

5.6 Some Complete Descriptions for Small n.

In this section we present the complete and minimal description of the cycle
polytope on 3, 4 and 5 nodes, and for each class of inequalities, the corre-
sponding inequalities of the ATS polytope and the cycle polytope on one
node less. We used a program of [Fukuda, 1994] to determine the complete
descriptions.

Consider Table 5.1. It consists of three columns. The first one contains
symbols referring to the classes of facet defining inequalities of the cycle
polytope on three nodes. It also contains numbers, referring to the number
of different facets defined by the coresponding class. The total number of
facets is five. The second column contains graphical representations of the
classes of facet defining inequalities of the cycle polytope on three nodes. The
dotted lines refer to edges with coefficient minus one, the full lines to edges
with coefficient plus one, and the omitted lines to edges with coefficients
zero. In the third column, we have graphical representations of the classes
of facet defining inequalities of the ATS polytope on three nodes, generating
the corresponding classes of facet defining inequalities of the cycle polytope
on three nodes.

For three nodes, there are two classes of facet defining inequalities. The
dgree inequalities, denoted with "D”, and the zero—excluding inequalities,
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denoted with "Z". There are three different degree inequalities. They can
be abstracted from the degree equalities for the ATS polytope. They also
could be lifted from the inequality z,; < 1, which defines a facet of the
cycle polytope on two nodes. There are two zero-excluding inequalities
defining different facets. Notice that there are two ways of abstracting these
inequalities from the ATS description.

Table 5.2 has the same structure as Table 5.1, but now for four nodes.
There is an extra column for the class of facet defining inequalities for the
cycle polytope on three nodes. There are fourty different facets, partitioned
into five classes: nonnegativity inequalities (/N ), (the only class that can not
be abstracted by the approaches), degree inequalities (D) (the only class
that can be abstracted by both approaches), generalized two-subtour elim-
ination inequalities (') (valid but not facet defining for the ATS polytope
on four nodes), zero-excluding inequalities (Z), and lifted cycle inequalities
also known as Ty inequalities (L, T5).

Neither of the appoaches is sufficient to generate the description of the
cycle polytope on four nodes, but combined they are sufficient. This also
holds for the cyele polytope on five nodes, as is depicted in Table 5.3.

facets P, corresp. facets ATS,

sl

Table 5.1 Complete descriptions for n = 3
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Table 5.3 Complete descriptions for n = 5 (continued)
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Chapter 6

Models for the Cell
Formation Problem

This chapter is joint work with Yves Crama.
It has been published as an article in the International Journal of Production

Research.
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For cellular manufacturing strategies to succeed, the productive system first
has to be divided into highly independent cells. This means that a parti-
tion of the machines into machine groups, a partition of the parts into part
families, and a matching between the machine groups and the part families
have to be simultaneously determined. Mathematically, this question can
be expressed as the problem of finding a near block diagonal permutation
of the machine-part incidence matrix. Research on such grouping problems
has primarily concentrated on the design of heuristics. Different grouping
efficiency criteria have been proposed to express the quality of the groupings
proposed by these heuristics.

This chapter is concerned with mathematical programming approaches
to the formation of production cells. Existing models are reviewed and their
features are briefly discussed. An alternative model is proposed, which allows
for the formulation of various constraints and grouping efficiency criteria.
Finally, some test problems are used to support the claim that this model
may be adequate for the solution to optimality of the cell formation problem.

6.1 Introduction

Due to increasing international competition and fastidiousness of customers,
manulacturers are forced from mass production to the production of a larger
product mix. To meet these new requirements, it is very important to
have the ability to produce many small volume batches consisting of com-
plex parts in a short production period. This leads to an increased com-
plexity of the management task, increased investments in inventory and
a decreased efliciency of mass production systems. To maintain high effi-
ciency levels, it is an accepted strategy to adopt a group technology phi-
losophy, and to organize a large portion of the manufacturing system into
cells ([Schonberger, 1982, Hyer and Wemmerlov,1989]). A group technol-
ogy cell consists of a number of machines located close to each other (a
machine group) and geared for the manufacturing of a number of similar
parts (a part family). To boost efficiency, tooling, loading and schedul-
ing decisions within each cell should be made (almost) independently of
the other cells. This requires that machine groups and part families be
identified on basis of their interrelations, so that a minimum of interfer-
ence occurs between the cells. Intercell relations can be dealt with in var-
ious ways. Transporting a part during its production process complicates
the scheduling and controlling of the cells to a considerable extent. In-
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stead of intercell movements, some other options can be considered like
extending the number of machines of a certain type (machine duplica-
tion), allowing parts to be rerouted, reviewing the design of the bottle-
neck parts, or even transferring the production of a part to another produc-
tion line (part subcontracting). For each of these options, heuristics or ex-
act algorithms have been designed. For example [Kumar and Vanelli, 1987]
present a heuristic for part subcontracting. Machine duplication has been
considered by [Vanelli and Kumar, 1986]. Algorithms for combinations of
these options are presented by [Vanelli and Kumar, 1986}, [Kusiak, 1991],
and [Kern and Wei, 1991]. The algorithms presented by [Sule, 1991] and
[Hertz et al, 1991] also take intercell movements into account. Most of these
approaches, however, assume that a decomposition of the production system
into cells has already been determined. In this paper, we will exclusively deal
with the problem of forming such cells.

The data for the cell formation problem is commonly assumed to be
summarized in the machine-part incidence matriz A = [a;;], where a;; = 1if
part j has to be processed on machine 7 and a;; = 0 otherwise. More gener-
ally, the elements of A could also represent the processing time required by
each part on each machine, or some other numerical data; the models to be
discussed here also apply to this situation, with only slight modifications. A
natural’ machine-part grouping is expected to emerge when the rows and
columns of the incidence matrix are reordered in a proper way. In that case
the diagonal blocks should be relatively filled” compared to the other blocks,
as illustrated in table below. In this example, deleting the element (1,2) and
adding the element (5,6) would result in a perfect block diagonal structure.

part — |1 2 3 4 5 6 |1 4|2 3 6|5
mach 1 1 1T 01 0 0 31T 170 0 00
| 2 01 1 0 0 1 Iff1 1{1 0 00
3 1 0 0 L 0 0 200 o1 1 170
4 0 00 0 1 0 500 of1 1 0]0
5 01 1 0 0 0 10 0lo 0 01

Table 6.1 Example of near block diagonalization by permutation of rows
and columns

The ones outside the diagonal blocks (‘exceptions’) represent intercell
relations and should be avoided as much as possible. On the other hand,
it is also undesirable to have zeroes in the diagonal blocks (‘voids’) or in
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other words to have a part and a machine in the same cell when they are
not directly related. Informally stated, the cell formation problem consists
in minimizing some combination of the number of exceptions and of voids.
We now proceed to define the problem more formally.

A matrix X = [z;] is called block diagonal if there exists a parti-
tion Ry,..., R, Rpyqy of its row-set and a partition C'y,...,Ck,Ciyq of its
column-set such that z;; # 0 if and only if, for some 1 < I < k, 1 € I
and j € ('; (notice that, to be very precise, we should say that X is block
diagonal up to permutations of its rows and columns).

When X is a block diagonal machine-part incidence matrix, we interpret
the partition of its rows and columns as describing the formation of k cells,
where the [-th cell consists of the machines in R; and the parts in C) (I =
l,...,k). The machines in K4y and the parts in C'yyy are not included in
any cell; in many applications Riyq and Ciyq may be assumed empty.

If A and X are machine-part incidence matrices of the same dimension
and X is block diagonal, then we say that element (i, j) is an exception of
A (with respect to X') if a;; = 1 and z;; = 0; we call (¢, j) a void of A (with
respect to X ) if a;; = 0 and z;; = 1.

The cell formation problem can be abstracted into the following block
diagonalization problem:

given an incidence matrix /A and a function f(.,.). find a block
diagonal incidence matrix X of same dimension as A which min-
imizes f(A, X).

The function f(.,.)is meant to give a measure of the distance, or dissimilar-
ity, between A and X. It may for instance compute some weighted combina-
tion of the number of exceptions and voids. We will say more on this topic
in Section 6.3.3. This basic formulation is often extended with additional
constraints, e.g. on the minimal and maximal number of machines and/or
parts per cell, or the number of cells (see Section 6.3.2). Such problems will
be referred to as constrained block diagonalization problems.

[t should be noticed that the block diagonalization model has many po-
tential applications outside of the group technology framework discussed
above. For instance, [McCormick et al, 1972] originally devised their bond
energy algorithm as a clustering method for decomposing or organizing data
arrays: this approach has subsequently been applied in many fields (see e.g.
[Arabie and Hubert, 1990]. [Kumar et al, 1986] discuss the use of block di-
agonalization for production planning in flexible manufacturing systems.
[King and Nakornchai, 1982] mention an application to the decomposition
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of large scale linear programming problems. [Stern, 1991) is interested in
gparse matrix computations.

Many heuristic approaches have been proposed for dealing with the block
diagonalization problem. We now briefly review some of this work.

Even though the problem which they consider is slightly different
from ours (they are more interested in 'seriating’ the rows and columns
than in 'partitioning’ them), the bond energy algorithm developed by
[McCormick et al, 1972 has been widely used to produce good solutions for
the block diagonalization problem. Their ideas have been extended e.g. by
[Askin et al., 1991, Hilger et al, 1991, Ng, 1991].

Another approach interprets the columns and rows as binary words
and attempts to simultaneously reorder them in decreasing lexico-
graphic order. This was first suggested by [King, 1980] (for a
very efficient implementation, see [Page, Tarjan]); later variants were
proposed e.g. by [Chan and Milner, 1982, King and Nakornchai, 1982,
Chandrasekharan and Rajagopalan, 1986].

Other authors suggest to introduce similarity coefficients to mea-
sure the similarity of parts (respectively machines), and fo deter-
mine a part (respectively machine) grouping based on a clustering al-
gorithm; this may leave open the question of determining the best
corresponding grouping of machines (respectively parts), see for ex-
ample [Chandrasekharan and Rajagopalan, 1987, Kusiak and Heragu, 1987,
Boe and Cheng, 1991, Srinivasan and Narendran, 1991].

[Faber and Carter, 1986], and [Vohra et al, 1990] view the block diago-
nalization problem as a network partitioning problem and present heuristics
based on iteratively solving max-flow min-cut subproblems.

Local improvement algorithms are also suitable for determining group-
ings. The algorithm of [McCormick et al, 1972] is of this nature. A simulated
annealing algorithm to deal with the problem was applied by [Stern, 1991].

Interestingly enough, many of the authors mentioned above do not pre-
cisely formulate the objective function which they consider: they are looking
for a “nearly block diagonal” approximation of the incidence matrix, without
specifying the meaning of “nearly” (see [Kusiak and Cheng, 1990]).

By contrast, a few researchers model the block diagonalization prob-
lem as a mixed-integer programming problem, thus stating exactly their
objective function (see e.g. [McCormick et al, 1972, Kumar et al, 1986,
Kusiak and Heragu, 1987, Boctor, 1989, Boctor, 1991, Vohra et al, 1990].

Moreover, we are only aware of two ezact algorithms for the block diago-
nalization problem: [Boctor, 1991] develops an exact algorithm based on his
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formulation; [Kusiak and Cheng, 1990] propose an exact algorithm for the
constrained block diagonalization problem, based on a heuristic algorithm of
[Kusiak and Chow, 1987]. Notice that, by exact algorithm, we mean here an
algorithm that computes an optimal solution of an ezplicitly stated model,
as opposed to a heuristic solution of either an explicit or an implicit model.

In this chapter a mathematical programming model for the block diago-
nalization problem is formulated. This model can be used to derive strong
lower bounds on the optimal value of the problem. Such lower bounds could
prove useful, e.g. to assess the quality of the heuristic approaches listed
above, or, eventually, to develop an exact algorithm for the problem. In the
next section, the model formulations found in the literature are reviewed,
and it is shown that the use of these formulations cannot be expected to
yield very strong lower bounds. A new formulation is proposed in Section
6.3. In Section 6.4, some small numerical examples are used to suggest that
an algorithm based on the new formulation can be useful in deriving opti-
mal solutions with respect to several objective functions. Finally, in the last
section, a short discussion of the results is given.

6.2 Review of Existing Mathematical Program-
ming Formulations

It is by now well-known that the choice of a “good” model may crucially
aftect our ability to solve large instances of integer programming problems.
For a thorough discussion of this point, see [Nemhauser and Wolsey, 1988].
In this section, we survey the main mathematical programming models pre-
viously proposed in the literature for the cell formation problem, and we
briefly discuss the quality of the lower bounds which they vield. We sys-
tematically leave out of the discussion those models which do not address
the cell formation problem as formulated in Section 6.1 (e.g., the quadratic
assignment model of [McCormick et al, 1972], or the clustering models sur-
veyed in [Kusiak and Heragu, 1987], which only determine a partition of the
machine set but not of the part set).

6.2.1 TFormulations of Existing Models

All mathematical programming models discussed here have been originally
developed with the objective of minimizing the (weighted ) sum of exceptions,
under some additional constraints restricting the number of machines and
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parts in each cell, and/or limiting the number of cells. But they can easily
be extended to formulate more general objective functions.

One of the first such models is the quadratic integer programming for-
mulation with linear constraints of [Kumar et al, 1986]. The variables and
constraints in their formulation occur in all other formulations to be dis-
cussed in this section.

Let M be the number of machines, P the number of parts, and A
the given incidence matrix. [Kumar et al, 1986] also assume that an up-
per bound K is given on the number of cells to be formed; if this upper
bound A is not exogeneously given, a similar model can be formulated with
K = min(M,P), and the number of cells in the optimal solution of the
problem is then completely unconstrained at the outset. The indices 1)
and k will be used for machines, parts and cells respectively. Now introduce
binary variables m;; and p;x, where my = 1 if machine 7 is assigned to cell
k, mg = 0 otherwise, and p;x = 1 if part j is assigned to cell k, p,p = 0
otherwise. Then the constraints

R

Zm,'kzl ie{1...M} (6.1)

k=1

K

k=1

mik, pik € {0, 1} ie{l...M},je{l...P},ke {l...K}
(6.3)

express that each machine and each part must be assigned to exactly one cell.
Thus, each feasible solution of (6.1)-(6.3) implicitly defines a block-diagonal
matrix X = [z;;], where z;; = 1 if mjx = p;jr = 1 for some k in {1,...,K}.
Furthermore, [Kumar et al, 1986] describe cardinality constraints that can
be added to restrict the number of parts and machines in each cell, for
instance:

M P
L<Y mi+d pix<U kef{l...K} (6.4)
i=1 =1

where [ and U are given bounds. [Kumar et al, 1986] propose to solve the
model

M P K
maxzz Zaijm;kp_,-k (65)

1=1 j3=1 k=1

subject to (6.1)-(6.4) (6.6)
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It is easy to see that maximizing the function (6.5) is tantamount to
minimizing the number of exceptions under the constraints imposed on the
number and size of the cells. Similarly, any weighted sum of the number
of exceptions and voids could be expressed as a quadratic function in the
variables my and pj.

The model (6.5)-(6.6) features a quadratic objective function and, as
such, does not easily lend itself to the traditional approaches used in integer
programming. It would therefore be desirable to replace the quadratic func-
tion (6.5) by a linear expression. This goal is achieved by substituting for
(6.5)-(6.6) an easy transportation model which, however, only provides an
approximation of the original model. More classically, the function (6.5) can
also be linearized by replacing each quadratic term m;;p;r by a new binary
variable y,;x, with the interpretation that y;;x = 1 if machine i and part j
are both assigned to cell k, and y;;,x = 0 otherwise. To enforce the relations
Yijk = MikPjk, the following constraints can be added to the model: for each
ie{l,...,M},5e{l,...,P},ke{1,....K},

Ty < " .
Yigk = Ty (6?)
Yijk < Pjk
Yijk =2 Mg+ pjk— 1 (6.8)

(see e.g. [Hansen, 1979]). The inequalities (6.8) are unnecessary if the ob-
jective function only involves nonnegative coefficients, as is the case with
(6.5). They become necessary when the objective function contains nega-
tive coeflicients, which is for instance the case when the number of voids is
accounted for.

When applied to the model of [Kumar et al, 1986], these linearizing steps
lead to the formulation

M P K

ma.\:zz Z(:;Jygjk (6.9)
i=13=1k=1

subject to (6.1)-(6.4), (6.7). (6.10)

[Vohra et al, 1990] base their Lagrangian approach on this formulation, as
will be further discussed in the next subsection.

A related linearization is proposed by [Boctor, 1989, citeBo91. His ap-
proach can be viewed as starting with the objective function

M P K

min 1/23 )3 ai;((1 = ma)pjk + mi(1 = pj)) (6.11)

1=1 j=1%=1
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which exactly computes the number of exceptions, rather than with the
function (6.5) used by [Kumar et al, 1986]. Then, new variables u;;x and

vi;k are introduced with the following interpretation: u;jx = 1 if part j is
assigned to cell £ and machine ¢ is not, and u;;; = 0 otherwise; similarly
vijk = 1 if machine ¢ is assigned to cell & and part j is not, and v = 0
otherwise. This leads to the model:
M P K
min l‘z’ﬂxZZH,_,{u._]; + Vijk) (6.12)
=] y=] k=)
subject to (6.1)-(6.4) and (6.13)

Mik — Pik + Wijk — Vize = 0 1e{l...M},

je{l...P}, ke{l...K} (6.14)
uijk 2 0,05 2 0 ie{l... M},

JE{l...P}, ke{l...K} (6.15)

where the constraints (6.14) (resp. (6.15)) enforce the relations u;jx = (1 —
mig)pjk (resp. vijr = mi(l — pjx)). Boctor observes that the integrality
conditions on the variables p;; can be dropped without altering this model
(actually this author works with constraints slightly different from (6.4),
but his observations are easily seen to carry over to the above model). At
the cost of introducing more variables, it is straightforward to formulate a
similar model aimed at the minimization of a weighted sum of exceptions
and voids.

6.2.2 Strength of the Formulations

The efficiency of most algorithms solving integer programming problems is
dependent on the availability of sharp bounds on the value of the objective
function. Therefore an important criterion in judging of the quality of an
integer programming model concerns its ability to provide such bounds. We
are now going to evaluate the models described above on the basis of this
criterion.

A common way to bound the optimal value of an integer programming
problem is to solve the continuous relaxation of this problem obtained by
dropping the integrality requirements on the variables. Consider for instance
the model (6.9)-(6.10) of [Vohra et al, 1990], and replace the constraints
(6.3) by: 0 < myr <1, 0 < pji < 1 forall 4,7, k. It is straightforward to
check that, if this relaxation is feasible at all, then it admits the feasible
solution m;x = pjx = yij;x = 1/K for all 7, j, k. This implies that the optimal
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value of the relaxed model is at least equal to ¥;¥;a;;, which is a very
trivial upper bound for the original integer model. Similarly, the continuous
relaxation of Boctor’s model (6.12)-(6.15) admits the optimal solution m;; =
pik = 1/K, uijr = vijp = 0 for all i, j, k, which yields 0 as a trivial lower
bound on the number of exceptions. Thus, we conclude that the continuous
relaxations of both models are weak.

[Vohra et al, 1990] and [Boctor, 1991] suggest to strengthen the con-
straint set (6.1) by requiring the first machine to be in the first cell, the
gsecond machine to be in one of the first two cells, and so on. This can be
expressed by the additional constraints ([Boctor, 1991]):

mi = 0 § & 00aey K 1) ROl 41 a0 ) (6.16)

(the formulation of this requirement proposed by [Vohra et al, 1990] is in-
correct, as it allows for instance my; = m;, = 1). Constraints (6.16) might
indeed result in a strengthening of the bounds obtained by continuous re-
laxation, and [Vohra et al, 1990] report some evidence to this effect. The
bounds which they compute remain, however, rather far from the value of
the best known heuristic solutions.

Another way to determine bounds on the optimal value is to apply La-
grangian relaxation. For instance, as suggested by [Vohra et al, 1990], an
upper bound Z(A,u) for the model (6.9)-(6.10) can be obtained by dualiz-
ing the linearizing inequalities (6.7) with nonnegative multipliers A;;x and
[tijk, and by solving the Lagrangian dual problem

Z(A, ) = max {ZZZa;jy;jk
ik

+ 333 avird(mic — i)k + (Pik — vijk)pise) ¢ (6.17)
T ] &

subject to (6.1)(6.4) and (6.18)
vijk € {0,1} for all 4, j, & (6.19)

Ventura et al. (1990) also add to this model the constraints
"
> yigk <1 ie{l...M}, je{l...P} (6.20)
k=1

which were implied by (6.1) and (6.7) in the original model, but are no longer
redundant in the Lagrangian dual (6.17)-(6.19).
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Rearranging the terms, we get

Z( ,\_;” — Z Zu,‘, max E{,‘zl[ 1 - f\,‘,;\- = Wisk VWisk
i subject to (6.19)-(6.20)

M K P P K M
+ max z Z Z Qi A kMik + Z: Z Z"UJ‘-;H’_M

i=1 k=1 =1 =1 k=1i1=1
subject to (6.1)-(6.4) (6.21)

So computing Z(A, i) boils down to solving (M + P+ 1) subproblems, namely
M + P easy knapsack problems and a network flow problem. A better up-
per bound, say Zp, can be obtained by minimizing Z(A, 1) over all possible
choices of the Lagrange multipliers A;;x and j;;%. This gives rise to a contin-
uous nonlinear minimization problem, which [Vohra et al, 1990] handle by a
subgradient procedure.

Let us observe here that all the subproblems arising in the computation
of Z(A, u) have the so-called “integrality property”, meaning that the inte-
grality requirements (6.3) and (6.19) can be dropped from the formulation
(6.21) without altering its optimal solution. It is a well-known result that,
in such a case, the best bound Zp computable by Lagrangian relaxation is
equal to the bound obtained by continuous relaxation. Thus, it follows from
our previous discussion that the bound Zp is again a weak one, certainly
not better than the trivial upper bound ;¥ ;a;;.

A similar reasoning applies to the model (6.17)-(6.20) strengthened by
the constraints (6.16). Here also, the bound obtained for a best possible
choice of the Lagrange multipliers is equal to the optimal value of the con-
tinuous relaxation of (6.9), (6.10), (6.16). From this viewpoint, the only
(though not negligible) advantage of the Lagrangian approach is that it is
computationally more manageable then the continuous relaxation approach.

All these remarks are easily transposable to the model (6.12)-(6.15) pro-
posed by [Boctor, 1991].

6.3 A new Mathematical Programming Model

In Section 6.2, we argued that the mathematical programming models found
in the literature for the block diagonalization problem are characterized by
weak continuous relaxations, and hence, are not well suited for the solution
to optimality of large scale instances. In the present section, we propose a
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new model for the block diagonalization problem. We show that this model
can accomodate many of the restrictions and objective functions considered
in the literature.

6.3.1 Model Formulation

Consider again the formulation of the block diagonalization problem stated
in Section 6.1: the problem consists in determining a 'close’ approximation
of the M x P machine-part incidence matrix A by a 0 — 1 block diagonal
matrix X . In view of this formulation, it is very natural to choose as decision
variables the elements of X, with their obvious interpretation:

= | if machine ¢ and part j are in the same cell,
4 forie {1,..., M} and j € {1,..., P}
= (0 otherwise.

Block diagonal matrices can be characterized as follows:

Proposition 6.3.1 The M x P 0~ 1 matriz X is block diagonal if and only
if ils elements satisfy the inequalities

zij+ xp; + vk —xhk 2 forihe{l,...,M} and j, k€ {1,..., P}
(6.22)

To present a short proofl of this proposition, it is useful to think of an alter-
native formulation of the block diagonalization in graph theoretic terms (see
e.g. [King and Nakornchai, 1982] or [Kumar et al, 1986]; we use the graph
theoretic terminology of [Bondy and Murty, 1976]). Every M x P binary
matrix X can be viewed as the adjacency matrix of a bipartite graph G(X)
with vertex set {1,....M}U{1,..., P}; there is an edge {i,} between ver-
tices 1 € {1,...,M} and j € {1,..., P} if and only if z;; = 1. Recall that
a bipartite graph on the vertex set V7 U V; is called complete bipartite if it
contains all possible edges between V} and Vi, i.e. if its edge set is V) x V,. Tt
is casy to see that a matrix X is block diagonal if and only if each connected
component of G(X) is a complete bipartite graph. So, the block diagonal-
ization problem can be interpreted as the problem of approximating a given
bipartite graph (i by a disjoint union of complete bipartite graphs on the
same vertex set as (4.
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machines parts
} e o |
1 o |
5 e 2
2 e

Figure 6.1 Example of a graph representation of machine-part relations

As an illustration, Figure 6.1 shows the graph associated with the inci-
dence matrix displayed in Table 6.1.1. Notice that deleting the edge (1,2)
from this graph and adding the edge (5,6) would produce three complete
bipartite components, associated with the three diagonal blocks of the cor-
responding matrix.

The inequalities (6.22) have an obvious interpretation in graph theoretic
terms: if all components of G(X') are complete bipartite, and if three edges
{i,j}, {i,k} and {h, j} are present in (X ), then {h, k} must also be an edge.
This interpretation suggests to refer to (6.22) as the square inequalities.

We are now ready for a proof of Proposition 6.3.1.

Proof: (Only if) Suppose that X is a 0 — | matrix which violates (6.22) for
some choice of i, h, 7, k. Then it must be the case that z;; = z5; = zj = 1
and . = 0, which easily implies that X is not block diagonal.

(If) Assume by contradiction that X is a 0 — 1 matrix which satisfies (6.22),
but that X is not block diagonal. If G = G(X) is the bipartite graph
associated with X, then G has a component which is not complete bipar-
tite. In other words, there are two vertices of GG, say h € {l,...,M} and
v e {l,..., P}, such that h and v are in the same component of G but
{h,v} is not an edge. Consider a shortest path in ¢ from h to v, say
P = (h,j,i,k,...,v). Notice that j # v, since {h,v} is not an edge. On the
other hand. {i,j}, {i,k} and {h, j} are edges of G, and hence (6.22) implies
that {h,k} also is an edge. But then (h,k,.... v) is a path from h to v and

is shorter than P: contradiction. O
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So, the block diagonal incidence matrices correspond exactly to the in-
teger solutions of the system (6.23)-(6.24) :

Tij+ Thj + Tik — Thk < 2
fori,h € {1,...,M} and j,k € {1,..., P} (6.23)
0<z; <1 ie{l,...,.M},je{1,...,P} (6.24)

Some limited computational experience seems to indicate that this system
provides a useful description of the set of all block diagonal matrices (see
Section 6.4). This impression can be confirmed by a couple of theoretical
results, To state these results, let us denote by @y p the convex hull of
all 0 — | solutions of (6.23) (6.24); that is, Qas p is the polyhedron whose
vertices are exactly the block diagonal matrices of dimension M x P We
prove in Chapter 7 that the inequalities (6.23) define facets of Qs p, and
that Qas.p is completely described by (6.23)-(6.24) when M = 2. We also
produce in that chapter several other classes of inequalities which define
additional facets of Qay p.

Our ultimate goal is to develop a cutting-plane approach for the block
diagonalization problem, based on the above formulation of the problem
in terms of the variables z,; (recall that a cutting-plane procedure es-
sentially relies on the iterative tightening of an initial formulation of the
problem by addition of a possibly large number of valid inequalities; see
[Nemhauser and Wolsey, 1988]). Such an approach was successfully applied
by [Faigle et al, 1986] and [Grotschel and Wakabayashi, 1990] to a problem
closely related to the block diagonalization problem, namely the following
clique partitioning problem: compute a 'good’ approximation of a (nonbipar-
tite) graph by a disjoint union of complete (nonbipartite) graphs (recall that
a graph is complete if it contains an edge between each pair of vertices).
Thus, the clique partitioning problem can clearly be seen as a nonbipar-
tite analogue of the block diagonalization problem. [Faigle et al, 1986] and
[Grotschel and Wakabayashi, 1990] relied on a formulation of the clique par-
titioning problem using the binary variables r;;, where r;; takes the value one
if and only if vertex i and vertex j belong to the same complete subgraph.
They observed that the following 'triangle inequalities’ provide a very tight
description of the set of feasible solutions to their problem:

ri +rie— 1 < 1lorall 4,5, k. (6.25)

Intuitively, the inequalities (6.25) express that, if two edges {i,j} and {i,k}
are present in a complete subgraph, then the edge {k.;j} should also be
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present. The similarity of these "triangle inequalities’ with our 'square in-
equalities’ should be obvious.

It is possible to compute heuristic solutions as well as nontrivial lower
bounds for instances of the block diagonalization problem by transforming
these instances into instances of the clique partitioning problem, and apply-
ing techniques already developed for the latter problem. In this transforma-
tion the bipartite graph has to be extended to a complete graph by adding
edges with zero weight. This causes the number of edges, and therefore
the number of variables in the LP formulation, to double, without yield-
ing any extra information. Therefore we prefer to handle the formulation
(6.23)-(6.24), which involves less variables and remains closer to the original
structure of the problem.

Another reason why we prefer the formulation (6.23)-(6.24) is that the
complexity of the problem is determined by the minimum of the number
of parts and the number of machines. For example, if the number of ma-
chines is fixed. the problem is computationally easy to solve. To see this,
notice that for each partitioning of the machines into machine groups it is
straightforward how to partition the parts into part families such that the
weighted sum of exceptions and voids is minimal. Approaching the block
diagonalization problem with techniques designed for the clique partitioning
problem, we cannot make use of this observation.

6.3.2 Additional Constraints

In the previous subsection, we showed that the basic unconstrained block
diagonalization problem can be modelled using the variables z;;.

More specifically, in the context of the cell formation problem, any so-
lution of the system (6.23)-(6.24) implicitly determines a partition of the
parts and machines into cells, without a priori restrictions on the number or
the composition of the cells.

But, as mentioned in Chapter 1, Section 3.7, and Section 6, it is some-
times necessary to extend this basic model with additional constraints in
order to express limitations of a physical, technolocical or organizational
nature. These constraints may express special relations between machines
and/or parts; they may also be cardinality constraints on the size or the
number of cells. We now briefly discuss how the basic model can be ex-
tended to handle such constraints. Notice that we are not concerned here
by the origin of these constraints, but simply by the fact that the modeller
may sometimes wish to consider them as being exogeneously imposed.
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Machine-part relations.

[oxpressing that machine i and part j must be in the same cell can be
done very simply by fixing z;; to one. Similarly, fixing z;; to zero implies
that machine ¢ and part 7 may not be in the same cell.

Machine-machine or part-part relations.

If machines h and ¢ must be in the same cell, then the equations z; = z;;
can be added to the model for all j in {1,...,P}. A similar modification
applies when parts j and & must be in the same cell.

It is more delicate to model the relation between two machines (or two
parts) which are not allowed to be in the same group. For two machines i
and h, this can be modelled by set packing inequalities like:

zhj+xi; <1 je{l,...,P),

but set packing constraints often have weak continuous relaxations. Another
possibility would be to introduce a dummy part p and to impose z;, = 1,
#ip = 0 (machine h is in the same group as p, while machine z is not).

Constraints on cell size.

Assume that a lower bound L and an upper bound U are exogeneously
imposed on the number of machines in any cell. This can be expressed by
the constraints

L&Y 35 S U i {LywesP}y

since, by definition of the variables x;;, 3", z,; is the number of machines in
the cell to which part j is assigned. Such constraints can also be used to
prevent the formation of cells involving either no parts or no machines, by
letting L = 1 (see Section 6.1). One can similarly restrict the number of
parts in any cell.

Alternatively, suppose that L and U are respectively lower and upper
bounds on the total number of machines and parts in any cell (as in Section
6.2, constraint (6.4)). This can be modelled by the inequalities

Luij <D xic+ > an; S2U—Uxzi; i€{l,...,M},je{l,...,P}.
k h

Indeed, when x;; = 1, this constraint restricts the number of machines and
parts in the cell containing i and j to lie between L and U; if z;; = 0, then
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the constraint is redundant.

Constraints on the number of cells.

Suppose now that, for any imaginable reason, the machines may be as-
signed to at most C' cells, for some given C'. This can be enforced by intro-
ducing C' dummy parts, numbered from P + 1 to P + (', and imposing the
additional constraints:

.
D zipk =1 ie{l,.... M} (6.26)
k=1

(of course, the square inequalities (6.22) must bear now on all variables z,;,

fori € {1,....,.M}andj € {1,..., P+C}). The constraints (6.26) imply that

each machine must be assigned to a cell containing a dummy part. Thus,
at most ' machine groups may be formed. In fact, the variables z, pyx,
for k € {1,..., ('}, can best be identified with the variables m;; introduced
in Section 6.2; that is, z; pyx = 1 means that machine 7 is assigned to cell

k. Then, (6.26) can be identified with (6.1). This also suggests that the

formulation can be strengthened by adding constraints similar to (6.16),

that is:

T Pk =0 1€ {1,...,(:-‘— l},/{:E {i+ ],...,(.'}.

6.3.3 Objective Functions

In this subsection, we discuss some of the objective functions which have
been proposed in the literature for the block diagonalization problem, and
we show how they can be modelled using the z;; variables. We also point to
limitations of our model with this regard.

Let us assume that we are approximating an incidence matrix A by the
block diagonal matrix X. We denote by e(X) (resp. v(X)) the number
of exceptions (resp. voids) of A with respect to X. As mentioned earlier, a
basic criterion for the goodness of block diagonalization is defined by the sum
¢( X )+v(X). More generally, let ¢,; (resp. v;;) be an (arbitrary) penalty to be
incurred when element (1, 7) is an exception (resp. a void) of A with respect
to X (these penalties could reflect the cost of dealing with the exceptions and
voids, fore example the cost of extra transportation or machine idle time).
Then, the total cost of the approximation can be measured by the sum of
these penalties, that is:

flA. X)) = Z{r—.',ja,-j[l — ;) + vi;(1 — a;j)zi;} (6.27)
ij
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Minimizing this function is equivalent to minimizing a function of the form

z WiiZiss (6.28)

L]

for an appropriate definition of the weights w;;. When €;; = v;; = 1 for all
i€{l,....M}and j € {1,..., P}, then (6.27) boils down to e(X )+ »(X).
Similarly, each of the objective functions ¢(X') and v(X) can be obtained as
a special case of (6.27). An objective function of type (6.27) also arises if we
measure the quality of the approximation by some weighted Hamming dis-
tance d( A, X') between A and X. Recall that a weighted Hamming distance
is defined as:

d(A,X) = untuu — Ty = Z‘n"u(”u - z;)%,
LY

L]

where ¢;; are arbitrary nonnegative parameters. Equivalently,

d(A, X) = gij{ai;(1 — zi) + (1 — aij)zis},

i

which shows that d(A, X) is a function of type (6.27) with ¢;; = v;; = ¢;;
for all ¢, j. In particular, the unweighted Hamming distance assumes ¢;; = 1
for all i, j, and hence coincides again with ¢(X ) + v(X).
Various criteria are also extensively discussed by [Kumar and Chandrasekharan,
namely: grouping efliciency, modified grouping efficiency and grouping effi-
cacy. All these criteria take values in [0, 1]; larger values correspond to more
desirable partitions.

Grouping cfficiency is defined as:

A X)Y=gm+(1=q)n (6.29)

where ¢ is a parameter, 0 < ¢ < 1, and

m = Zr:,JrU/ZrU
Z(I — Oy (l !.IJ)/Z(I _-PI'J]
]

(in words, 1 is the number of ones of A in the blocks divided by the total
number of elements in the blocks, and 1, is the number of zeroes of A outside
the blocks divided by the number of elements outside the blocks). Grouping
efficiency appears to be a highly nonlinear expression in the variables z,;, and
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we do not see how to accomodate it in our model. [Kusiak and Cheng, 1990]
also mentioned some drawbacks of this criterion when g is arbitrarily chosen.
On the other hand, they noticed that, when ¢ = 3", z;;/M P, then (6.29)
becomes -

MA,X)=1—-(e(X)+ v(X))/MP.

They call 7 A, X') the modified grouping efficiency (of A with respect to X).
Obviously, maximizing 7 is equivalent to minimizing our well-known basic
criterion e( X))+ v( X).

[Kusiak and Cheng, 1990] suggest that the following grouping efficacy
criterion may be the fittest for the group technology cell formation problem:

I'A,X)=(C=e(X))/(C+v(X)),

where ' denotes the number of ones in A. The function I' is again a nonlinear
function of X, and, as such, may seem difficult to maximize by classical
integer programming techniques. However, its maximization can be reduced
to a finite sequence of 0— 1 linear optimization problems by relying on a well-
known approach for fractional programming problems (this approach goes
back to [Dinkelbach, 1967]; see for example [Gondran and Minoux, 1984] for
a general presentation). The gist of this approach is to iteratively improve a
current solution Xk, in the following way. Let I'y = I'(A, Xy). There exists
a better block diagonal matrix than X with respect to grouping efficacy if
and only if the inequality

(C —e(X)/(C+v(X))> T

has a solution (over the set of block diagonal matrices), i.e., if and only if
the minimum of the following expression is negative:

Ti(C + v( X))+ e(X) - C. (6.30)
Now, (6.30) can be rewritten as

I Z(] o (I"J).‘l'l'j' + Z(I.,'J(l - .‘f','_-,") + (T = 1)C. (()'.31)
17 17

Thus, we can find out whether the current matrix Xy is optimal by min-
imizing (6.31) (that is, a linear expression of type (6.27)) over the set of
block diagonal matrices which is equivalent to the set of integer solutions
of (6.23)—(6.24). This is a linear programming problem in 0 — 1 variables.
If the minimum of (6.31) is zero, then X is optimal with respect to the
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grouping efficacy criterion. Otherwise, a better solution X4 is found and
the procedure can be iterated. Notice that, since the numerator of I'(A, X')
takes integer values in [0,C'] and its denominator takes integer values in
[C, M P], the number of possible values of I'(A, X ) is finite. Therefore, the
improving sequence Xy, Xy,...is also finite. In fact, if binary search over
the range of values of I' is used, then an optimal X can be computed by
solving O( log(M P)) linear subproblems in 0 — 1 variables.

6.4 Numerical examples

We now illustrate the use of the models described in the pre-
vious sections on three examples from the literature: a (10 x
15) instance from [Chan and Milner, 1982], a (8 x 20) instance from
[Chandrasekharan and Rajagopalan, 1986], and a (13 x 25) instance from
[Leskowski et al., 1987].

Example 6.1 The machine-part incidence matrix A for this example is
displayed in Table 6.2.

1 a3 { 5 6 7 & 9 1 2 5
1 1 1 1 1 1
2 1 1 1 1 1
1 1 1
1 1 1 1 1 1
i 1 1 1 1 1
6 1 1 1 1 1
7 1 1 1 1
8 i 1 1 1 1 1
9 1 1 1 1 1
10 1 1 1 1 1

Table 6.2 Data set 6.1 [Chan and Milner, 1982]

Assume that we want to find a close approximation of this matrix by
a block diagonal matrix X, with the objective of maximizing the modified
grouping efficiency 7( A, X'). As discussed in Section 6.3, this can be equiv-
alently achieved by solving the following linear programming problem in
0 — —1 variables (see (6.23), (6.24), (6.27)):

min e(X) + v(X) =) ai(1 - z;5) + D _(1 — a;)z;; (6.32)
i) 1]
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subject to

Iy +-rh_;+rak“3hk$2

i,he{l,...,.M}, j,ke{l,...,P} (6.33)
0<z; <1  i€e{l,...,] M}, Jje{l,....P} (6.34)
z;; integer i€ {l,....,.M}, je{},..., P} (6.35)

with M = 10 and P = 15. Our first goal is to solve the continuous relaxation
(6.32)-(6.34) of this model. Observe that the number of square inequalities
(6.33) is extremely large. In general, for an M x P instance matrix, there
are M(M — 1)P(P — 1) square inequalities, i.e. 18,900 in this special case.
Few linear programming packages can explicitly handle such a large number
of constraints (not to speak of the number of constraints arising for larger,
more realistic problem instances).

In view of this difficulty, we adopt a cutting plane approach, as described
for instance in [Nemhauser and Wolsey, 1988]. This approach can be briefly
described as follows:

Step 1 select a subset, say 9, of the inequalities (6.33)-(6.34);

Step 2 solve the linear programming submodel defined by the objective
function (6.32) and the inequalities in S (observe that the optimal
value of this submodel already yields a lower bound on the optimal
value of (6.32)-(6.35));

Step 3 check wether the current solution X satisfies all inequalities (6.33)-
(6.34): if yes, then X is optimal for (6.32)—(6.34); otherwise, enlarge
the set § with some of the violated inequalities, and return to Step 2.

Of course, many questions must be answered in order to turn this infor-
mal procedure into an efficient algorithm: how should the initial set 5 be
chosen in Step 1, how should we check whether a current solution satisfies
(6.33)-(6.34), and which violated inequalities should be added to S in Step
2, etc. These questions can only be meaningfully answered after extensive
testing on proper data sets. In our preliminary implementation of this algo-
rithm, we choose as initial set § the collection of trivial inequalities (6.34)
(hence, the optimal solution found in the first execution of Step 2is X = A).
We check by complete enumeration whether the system (6.33)-(6.34) is sat-
isfied, and we only add to § the first 25 (or, in the first execution of Step 2,
the first 100) violated inequalities which are encountered. Moreover, in or-
der to keep the model small, we also remove from S in Step 3 all constraints
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which are nonbinding at the current solution (notice that a same inequality
may be selected and removed several times, and that this may theoretically
cause the procedure to cycle).

When applied to our example, this procedure yields the results summa-
rized in Table 6.3.

# of # of # of
solu ineq e(X)+ v(X) 7 pivots violated
total/ ineq
binding
Xo  0/0 040=0 1.000 0 184
X 100/65 84 1.5=95 0.937 59 87
X, 90/84 64+4=10 0.933 71 37
Xy 109/109  6+4+4=10 0.933 68 0

Table 6.3 Performance of the cutting plane algorithm on Example 6.1;
objective function (6.32).

A sequence of four solutions Xo(= A), X1, X9, X3 is computed by the al-
gorithm (in four successive runs of Step 2). The second column of Ta-
ble 6.3 indicates the number of square inequalities in the current model,
and how many of these are satisfied at equality by the optimal solution
of the model. Column 3 gives the optimal value of the objective function
(6.32) for the current model, and column 4 gives the corresponding value
of 7=1=(e(X)+ 2(X))/MP. Column 5 displays the number of simplex
pivot steps needed to solve each of the models. Finally, column 6 indicates
the number of inequalities violated by the current solution. In particular,
X satisfies all constraints and hence is optimal for (6.32)-(6.34).

Some comments are in order concerning this example. First, observe that
the linear programming models to be optimized always remain very small.
As a consequence, solving them is a question of seconds (using the package
LINDO on a PC 286). Moreover, the lower bound e( X )+v(X ) converges very
fast to 10 (as a matter of fact, since we know that the optimal value of e( X )+
v(.X') must be an integer, we could already have rounded up the lower bound
9.5, obtained after one iteration, to the value 10). Even more importantly,
the matrix X3 obtained in the last iteration of the procedure is in fact a0—1
block diagonal matrix. and hence, is an optimal solution of the original 0 —1
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programming problem (6.32)-(6.35). It defines a partition of the machines
into three groups {1,6,7}, {2,5, 10}, {3,4,8,9}, and of the parts into three
corresponding families {1,3,4,6,14},{2,7,11,12},{8,9, 10,13, 15}; part {5}
forms a cell by itself.

Thus, we have been able to solve to optimality the model (6.32)-(6.35),
which involves 150 binary variables and about 19,000 constraints, by solv-
ing only 4 linear programming problems of very small size. Of course, as
demonstrated by our third example below, we cannot expect to solve just
as easily every instance of the block diagonalization problem. But the pre-
vious example gives at least some hope that model (6.32)(6.35), possibly
strengthened by additional valid inequalities, may be adequate for the solu-
tion to optimality of large scale instances. In order to further sustain this
claim, we now proceed with our discussion of numerical examples.

The block diagonal approximation of A defined by X3 features an optimal
grouping efficiency of 0.933, and a grouping efficacy I'(A, X3) equal to (C -
e(X3))/(C' + v(X3)) = 43/53. One may wonder whether another solution
exists with better grouping efficacy. This question can be answered, as
explained in Section 6.3, by solving the subproblem

min (43/53)v(X) + e(X) (6.36)

subject to (6.33)-(6.35) (see (6.30)). The continuous relaxation of this model
can again be easily optimized by the cutting plane procedure, as shown in
Table 6.4. The entries of this table can be interpreted in a similar fashion
as those of Table 6.3. The column labelled LB gives here a lower bound on
the optimal value of the objective function (6.36).

# of # of # of
solu ineq e(X) v(X) LB pivots violated
total/ ineq
binding
Yo 0/0 0 0 0.000 0 184
Y] 100/71 7.5 2 9.123 73 89
Y5 96/89 6 4 9.245 70 75
Ys 114/114 6 4 9.245 74 0

Table 6.3 Performance of the cutting plane algorithm on Example 6.1;
objective function (6.36).
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Here again, the cutting plane procedure converges in four iterations to an
optimal integer solution with 6 exceptions and 4 voids (this is in fact the
same matrix Xj that was already found when optimizing with respect to
modified grouping efficiency). Thus, we conclude that 43/53 is the optimal
value of the grouping efficacy criterion for Example 6.1, and that this value
is attained by Xj.

Example 6.2 The machine-part incidence matrix for this example is given
in Table 6.5.

1 1 1 1 1 1 1 1 1 1 2
1 2 3 { 5§ 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0
1 | 1 1 1 1 1 1 11 1
2 1 1 1 1 1 1 1
3 1 1 1 1 1 1 1 1 1
4 | 1 1 I 1 1 1
51 1 1 1 1 1 1
6 1 1 1 1 1 1 1
7 1 1 1 1 11 1
8 1 1 11 1 1

Table 6.5 Data set 6.2 [Chandrasekharan and Rajagopalan, 1986]

As for the first data set, we first attempt to find a best block diagonaliza-
tion of this matrix with respect to modified grouping efficiency. The cutting
plane procedure is used to solve the continuous relaxation of (6.32)-(6.35)
(since M = 8 and P = 20, there are 21,280 square inequalities in this for-
mulation). 1t yields the results summarized in Table 6.6.

# of # of # of

solu ineq e(X)+ v(X) 7 pivots violated

total/ ineq

binding
Xy 0/0 04+0=0 1.000 0 401
X, 100/74 540=5 0969 66 299
X,  99/88 64+1=7 0956 73 198
Xs 113/81 8+0=8 0950 72 155
X4 106/87 940=9 0944 74 160
Xs 112/109 8+1=¢ 0.944 77 64

X¢ 134/133 9+0=9 0944 73 0
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Table 6.6 Performance of the cutting plane algorithm on Example 6.2;
objective function (6.32)

The last solution found, i.e. Xg, is a 0 — 1 block diagonal matrix and
hence is optimal with respect to modified grouping efficiency. It defines
three machine groups, namely {1,3}, {2,4,7,8} and {5,6}, and three cor-
responding family parts {2,8,9,11,13,14,16,17,19}, {3,4,6,7,18,20} and
{1,5,10,12,15}.

We ask now whether there is a better solution than Xg with respect to
grouping efficacy. The grouping efficacy of Xg is equal to 52/61. Thus, we
first attempt to solve the problem:

min (52/61)v(X )+ e(X) (6.37)

subject to (6.33)-(6.35).
The cutting plane procedure applied to the relaxation of this problem yields
the results in Table 6.7 (to be interpreted as Table 6.4).

# of # of # of

solu ineq e(X) w»(X) LB pivots violated

total/ ineq

binding
Yo 0/0 0 0 0.000 0 401
Y1 100/74 5 0 5000 76 299
Y, 99/99 5 2 6.705 88 211
Yy  124/106 7 1 7.852 97 164
Yy 131/103 8 1 8852 90 181
Ys 128/90 9 0 9.000 87 96
Ye 115/103 9 0 9.000 90 94
Y7 128/128 9 0 9.000 88 0

Table 6.7 Performance of the cutting plane algorithm on Example 6.2;
objective function (6.36).

The last solution found here, i.e. Y7, is identical to the optimal solution Xg
with respect to modified efficiency. Hence, this solution is also optimal with
respect to grouping efficacy.

Example 6.3. The machine-part incidence matrix for this example is
given in Table 6.8.



114 Chapter 6

1 1 1 1 1 1 1 1 1 1 2 2 23 2 2 12
1 33 % ¥ ¢ T '8'0 D12 B34 B BT P 0 1 T 3 4 &
1 I 1 i 1
2 1 1 1 1 1
3 1 1 1 1 1
L] 1 1 | 1
4] 1 1 1 1 1
(] 1 1 1 1
7 1 1 1 1
L] 1 1 1 1 1 1
'] 1 1 1 i
10 | | | 1 1
11 1 1 1 1 1 1
12 1 1 1 1 1
13 1 1 1 1 1

Table 6.8 Data set 6.3 [Leskowski et al., 1987]

Again the cutting plane procedure is used to solve the continuous relax-
ation of (6.32)-(6.35) in order to find a best block diagonalization of this
matrix with respect to modified grouping efliciency. Since M = 13 and
P = 25 we have to cope with 93,600 square inequalities in this formulation.
After solving 30 linear programming problems of very small size (the maxi-
mum number of square inequalities involved in a model is 201) the algorithm
stops. In this case, the final solution Xgg satisfies all square inequalities in-
deed, but it is highly fractional, in fact: X309 = 2/3A. From this we conclude
that for any block diagonalization of A the number of exceptions and voids
is at least onethird of the number of nonzeroes in A viz. 21. However, by
making use of the special structure of this example, it can be proven that the
minimal number of exceptions and voids is 33. This shows that for “bad”
matrices with overlapping clusters as in this example, the gap between the
optimal solution and the lower bound generated with our primitive cutting
plane algorithm can be considerable, and one may wish to be able to improve
the lower bound. This is possible by adding valid inequalities to the model
(6.32)-(6.35), which are redundant for the 0-1 programming problem, but
cut off fractional solutions as Xag from the continuous relaxation. In Chap-
ter 7 we provide several classes of strong valid inequalities, some of which
are severely violated by Xaq.

6.5 Conclusions

In this chapter, we have briefly surveyed some of the previous attempts to
attack the group technology cell formation problem. expressed as a block di-
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agonalization problem, via mathematical programming techniques. We have
argued that these attempts usually give rise to (mixed) integer programming
models which provide weak bounds on the optimal value of the problem. We
have proposed an alternative model which allows for the formulation of var-
ious constraints and objective functions, and provides stronger, nontrivial
bounds on the optimal value of the problem. Finally, we have shown on
some examples that this model may be adequate to solve instances of the
block diagonalization problem to optimality.

Of course, the cutting plane algorithm presented in Section 6.4 is rather
rudimentary. A more sophisticated cutting plane algorithm for the block
diagonalization problem would first require to strengthen the formulation
{6.23)-(6.24) by deriving additional classes of valid inequalities for this for-
mulation (i.e., inequalities satisfied by all block diagonal matrices X' ). More
precisely, we would like to give a partial description of the polyhedron whose
extreme points are the 0 — 1 solutions of the system (6.23)-(6.24). Some
special properties of this polytope together with a partial description of the
polytope are discussed in Chapter 7 and Chapter 8.
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Chapter 7

The Polytope of the Cell
Formation Problem

This chapter is joint work with Yves Crama.
It will be published as an article in Networks.
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A matrix X is called block diagonal if there exists a partition R,, ..., R,
R4y of its row-set and a partition C, ..., Ck, Cky4q of its column-set such
that z;; # 0 if and only if i € R; and j € C| for some 1 <[ < k. Now
the block diagonalization problem can be formulated as follows: given an
m % p incidence matrix A and a function f(.,.), find an m x p block diagonal
incidence matrix X which minimizes f(A,X).

This problem can be interpreted as an abstraction of the cell formation
problem encountered in cellular manufacturing, as discussed in Chapter 6.
Similar problems also arise in the analysis of large data arrays (e.g. for
marketing or archeology applications), in production planning for flexible
manufacturing systems, in sparse matrix computations, etc.

In this chapter, we discuss the facial structure of the polytope whose
extreme points are exactly the m x p 0-1 block diagonal matrices. More pre-
cisely, some general properties of facet-defining inequalities for the polytope
are stated, specific families of facet-inducing inequalities are described, and
some lifting results are presented. The latter procedures gnarantee that for
every integer number z we can construct a facet defining inequality whose
coefficients are relative primes, such that at least one of the coefficients has
value z.

7.1 Introduction

In this chapter, we investigate the facial structure of the polytope whose
extreme points are exactly the m x p 0-1 block diagonal matrices (m,p € INV).
More precisely, as in Chapter 6, we define a matrix X to be block diagonal
if there exists a partition R,, ..., Ri, Ri4y of its row-set and a partition
Cyy ooy Chy Ciyy of its column-set such that z;; # 0if and only if i € R;
and j € () for some 1 <[ < k (notice that what we really mean is that X
is block diagonal up to permutations of its rows and columns). We let

Smp ={ X € {0,1}"*7 | X is block diagonal }

and we denote by @Q,., the convex hull of S,,,. The goal of this chapter is
to provide a (partial) description of the polytope @, by linear inequalities.

As explained in Chapter 6, our interest for the polytope @, mainly
stems from its relation to the cell formation problem encountered in cellu-
lar manufacturing. The data for this problem are generally assumed to be
summarized in the machine-part incidence matriz A, where a;; = 1 if part
j needs to be processed on machine i, and a;; = 0 otherwise. Recall that a
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group technology cell consists of a number of machines (a machine-group)
geared on the manufacturing of a number of similar parts (a part-family).
The cell formation problem asks for a partition of the machines into machine-
groups, a partition of the parts into part-families, and a matching between
the machine-groups and the part-families which optimizes some measure of
the inter- and intra-cell relationships. It can be abstracted into the follow-
ing block diagonalization problem: given an m x p incidence matrix A and
a function f(.,.), find an m x p block diagonal incidence matrix X which
minimizes f(A, X ) (the function f(.,.) gives an estimate of the distance, or
dissimilarity, between the original incidence matrix A and the 'ideal’ cellu-
larized system represented by X'). In Chapter 6, we showed that, for many
of the objective functions f(.,.) proposed in the literature, the cell formation
problem can be reduced to the problem of minimizing a linear function of
the variables z;; (1 = 1,...,m;j = 1,...,p) over the polytope Q. Similar
block diagonalization problems also arise in the analysis of large data ar-
rays (e.g. for marketing or archeology applications), in production planning
for Aexible manufacturing systems, in sparse matrix computations, etc (see
Chapter 6 for references).

In our presentation, we will often rely on a graph-theoretic interpreta-
tion of block diagonal matrices and of the polytope @,,,. We follow the
graph-theoretic terminology of [Bondy and Murty, 1976]. Moreover, when
B = (U,V,F)is a bipartite graph and & = (U,V, F') is a subgraph of B,
we say that ' is a complete bipartite partitioning of B if all connected com-
ponents of (& are complete bipartite (we look at isolated vertices as com-
plete bipartite graphs). In particular, consider the complete bipartite graph
Kmp = (Um, Vpy Um X V3), where Uy = {u1,...,um} and V, = {vy,...,v,}.
We regard an arbitrary m x p 0-1 matrix X as the adjacency matrix of a
subgraph G of K,,,, say G = (Up, V), F), where (u;,v;) € F if and only if
z;; = 1. It is easy to see that the matrix X is block diagonal if and only if
its associated graph is a complete bipartite partitioning of K,,,,.

This graph-theoretic interpretation stresses the analogy of the poly-
tope @, with the clique partitioning polytope P, investigated by
[Faigle et al, 1986] and [Grotschel and Wakabayashi, 1989], and with the re-
lated multiway cut polytope studied by [Chopra and Rao, 1991]. In fact,
Qmp can be viewed as the projection of P4, on some appropriate subspace.
But this observation does not seem very useful in deriving a description of
Qmp from the results available about P,; for example, there is not a one
to one relationship between (classes of ) facet defining inequalities of these
polytopes, (see also Chapter 2).
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In Section 7.2, some general properties of facet defining inequalities for
the polytope @, are stated. In Section 7.3 specific families of facet inducing
inequalities are described. Finally, section 7.4 contains some lifting theorems.
In Chapter 8 a technique will be presented to patch facet defining inequalities
into new valid inequalities which, under certain conditions, also define facets.

7.2 Properties of facet defining inequalities

We describe in this section some general properties of facet defining inequal-
ities for the polytope @,.,: two 'lifting’ results, relating facets of lower-
dimensional polytopes to facets of higher-dimensional ones, and one propo-
gition describing the 'graphical’ structure of facet-inducing inequalities.

In our discussion, it will be often convenient to consider the polytope as-
sociated with block diagonal submatrices of a given matrix, or equivalently,
with complete bipartite partitionings of a given graph. To define these con-
cepts more accurately, let B = (U,,,V,, E(B)) be an arbitrary bipartite
graph, where, as before, U,, = {uy,...,u,} and V, = {vy,....v,}. The set
of incidence matrices of complete bipartite partitionings of B is denoted by
Sp, and the convex hull of Sg is denoted by Qg. Clearly, if B = K,,,, then
Sp = Sup and Qp = Q. In fact, the polyhedron @ p can be viewed in
the space IR™*P as the face of Q,,, with the property that, for all X € Qpg,
x;; = 0 when (i,7) € F(B).

The dimension of Qg is | E(B)|, since the subgraph of B containing no
edges at all, as well as any subgraph of B containing only one edge of B,
are complete bipartite partitionings of B. For the same reason the trivial
inequalities &, > 0 for e € E(B) are facet inducing for each @p. And so are
the trivial inequalities x, < 1, since all subgraphs of B containing exactly
two edges of B are complete bipartite partitionings of B, too.

Suppose the following inequality is valid for Sg and defines a facet of
QB:

Z Ti; Tij < T (7.1)
na(ng)eB
The first properties of (7.1) we will discuss concern lifting procedures (see
Chapter 3 for a study of lifting procedures). So, let B* be a bipartite graph
on the same vertex set as B such that E(B) C E(B*). A lifting of (7.1)
from @p to Qg+ is an inequality valid for Sg+ of the form:

Z Tij Tij < 7o {72}
Lyi(ig)eEB*
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To start with, assume that By and B; differ only in one edge. Our
first result follows directly from the traditional sequential lifting procedure
described in [Nemhauser and Wolsey, 1988] combined with the observation
that @p is a facet of Qg+ :

Proposition 7.2.1 Consider inequality (7.1) and assume that it is valid for
Sg and it defines a facet of Qp. Let E(B*) = E(B)U {(uj,vx)}.. Then the
inequality (7.2) is valid for Sg+ and defines a facel of Qi+ f and only if

Thk = To — max { z Ti;2ij | X € Sg+ and xp = 1},
1.0:(1g)EE(B)

This proposition guarantees that, when a facet defining inequality is derived
for a 'partial’ polyhedron @ g, this inequality can always be lifted to an
inequality defining a facet of Q.

The following proposition shows that an inequality defining a facet of
Qmp is also facet defining for each of the polyhedra corresponding to block
diagonal matrices with at least m rows and p columns. It is similar in
spirit to Theorem 3.3 in [Grétschel and Wakabayashi, 1990], Theorem 3.2
in [Chopra and Rao, 1991], and Theorem 2.2 in [Deza and Laurent, 1992].
Notice that no conditions are imposed on the specific form of the inequality.

Proposition 7.2.2 Leta,b € IN, F(B) = U, x V, and E(B%) = U4, x
Viosn. Consider inequality (7.1) and assume that it is valid for Sy and it
defines a facet of Qp. Then the inequality (7.1) also defines a facel of Qg+.

Proof: It is obvious that (7.1)is valid for all X € S,,, if and only if it is valid
for all Y € S..4ap+s- To prove that the inequality defines a facet of@Q g+,
it is sufficient to show that the property holds fora = 1 and b = 0, since
then the property holds for all a,b € IN by induction and by the symmetry
of the vertices sets.

Because the inequality (7.1) is facet defining for @),,,, there exists a set
of m - p affinely independent solutions, all satisfying the inequality with
equality. If X = 0 does not belong to this set, these solutions are also
linearly independent. On the other hand, if X = 0 is in the set, then
7o = 0, and hence (7.1) is a linear combination of the inequalities z, > 0
with (e € U, x V},), which are facet defining for all Q g as mentioned earlier.
This would imply that (7.1) is identical to an inequality z. > 0 for a certain
e€UnxV,

So we may assume to have a set of m-p feasible and linearly independent
elements X of Sg, all satisfying (7.1) at equality. This set can easily be
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transformed into a set ) of m - p feasible and linearly independent elements
Y of Sg+ all satisfying (7.1) at equality, by setting y,,41; = 0 for all j €
£1,% ooy p¥

For the construction of p additional solutions, it is needed to select from
Y a subset Z of p solutions such that the subsets of variables {21, | j < p}
of each of the p solutions Z € Z are linearly independent. Determining
such a set is equivalent to selecting a (p x p) nonsingular submatrix in a
(m - p) x p matrix with rank p. Each of the solutions in Z can be adapted
in the following way. Let Z = (z;;) be a solution from Z, resulting in an
adapted solution Z = (%;;). Then %; = z; for all i < m,j < p, and
Zme1,j = 215 for all j < p.

The set Z of adapted solutions Z clearly is linearly independent, since
the subsets of variables {Z,,41, | j < p} of each of these p solutions in Z are
linearly independent. Now it is easy to see that the solutions in Z U Y form
a set of (m 4 1) - p feasible and linearly independent elements Y € 5,41,
all satislying the equality (7.1) at equality. So inequality (7.1) is valid for
(Qn41,py and deflines a facet of Q41 p- O

Again consider now inequality (7.1) and assume that it defines a non-
trivial facet of Q@ g. Without any information about the numerical values of
the coeflicients (I, 7p), some general structural properties of the inequality
can be stated. To do this. associate with the mequality two edge sets I and
Et, defined as follows:

E {(ui, vj) | (ui, v;) € B and m; # 0},
EY = {(ui,v;) | (w,v;) € B and 75 > 0}

We call H := (V(E), E) (respectively HY := (V(E*), ET)) the support
{(respectively the positive support) of the inequality (7.1).

1l

Proposition 7.2.3 If B is a nonempty bipartite graph, and (7.1) defines a
non-trivial facet of Qp, then:

(1) m > 0;

(2) EY is nonempty;

(3) the support H of (7.1) is connected;

(4) the positive support H* of (7.1) is connected;

(5) V(E) = V(ET).
If moreover B is a complete bipartite graph, then:



Section 7.2 (99
(6) E\ETY is nonempty, i.e. Il has negative elements;

(7) the support H of (7.1) is two-connected.

Proof:

(1) Since the solution X = 0 is feasible, 7y has to be nonnegative. As
discussed in the proof of Proposition 7.2.2, all facet defining inequalities for
which 7o = 0 are trivial inequalities.

(2) Suppose Et is empty. Then inequality (7.1) is implied by the trivial
inequalities x, > 0, and therefore it cannot be facet defining.

(3) Suppose H is disconnected. Let H; be a connected component of
H with vertex set W, and define H, to be the subgraph of H induced by
V(E)\W. It is easy to see that there exists a solution X € Sp satisfying
(7.1) at equality, such that F;; = 0 for all edges (u;, v;) with exactly one
endpoint in W and one endpoint in V(E)\W. Then define:

T =) ceB(Hy) Tefes T2 1= ) eeB(H;) TeFe -

Clearly mg = m + m2. The inequality )", cpy,) mea. < m is a valid
inequality for @ g. Indeed, suppose EEGE[”” 7e Yo > wy for asolution ¥ €
Sg. Then from X and Y a solution Z € Sg could be constructed that vio-
lates (7.1). The same argument shows that the inequality }_, ¢ g,y Te 20 <
7 is also valid. Since (7.1) is the sum of these two valid inequalities, it can-
not induce a [acet.

(4) Suppose H? is disconnected. Let H; be a connected component of
H* with vertex set W, and define Hy to be the subgraph of H* induced
by V(ET)\W. Since H is connected and H* is a subgraph of H, there is
an edge, say (u;,v;), covering a vertex of H; as well as a vertex of H,, such
that =;; < 0.

Because inequality (7.1) is facet defining, there exists a solution X € Sp
satisfying (7.1) at equality such that z;; = 1 (otherwise the facet would be
contained in the facet defined by the trivial inequality z;; > 0). Now, the
solution Y with y. = 0 if the edge e covers a vertex of H; as well as a vertex
of Iy, and y, = x. otherwise, is feasible, but violates (7.1). This contradicts
the validity the inequality of (7.1).

(5) Obviously V(E*) C V(E). Now suppose there exists a vertex i €
V(E)\V(E*). Since H is connected, there exists a vertex j € V(E) such
that 7;; < 0. Because inequality (7.1) is facet defining, there exists a solu-
tion X € Sp satisfying (7.1) at equality such that z;; = 1. But, by the same
reasoning as used to prove the former property, this contradicts the validity
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of inequality (7.1).

(6) Suppose Il has no negative elements at all. The solution ¥ with y. = 1
for all ¢ € E(B) is feasible. Since (7.1) is facet defining, it easily follows
that Zreh‘(H} 7. = wg. Hence, (7.1) is a linear combination of the trivial
inequalities z, < 1, a contradiction.

(7) From Property (3) it follows that H is connected. If H is not two-
connected, the vertex-set of H contains at least one cut-vertex, say h. This
cut-vertex induces a split of H into two components H; and H, which have
only vertex h in common and have no edges in common. There exists a
solution X € Sp satisfying (7.1) at equality. Define:

Ty = ZFEI’:[HI] Nelas Ty = ZCEI‘:[HQ)

Clearly mg = my + ma.

The inequality 3°, ¢ pu,) Teze < mp is a valid inequality for @p. Indeed,
SUPPose 3. ¢ pipy) Te Ve > m for a solution ¥ € Sp. Now, a solution
7 € Sg could be constructed from X and Y in the following way. Let

E(X)={ee E(H;) | Te=1} and E(Y) = {e € E(Hy) | y.=1}.

Let I be a minimal edge-set such that E(X) U E(Y) U F is the edge-set of
a complete bipartite partitioning of B (this is possible since B is complete
bipartite), It is easy to see that any edge e € I’ has exactly one endpoint
in each ol Hy and Hy. Thus, 7, = 0 for all ¢ € F. Define now Z € Sg by:
ze = life € E(X)U E(Y)U F and z, = 0 otherwise. Then Z is feasible
and violates (7.1), contradicting the validity of the inequality (7.1).

The same reasoning shows that the inequality 3°, ¢ p(g,) Te Te < 72 is also
valid for Qg. Since {7.1)is the sum of two valid inequalities, it cannot induce
a facet, a contradiction. a

7.3 Facet Defining Inequalities

We present in this section various classes of inequalities defining facets for
Qmp. These inequalities will be obtained by lifting inequalities defining facets
for a face Q@ of @,y (according to Proposition 7.2.1). Some of the subgraphs
B which we will consider are 'squares’, so-called ‘spiked’ A'y3-free connected
bipartite graphs, and cycles. For a given X € [0, 1]™*? and a given subgraph
B of K, we use the shorthand z(B) to denote the sum 3 .., o yeE(B) Tis-
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7.3.1 Square Inequalities

In Chapter 6 we observed that the square inequalities:
Thi+The+ Tij -2 <2 (hyie{l,...,m}, 5, k€ {1,...,p})7.3)

are valid for S,,, (hence, for its convex hull Q.,), and that they yield,
together with the integrality constraints on X, a valid description of S,,;
that is,

Smpz{-\'E{D-l}mp | rh]+'rh“+'rlj_“rlk52
for all hyi € {1,...,m}, 5,k € {1,...,p}}.

[Faigle et al, 1986] as well as [Grétschel and Wakabayashi, 1990] observed
experimentally that the closely related 'triangle’ inequalities, provide a tight
description of the clique partitioning polytope. Here we prove:

Proposition 7.3.1 The square inequalities define facets of Q,,, for all
m,p 2 2.

Proof: The square inequality z;; + &13 + 91 — 292 < 2 defines a facet of
()22, since it is satisfied at equality by the four affinely independent points
(1,1,0,0),(1,0,1,0,),(0,1,1,0) and (1,1,1,1). The statement follows now
directly from Proposition 7.2.2. =]

Proposition 7.3.2 Together, the trivial inequalities and the square inequal-
ities provide a minimal complete description of Q2 for all p > 2.

Proof: Let P, be the polytope defined by the trivial and the square in-
equalities. To prove the proposition we have to show that P,, = 3,. Then,
since all trivial and square inequalities define a facet for @3, the descrip-
tion is minimal. As mentioned before, the set of integral solutions in P, is
exactly S3,. So, to prove Py, = (3, it is sufficient to show that all extreme
points of Py, are integral.

Let X be an arbitrary extreme point of Py,. Clearly, X satisfies at least
2p trivial and square inequalities at equality. Let (A, b) be a matrix of 2p lin-
early independent rows, corresponding to 2p trivial and square inequalities
that are satisfied at equality by X such that the number of square inequal-
ities involved, say a, is minimal. Notice that this implies that all trivial
inequalities satisfied at equality by X are represented in (A,b), and thus a
equals the number of fractional elements of X.



126 Chapter 7

Define a column k of X as follows: (zyx,2z2%)7), for k = 1,...,p. Our
next step is to show that at most one of the elements zy; and z,; can be
fractional. Consider all square inequalities involving the elements of column
k and represented in (A,b). We partition these inequalities into two sets: one
set consists of those inequalities involving the sum of the elements of column
k, and the other set contains the inequalities involving the difference between
the elements of column k. If both sets are nonempty, then we can find two
equalities like the next: zje+ o +21h—a2n = 2, and Ty — T+ 21+ 22 = 2;
together with the square inequality z,, — z2) + &1; + 22; < 2 this implies
1k = 1. On the other hand, if at least one of the sets is empty, there is also
al least one trivial inequality involving zx or x4 satisfied at equality, since
X is an extreme point of Py,

Clearly, if a square inequality is satisfied at equality by X, then either
both columns involved in this inequality contain exactly one fractional com-
ponent, or both columns are integral. In the latter case the inequality can
not be represented in (A,b), since it is linearly dependent with the corre-
sponding trivial inequalities, which are represented in (A,bd) too. Now, we
can define a directed graph G4 = (V, E) as follows:

e cach fractional column z, corresponds to a vertex v, € V, and vice
versa;

e there is an arc from vy to vp in £ if and only if there is a square
inequality of the form @y + xon £ (215 — 221) < 2 represented in (A, b).

C'learly, since the cardinality of the vertex set equals the cardinality of the
arc set («), the graph 4 contains at least one (undirected) cycle, unless
a = 0. FPurthermore, between each pair of vertices there can only be one arc.
To see this, notice that two (not identical) square inequalities involving the
same pair of columns determine two trivial inequalities satisfied at equality.
By assumption, these trivial inequalities are represented in (A,b). However,
together the four equalities form a linear dependent system, so not all of
them can be represented in (A,b).

Consider the shortest cycle in (G4, say C. We will show now that if
there is a vertex with indegree 1 in (', we can construct another set (A’,b’)
of linearly independent inequalities satisfied by X at equality and involving
« square inequalities, such that the corresponding graph G 4/ contains a
cycle shorter than C'.

Let v; be a vertex with indegree 1 in €' and let (v;,v;) and (v, vg) be
the arcs of the cycle incident with v;. These arcs correspond to two square
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inequalities satisfied at equality by X, say:

Ty + T2+ £y — 23, =2, and

I]k—12k+l.’u '}'.fg.,I = 2.
These equalities imply the following ones:

r;=1, and

Tip — Top + Ty + 23 =2

Notice that the first of the latter two equalities corresponds to a trivial in-
equality already represented in (A,b), and that the four equalities together
form a minimal linearly dependent system. So, by adding to (A,b) a row
representing the square inequality corresponding to the last equality and re-
moving a row representing one of the square inequalities corresponding to
the first two equalities, a new matrix (A’,d’) is constructed. The matrix con-
tains 2p linearly independent rows, corresponding to 2p trivial and square
inequalities satisfied at equality by X, such that the number of square in-
equalities involved is still . Obviously, the shortest cycle in the graph G 4/ 4
is shorter than C'.

Assume now that there are no vertices with indegree 1 in C'. Then, the
length of this cycle is at least 4. Thus there exists a chain of arcs (v, v;),
(v;,v;), and (v;j,vx). These arcs correspond to three square inequalities
satisfied at equality by X, say:

Tip + Tap + 210 — Z2i = 2,
Ty + Ty + T1i — T2i =2, and

T1; + T35 + Tik — Tak = 2.
I'rom these equalities, the following one follows:
Tih+ Zon + Tk — T2k = 2.

Notice that these four equalities together form a minimal linearly depen-
dent system. Therefore, the last equality cannot be represented in (A,b)
vet, and the reader can verify easily that this implies that C' cannot have
length 4 either. Adding to (A,b) a row representing the square inequality
corresponding to the last equality and removing a row representing one of
the square inequalities corresponding to one of the three former equalities,
yields a new matrix (A’,b'). This matrix contains 2p linearly independent
rows, corresponding to 2p trivial and square inequalities satisfied at equality
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by X, such that the number of square inequalities involved is a. Obviously,
the shortest cycle in the graph G 4y is shorter than C.

Summarizing, for each matrix (A, b) corresponding to a minimal number
of square inequalities a, with & > 0, there is a graph i 4 containing at least
one cycle. The shortest cycle in (G4, has at least length 5. However, we
can always construct another matrix (A’,b’') inducing a graph G 4+ with a
shorter shortest cycle, a contradiction. Thus, a must be 0, and this completes
the proof. a

7.3.2 Facet Defining Inequalities Based on Spiked K,;-free
Connected Bipartite Graphs

The term ‘spike’ refers to special edges of a graph. A spike-leaf of graph B is
a vertex covered by exactly one edge of B. The edge covering a spike-leaf is
called a spike. A spike-root is a vertex covered by a spike, but not a spike-leaf
itsell. We will also say that an edge (resp. a vertex) is a spike (resp. a spike-
leaf or a spike-root) of some valid inequality if it is a spike (resp. a spike-leaf
or a spike-root) of the positive support H™* of this inequality. For example,
the square inequality @, + 2k + #;; — z;1 < 2 has two spike-leaves (vertices
w; and vy ), two spikes (the edges (uy,vr) and (u;,v;)) and two spike-roots
(vertices uy and v;).

Notice that there are facet defining inequalities whose support consists
of exactly one spike covering two spike-leaves, namely the trivial inequalities
ri; < 1. 1t follows from Proposition 7.2.3(4) in Section 7.2 that the support
of nontrivial facet defining inequalities never contain spikes covering two
spike-leaves.

The different natures of spike-roots and spike-leaves can be illustrated
by the next two properties, of which the first one turns out to be especially
useful in some proofs of Section 7.4 and Chapter 8.

Proposition 7.3.3 Let the following inequality define a nontrivial facet for
(Jrup-'

Z LSV R < m (71)

1,j1(1,7)EUmX Vp

Assume u; is a spike-leaf and u; is a spike-root with respect to (7.4).
Then:
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(a) there is a complete bipartite partitioning A of K,,, with a component
consisting of u; only, such that the corresponding characteristic vector
X satisfies (7.4) at equality;

(b) there is no complete bipartite partitioning A of K,,, with a component
consisting of u; enly, such that the corresponding characteristic vector
X4 satisfies (7.4) at equality.

Proof: We denote by A (or A’) a complete bipartite partitioning of K,
and by X4 (or X*') the corresponding incidense matrix.

(a) Assume without loss of generality that (u;,v;) is a spike, i.e. m;; > 0.
There is a bipartite clique partitioning A’ of K., such that X4 satisfies
(7.4) at equality, and u; and v; are not in the same component. To see
this, observe that otherwise the characteristic vectors of all bipartite clique
partitionings of K, satisfying the inequality (7.4) at equality also satisfy the
trivial inequality z;; < 1 at equality; this would imply that the facets defined
by these inequalities are identical, which is not the case by assumption.
Consider the component C' of A’ containing the vertex u;. Now we construct
a bipartite clique partitioning A identical to A’ except for component C,
which is splitted into two components C, consisting of u;, and C5, the
complete bipartite subgraph induced by all vertices of (' except u;. Since
7 > 0, and u; is a spike leaf, 7y < 0 forall/ € {1...k}\{i}, and we deduce
that X4 satisfies inequality (7.4) at equality:

T = 2ijiig)eE(AY) Tij =
= Lijid)eE@) Tii + Livec, Tt £ LijigeE@a i < o

(b) Suppose there is a complete bipartite partitioning A of K,,, such that
X4 satisfies inequality (7.4) at equality, and such that u; is a component of
A. There is at least one spike covering u; and a spike-leaf, say v;. We may
assume that v; is also a component of A, using the same argument as in the
proof of (a). Now we construct a bipartite clique partitioning A’ identical
to A up to the component consisting of u; and the component consisting
of vj, which are merged into one component. Since 7;; > 0, we deduce a
contradiction: wo 2 Zi.;l:{i.j)EE(A'] Ti; = Zl‘..‘.':(l'.ﬂes{-‘” Ty + LET > Q- a
We say that a graph B is spiked if each vertex of B is covered by exactly

one spike, that is, if the spikes form a perfect matching of B. The general
structure of a spiked graph is shown in Figure 7.1; see also Figures 7.2 and
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7.3 for special types of spiked graphs.
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Iigure 7.1 A Spiked Graph

We say that B is a Ky3-free graph if it does not contain any subgraph
isomorphic to Ky3. The following holds:

Proposition 7.3.4 Fork € IN, if B is a spiked K ,3-free connected bipartite
graph with exactly k spikes, then the inequality x(B) < k defines a facet of
Qn.

Proof: Observe that, when & = 1, the inequality z(B) < k boils down to
one of the trivial inequalities 2, < 1 and the proposition certainly holds. For
the rest of the proof we assume that & > 2. First the implicit statement that
the inequality is valid for Qg will be justified. This will be done by showing
that, for any feasible solution X € Sg, the number of edges contained in any
component of X cannot exceed the number of spike-roots of this component.
From this it follows that z(B) cannot exceed the total number of spike
roots of B. Because the graph B is spiked, each vertex of B is covered by
exactly one spike, which implies that the number of spike-roots is equal to
the number of spikes. Hence the inequality z(B) < k is valid.

Since B does not contain any subgraph K3, each component in a bipar-
tite clique partitioning of B is either a cycle of length four, or contains at
most one element from either U, or V,. Clearly, if the component is a cycle
of length four, then all vertices are spike-roots, and the number of edges
equals the number of vertices. So, assume that the component contains ex-
actly one element of V,,, say vg. (A similar reasoning holds if the component
contains only one element of l/,,.) If vg is a spike-leaf, then the component
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contains at most one edge, covering vy and one spike-root (since k > 2 a spike
cannot cover two spike-leaves). If, on the other hand, vy is a spike-root, then
the component can contain several elements of U/,,,. At most one of these
elements can be a spike-leaf (otherwise vy would be covered by two spikes),
and the others are bound to be spike-roots. Thus, in both cases, the number
of edges in the component does not exceed the number of spike-roots in the
component.

Now we prove that the inequality z(B) < k is also facet defining. Since
there exist complete bipartite partitionings satisfying the inequality at equal-
ity, the inequality definitely induces a face of Qg, say F := { X € Qp |
z(B) = k }. This face is contained in a facet of Qg, say Fjy, which in its
turn is induced by an inequality 20 ji)EUmxV, Pij2i; < Bo. To prove the
proposition, it is sufficient to show that the coefficients of the inequalities
are identical, up to multiplication by a strictly positive scalar.

Assume that the vertices of B are numbered in such a way that vertex u;
and vertex v; are covered by the same spike. Let S be the set of spikes, i.e.
§ = {(u;,v;) | i € {1...k}}. Then, for all i # j such that (u;,v;) € E(B),
define the next two edge sets: A;; := {(ui,v;)} U S\{(ui,v;}, and 4;; :=
{(ui, v;)} U S\{(uj,v;)}-

Since the edge sets S and A;; all define complete bipartite partitionings
containing k edges, the following holds (where X# denotes the incidence
matrix of the edge-set A): for all (u;,v;) € E(B), X5, X4 XA € F¢C
Fs. Comparing the edges sets, it follows that 3; = 3;; = f;;. Together with
the connectedness of B, this easily implies that 3;; = 3, for all (u;,v;) €
E(B). So, By = Bnix(B) = Bi1k. This completes the proof. 0

In view of Propositions 7.2.1 and 7.2.2, the inequality z(B) < k defined
in Proposition 7.3.4 can be lifted to a family of facet defining inequalities of
Qump, for all m,p € k. A subset of this family can be described explicitly.
To achieve this, a new definition is needed: a subset C' of (U,, x V,)\E(B)
is called a chord set for a spiked tree B if, for any path between two spike-
leaves of B, there is an edge in ' containing two (arbitrary) vertices of the
path. The following proposition holds:

Proposition 7.3.5 For k € IN and m,p > k, if B is a spiked tree with
exactly k spikes and C' is a minimal chord set for B, then the inequality
z(B) - z(C) < k defines a facet of Qp.

Proof: It is sufficient to justify the proposition for m = n = k, since it
follows then from Proposition 7.2.2 that the proposition holds for m,n > k.
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First, the implicit statement that the inequality is valid for Q,,, will be
demonstrated. This will be done by showing that, for any feasible solution
X € Sik, and for each component Xy of X, the sum of the coefficients
corresponding to the edges in X cannot exceed the number of spike-roots
in Xg.

Suppose Xy contains r spike-roots and s spike-leaves of B. We may
assume that the intersection By of X with B is connected, otherwise we
could split Xy, omitting only edges with nonpositive coefficients, and prove
our statement for each of the smaller components. This implies in particular
that, if a certain spike-leaf is in Xp, then the corresponding spike is also in
Xo, and thus, s < r.

Using induction we can show that, by definition of the chord-set €' for B,
there are bound to be at least s — 1 edges of C' in Xj. Clearly, the statement
is true for s = 0, 1. Suppose it is true for s = ss, is it true for s = ss + 17
Let 'y be the intersection of the component Xg with C'. In view of the
definition of ', and since s > 2, ('y is nonempty, so let (l1,l;) € Cy. Then
there is a path P in By from {; to ;. Removing an edge of P from By yields
two trees, say By and Dy. By contains ry spike-roots and sy spike-leaves,
and [, contains ry spike-roots and sy spike- leaves. Let (*; be the subset
of €' connecting vertices of By, and let C'; be the subset of €' connecting
vertices of B;. We may assume without loss of generality that sy,s < s—1
(otherwise s, or s, must be 0, and we reduce the analysis to a smaller case).
We deduce by induction [C';| > s; — | and |C3| > s — 1. Combining this
with the observations that |C'| > |Cy| + |C2| + 1 and s = s; + 82, we obtain
ICl > s- 1.

Since B is a spiked tree, By is also a tree containing at most r+s—1 edges.
As shown above there are at least s — 1 edges of €' in the component. Hence
the sum of the coefficients of the edges in the component Xy is at most r+s—
Il —(s—1)=r,and the inequality is valid. Now we prove that the inequality
z(B) — x(C) < k also defines a facet. Since several bipartite partitionings
exist that satisfy the inequality at equality, the inequality definitely induces a
face of Qri, say F := {X € Qux | ©(B)—2x(C) = k}- This face is contained in
a facet of Qi say Fj, defined by an inequality Ef._:‘:[i.j)etfmxv,, Bijzi; < Bo.
To prove the proposition, it is sufficient to show that the two inequalities
mentioned here do not differ apart from multiplication by a strictly positive
coelficient.

Assume that the vertices of B are numbered in such a way that vertex
u; and vertex v; are covered by the same spike. From Proposition 7.3.2 it
follows that there is a ¢ € IR* such that §;; = ¢ for all edges (u;,v;) € B,
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and Gp = ke.

The next step will be to show that 3;; = 0 for all edges (u;,v;) ¢ BUC,
with u; € Uy and v; € Vi. First, assume that at least one of the vertices,
say without loss of generality u,, is a spike-leal of B. This implies that
there is an h € {1...k}\{7} such that (us,v;) € B. Now, let S be the set
of spikes: § := {(u;,v) | | € {1...k}}. Define the next two edge sets:
Aip = {(up, v)} U S\{(w;, v)}, and D;; := {(u;,v;)} U A;x. Notice that uy
cannot be incident with u;, since in that case u; and v; would both be spike-
leaves and the edge (u,,v,;) would be the only chord of the path between u;
and v; in B, implying (u;,v;) € C' in contradiction with the assumptions.

So, the edge sets A;; and D;; define feasible partitionings of Qk, and
the corresponding characteristic vectors belong to the facets F and Fj, since
they satisfy z(B)—z(C") = k. Since D;; is an extension of A;; with the edge
(u;, v;), the coefficient 3;; must have the value 0.

When u; and v; both are spike-roots with respect to B, it is somewhat
more involved to prove that j3,; = 0. Here induction is used and a new
definition is needed: an edge (up,v) € (Uy x V,)\E(B) is called a g-chord
for a spiked tree B if there exists a path of length ¢ between uy, and v, in B.
Obviously, since B is a bipartite graph, ¢ must be odd. Assume now that
Bri = 0 holds for all g-chords (uy,v;) ¢ C with ¢ < z (this is e.g. vacuously
the case when z = 1). Then we want to show that 3;; = 0 holds for (z + 2)-
chords (u;,v;) ¢ C.

Two cases can occur. The first case is that (u;,v;) ¢ C. Then define:
Di;j := {(ui,v;),(u;,v;)} US. Again the edge sets § and D;; define feasible
partitionings of Qik. and their corresponding characteristic vectors satisfy
z(B)—z(C) = k. Because D;; is an extension of § with the edges (u;, v;) and
(uj,v;), the following holds: 3;; = —f3;;. Since (uj,v;) is an edge covering
two spike-leaves, it has already been determined that the coefficient 3;; has
value 0, so §;; = 0.

The second case is when (u;,v;) € C. In this case there is a path P
between the spike-leaves v; and u; of which (u;,v;) is the unique chord in C
(because C' is minimal). Let P; := E(P)\{(u;,v;)}, and let Clique( P;) de-
note the complete bipartite edge-set induced by the vertices of ;. Then the
edge set D;; is defined in the following way: D;; := Clique(P;) U {(up,vs) |
up ¢ P and vy ¢ P}- Then comparing again S and D;; as earlier, it can be
deduced that 3;; = 0. This completes the induction.

The final step will be to show that also 3;; = —c for all edges (u;,v;) € C'.
Observe that there is a path, say P, between the spike-leaf of spike i and the
spike-leaf of spike j. and (u;,v;) is the unique chord of P in C'. Then define:
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Djj := Clique(P) U {(up,vy) | up ¢ P and vy, ¢ P}- Comparing § and D;;,
it can be easily deduced that in this last case 3;; = —¢. This completes the
proof of the proposition. a

To get better acquainted with spiked tree inequalities, consider for in-
stance the special case in which the spike-roots ug, ua, ..., u; of the spiked
tree B are all adjacent to the spike-root vy, as shown in Figure 7.2 below.
A minimal chord set ' for this tree must consist of the following edges:
(uy,v;), and either (u;,v;) or (u;,v;), for all 1,7 > 2.

Figure 7.2 A Spiked Tree

For this example, if the coeflicients of the inequality z(B) — z((C') < k are
organized in a k x k matrix whose element (¢, j) is 7;;, then the coefficients
in the first column and the diagonal elements correspond to the edges of
B, and so they all have value 1. All elements in the first row, the first
one excepted, correspond to the chords (uy,v;) and therefore have value —1.
For the remaining elements holds that either element (i, ;) has value 0 and
element (j,7) has value —1, or vice versa. For example,

S, Q. S [
I 1 =1 B sm D
I D 1 =1 e =}
I =1 0 1 - 0

LI =1 & =i === 1]

Carrying out this construction with £ = 1 or & = 2 demonstrates that the
trivial inequalities z;; < 1 and the square inequalities belong to the family
of spiked tree inequalities.

Another subset of the family of facet defining inequalities based on Ay3-
free connected bipartite graphs can also be described explicitly as follows.
Let a spiked cycle be a spiked graph whose spike-roots induce a cycle (see
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Figure 7.3; notice that this is a slight abuse of our general definition of a
spiked graph, since a spiked cycle is not a cycle; but this abuse is convenient,
and will not cause any confusion).

A subset C' of (U,, x V,)\E(B) is a chord set for the spiked cycle B if, for
each pair (s, 1) of spike-leaves of B, and for each of the two paths P;(i = 1,2)
between s and t, there is an edge e(s,t, P;) € C' such that:

(a) e(s,t, F;) links two (arbitrary) vertices of P; (i = 1,2);
(b) e(s,t, Py) and e(s,t, P,) are distinct;

(¢) if one of the leaves s or t is covered by both edges e(s,t, P) and
e(s,1, Pp), then one of these edges covers both s and t.

usz g

141

Uug 5

Figure 7.3 A Spiked Cycle

Proposition 7.3.6 For allm,p > k > 4, if B is a spiked cycle with exactly
k spikes and C is a minimal chord set for B, then the inequality z(B) —
z(C) £ k defines a facet of Q.

Proof: Once we know that the inequality is valid for @y, then proving that
it defines a facet of Qi) can be done as for the inequality in Proposition
7.3.5. Thus we concentrate on establishing validity. This will be done by
showing that, for any feasible solution X and for each component X of the
graph associated with X, the sum of the coefficients corresponding to the
edges in Xy cannot exceed the number of spike-roots in Xg.

Assume that Xy contains r roots and s spikes of B. Either Xy contains
the whole cycle or not. In the latter case, we can conclude as in the proof of
Proposition 7.3.5, since each component of E(Xq) N E(B) is a spiked tree.
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So suppose that the component contains the whole cycle (though not
necessarily all the spikes). Obviously the number of edges with a positive
coefficient contained in Xy is k + s. When X does not contain any spikes
(i.e. & = 0), the number of edges with a positive coefficient is precisely
the number of roots. When X contains at least two spikes (s > 2), then
the number of edges in Xy which are also in the chord set C is at least s
(since there is at least one edge of C' between any two successive spike-leaves
contained in Xgy). Finally, consider the case where the component contains
only one spike-leaf (s = 1), say u;. Then the number of edges in C is at least
one. To see this, notice that there is at least one other spike-leaf in [/, say
u;. Now, by the construction of the chord set for a spiked cycle, there are
distinct paths Py and P; in B between u; and u;, and two corresponding
edges e; and e; in C'. If one of these edges covers u;, then this edge is in
the component. Suppose on the other hand that neither ¢; nor e; covers u;.
Since u; is covered by at most one of ¢; and ey, at least one of the edges ¢,
¢y links two spike-roots, and this edge is in the component. a

A small example of a Ky3-free spiked cycle is shown in Figure 7.3. Call
this graph Bg. It is easy to see that all of the edges (uz, 1), (u2, v3), (u4, v3),
(uq,v5), (ue,vs) and (ug,v;) must be in any chord set for Bg, but on the
other hand, there exist various ways to complete this list to a minimal chord
set. As a matter of fact, it can be checked that each of the matrices Il shown
hereunder gives rise to a facet defining inequality for Qg g, derived from Bg
as explained in Proposition 7.3.5:

The question arises wether it is possible to describe explicitly other, possibly
more general, subfamilies of facet defining inequalities based on Kj3-free

110 0 -1 1 1 1 =i —k/ @
-1 1 =1 =1 0 0 =] I =) =1 8
-1 1 1 1 0 © 0 1 1 1 =1
0 0 —1 1 -1 -1 0 0 -1 1 -1
0o 0 -1 1 1 1 <=1, .8 T .1
-1 -1 0 0 -1 1 | -1 -1 0 0 -1
F 1 1 -1 -1 -1 1
=1 L =f =i o =1
01 1 1 0 0
-1 0 -1 1 -1 0
00 -1 1 1 1
| -1 0 0 -1 -1 1
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connected bipartite graphs than those given in Propositions 7.3.5 and 7.3.6.
In Chapter 8, we present a patching procedure which partially answers this
question.

7.3.3 Facet Defining Inequalities Based on Cycles

Let Ci be a cycle of length k, with k even. If & > 6, then no component
of a complete bipartite partitioning of ('y can contain more than two edges.
Therefore, the total number of edges of a complete bipartite partitioning of
C'y cannot exceed 2k/3. If k is not a multiple of three, then one easily shows
that the inequality z(Cy) < [%kj is facet defining for Qc, .

Define now T} to be the graph induced by the 3-chords of 'y (a g-chord
of C is an edge joining two vertices at distance ¢ in C'x). Then the following
holds:

Proposition 7.3.7 For all k > 6, the inequality z(Cy) — z(T}) < [%H 18
valid for Q. If k =4+ 6t fort € IN, then the inequality induces a facet of
Qkk-

Proof: First we show that the inequality is valid for Qge. If & > 8, then
for each 3-chord e € T there is a unique edge-set {e), ey, ¢3} C 'y such
that {e} U {e;.e2,€e3} induces a cycle of length 4. Using this fact, we can
associate with each element e of T} a unique square inequality of the form:
Toy + Te, + Ty —x, < 2. Notice that for each edge of (', the corresponding
variable occurs in exactly three of these inequalities. So, adding up all
inequalities related to the edges in T} yields:

32(Ch) - #(Ti) < 2k = 2(Cy) — 2(Tk) < 3k

Since the lefthand side is integral for all X € Sk, we may round down the
righthand side. Consider now the case k = 6. For each 3-chord ¢ € T there
are two disjoint edge- sets which, together with e, induce cycles of length 4.
Adding up all corresponding inequalities yields:

32(Cs) — 22(Te) < 12 = 2(C) — z(Ts) < 4 .

Now we prove the second part of the proposition, namely: the inequality
z(Cr) = 2(Ty) < [%LJ induces a facet of Qg if k = 4 4 61 for some natural
number ¢. Since there is a bipartite partitioning satisfying the inequality at
equality, the inequality induces a face of Q. say F. This face is contained
in a facet of Q.. say Fjs. defined by an inequality Z,‘J:{,-He,_,mﬂ,p Biizi; < Po.
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We must show that this inequality is identical to z(Cy) — z(T}) < [%LJ up
to multiplication by a strictly positive scalar, say c.

First we will show f3;; = ¢ > 0 for all indices i, j such that (u;,v;) € C.
Since 'y is a cycle, ('y contains two edges covering v;, (u;,v;) and, say,
(up,vj). Let A; be the unique edge-set inducing a bipartite partitioning of
'y, and containing precisely [%LJ = 41 + 2 edges, but not containing any
edges covering u;. Define the edge-set D;; as follows: D;; := {(u;,v;)} U
A\{(un,v;)}. Clearly, both A; and D;; are bipartite clique partitionings
of Ky, and the corresponding characteristic vectors belong to F' as well as
Fpy. Comparing the edge-sets A; and D;; it follows that 3;; = ;. Iterating
this argument, we conclude that all coefficients f;; corresponding to edges
(ui,v;) of C have the same value, say ¢. From Proposition 7.2.3(1) and the
observation that 3, = (41 4+ 2)c, we deduce that ¢ is strictly positive.

The second step is to show that 3;; = —¢ for all indices i,j such that
(ny,v;) € Ty, Since (u,,v;) is a 3-chord of Cx, €y contains a path of length
3 with u; and v»; as endpoints, say {(u;,v),(un. ), (up,v;)}. Now define
Di; = Ai U {(ui,v),(uj,v;)} (where A; is as above). Clearly, D;; is a
bipartite clique partitioning of Ajx, and the corresponding characteristic
vector is in [ and Fj;. Comparing A; with D;;, it follows that 3, 4 3;; = 0,
and thus g;; = —c.

The final step is to show that the remaining coefficients J;; have value
0. We distinguish three different cases. The first case is when (u;,v;) is a
(5 + 6s)-chord, where s € {0,....|3(t = 1)|}. The reader can verify that
in this case the two edges of 'y covering v; both belong to A;. So, D;; =
A;U{(u;,v;)} is a bipartite clique partitioning of K, and the corresponding
characteristic vector is in F' and Fj. Then, comparing A; and D;;, it follows
that g;; = 0.

The second case is when (u;,v;) is a (7 + 6s)-chord, where s € {0,...,
|£(3t = 5)|}. Then Cj contains a path P of length 7 4 6s with u; and
v; as endpoints, and there are two edges of Cx of the form (u;,v.) and
(ty,v,) which do not belong to this path. Consider the edge-set D, :=
{(ug,v)} U A\ {(ui,v;)} (as discussed in step 1). The path P contains
three edges of the form (u;,v), (up,vq), and (up,v;), which induce two
components of the bipartite clique partitioning D,,. Now we define an edge-
set as follows: Dj; 1= Dy U{(ui, vy), (ui,v;), (un, v7)}. Then D;; is a bipartite
clique partitioning of K, and the corresponding characteristic vector is in
F' and Fg. Noticing that D;; is an extension of D, by two (5 + 6s)-chords
and one (7 4 6s)-chord (u;, v;), we conclude that 3;; = 0.

The third and last case is when (u;,v;) is a (9 + 6s)-chord, where s €
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{0,...,|2(3t = 7)]}. The cycle Cy contains a path of length 9 + 6s with u,
and v; as endpoints, and containing the edges (up,v;), and (uy,v;). Notice
that these two edges correspond to one component of the bipartite clique
partitioning A;. Then the edge-set D;; := A;U{(u;, ), (u;,v;)} is a bipartite
clique partitioning of K, and the corresponding characteristic vector is in
F and Fg. Since D;; is an extension of A, by one (7 + 6s)-chord and one
(9 4 6s)-chord, respectively (u;, ;) and (u;,v;), we conclude that g, = 0.
This completes the proof. (8]

7.4 Lifting Theorems

In this section, we are going to present various lifting results, which allow to
derive facet defining inequalities for Q.41 41, from facet defining inequal-
ities for Q,, . To be more specific, assume that the following inequality is
valid for Sy, and defines a facet for Q,,:

D by migmi; < mo (7.5)

We will discuss conditions on the coefficients of inequalities of the follow-
ing form, that guarantee these inequalities to be valid or facet defining for

Qm+l.p+l:
m+1 P+l I 7.6
i=1 j=1 Tl & To + Tm+41,p+1 (7.6)

First we need to introduce some concepts which will be useful in defining
the coefficients of the lifted inequalities. A V-sequence is a (nonempty)
ordered subset of V,, (a U-sequence would be similarly defined). Define for
each subset I of V, the set S,,(I) to be the set of solutions in 5,,, that
satisfy z;; = 0 for all i € {1,...,m} and j € I. These are the solutions for
which the nodes in the set I are components. Consider inequality (7.5) and
let ® = (vy,...,v:) be a (arbitrary) V-sequence. The sequential covering of
a vertex vy (for h = 1,....r, with respect to Il and @), denoted c[vy], is
defined recursively as follows:

clos] = minp e a-11{ a0 = X jer ¢[v;]
- max{Zf.‘—.i Z?:l Mgy | T E 'C".mp("“r U {h}) } }

The reader can convince himself that, regardless of the sequence, the sequen-
tial covering of an arbitrary vertex is always nonnegative.

Finally, call the U-ertension of K,,, with respect to a V-sequence ® the
graph B obtained from K,,, by adding a vertex un, 4 to U,,, a vertex v,4
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to Vy, and the edge (u;,41,0p41) to the edge set, as well as all the edges
between w,,4+; and the vertices of the V-sequence ®; that is,

B = (UnU{ums1},VpU {vp41},
(Um x Vp) U {(tmsr,0) | h € {1,...,7} } U {(Ums1, Vp41)})-

The following statement describes how a valid inequality like (7.5) for
Qmp can be lifted to a new valid inequality of the form (7.6) for Qp:

Proposition 7.4.1 Let inequality (7.5) be valid for Q pp, let ® = (vy,...,v,)
be a V-sequence, and assume that the coefficients of inequality (7.6) satisfy:

& (‘[L'J] fff: m+ 1 arufje {l,...,?‘};
o Yiarely] fi=m+landj=p+1;

Then inequality (7.6) is valid for Qp, where B is the U-extension of K,,,
with respect to $.

Proof: By validity of inequality (7.5) and -7 7pmy1j = Tmgrp41 (by
construction ), the inequality (7.6) certainly holds when either z,,41 541 = 0,
or Zy4q,; = 0 forall j € {1,...,r}. Hence from now on we only consider
solutions satisfying 2,41 p41 = 1,and 327y Zm4a,; > 1. Now, for each such
solution we define an index set J and a quantity ¢[J] as follows:

J {Je{l?‘} | ‘E!nﬂ-],}':l}‘
"["’] o — max{ :T;l f:l TijTij |z € Smp('])}-

From the definition of the sequential covering, it follows that ¢[J] > 3~.,
c[v;]: to see this, consider the definition of ¢[v;] and take h = max{j|j € J}
and [ = J\{h}. Moreover, for each i € {1,...,m} and j € J, z;; = 0
(since 41, = Tmg1,p+1 = 1, and the edge (u;, vp4q) is not in B). Thus, by
definition of ¢[J], we get =%, 3°F_| mi;zi; < mo — ¢[J] . From the former
observations, we deduce:

m+1 p+1 r
z Zﬂ'ijflj < 7 -—(‘[J]-}-Z Tm+1,jYm+15 T Tm41,p41
=1 j=1 )=1
< ?l’u-l-Z(?l'mH.;' = ¢[v;]) + Tmp1p41 = To + Tmp1p41
JEJ
a

Let us now see how to lift a facet defining inequality (7.5) for @, to a
facet defining inequality for Q. A V-sequence @ is called tight with respect
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to the valid inequality (7.5) if there exists a complete bipartite partitioning
Y satisfying (7.5) at equality, such that all vertices of the sequence ¢ are in
the same connected component of Y and there are no other vertices of V,
in this component. Notice that there is always at least one tight V-sequence
associated with any facet defining inequality. For instance, it can be checked
that a trivial inequality has exactly one tight V-sequence (and one tight U-
sequence), and that for each square inequality there are four different tight
V-sequences (and also four different tight U-sequences).

Proposition 7.4.2 Let (7.5) be a valid and facet defining inequality for
Qump, let ® be a tight V-sequence, and let the inequality (7.6) be constructed
as in Proposition 7.4.1. Then the inequality (7.6) defines a facet of Qp,
where B is the U-extension of K., with respect to .

Proof: The validity of inequality (7.6) follows from Proposition 7.4.1. Since
there exist bipartite clique partitionings satisfying the inequality at equality,
the inequality induces a proper face of Qg, say F. This face is contained
in a facet of g, say Fj, which on its turn is induced by an inequality:

ooty Z_’::II Bijzij < Po. To prove the proposition, it suffices to show that
the latter inequality and ineaquality (7.6) do not differ apart from multipli-
cation by a strictly positive scalar.

Let X denote the incidence matrix induced by the edge-set A. Since
(7.5) induces a facet Fyy of Q.np and there is a one-to-one relation between
the incidence matrices in fp; and the incidence matrices Y in Sp satisfying
Ymt+1p+1 = 1 and g4y ; = 0for all j € {1,...,7}, it follows that there is a
strictly positive scalar ¢ such that 3;; = em;; if (u;,v;) € Uy, ¥ V,,. From this
it also follows that Ay = emo + Bmsy1,p41-

The next step is to show that 8,41,; = empqy,j forall j € {1,...,r}. We
use induction on j. So, let 7 € {1,...,r} and assume that 41,0 = €Ty
forall t € {1,...,7—1}. Let I be an index set such that I C {1,...,7 -1},
and

m+1 p+1
cv;] = @o- Z ¢[v;] — max{ Z Z TikTik|z € Smp(IU {7})}.
el =1 k=1

By the definition of the sequential covering, such an index set exists. Let
X € Syp represent a complete bipartite partitioning of K, such that:

m+1 p+l m+1p+1

3 mada = max{z > mikzik | 2 € Smp(1U{j}).

i=1 k=1 i=1 k=1
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Now we can define an edge set D; as follows:
D; = {(ui,n) € Un x Vp | Zi¢ = 1}
U {{”md-lt ”I) [ l € Iu {j]’} U {["m-l-l* vp+l}}'

The reader can verify that D; induces a complete bipartite partitioning of B
whose incidence matrix Y is in F', and therefore also in Fj3. Then we deduce:

m_+] p+l1
o = L Z BikYik
i=1 k=1
m p
= ({Z z TikVik) + ef L C["k]) + .".'}m+l._; ¥ .”m+l.p+l
i=1 k=1 kel

"{ T — f'[f'l;]] + ‘im-l-l,_:' +' .‘r.im+l,p+]
= .‘ill + r"im+l._; el “["J]

Therefore, A,41,; = ¢ - ¢[v;] = eTmqa,;-

The final step is to show that 5,41 41 = ¢ 41,p41. To achieve this, we
define two edge sets: Ayypq and D,yy, both complete bipartite partitionings
of B, such that the corresponding incidence matrices are in F, and therefore
also in Fj5. We define A,y to consist of the edge (un41,vp41), together
with the edge-set of the complete bipartite partitioning Y referred to in the
definition of tight sequences. The set D,y is defined in the following way:
D1 = Apgr U {(tms1,9)17 € {1, .., P} I\ {(%m+1, Up41)}. Comparing the
sets Aypy and Dyyy, it can be seen that B, 41041 = €Tyt pti- a

Proposition 7.4.2, together with Proposition 7.2.1, implicitly provides
a way of lifting any facet defining inequality for @, to a facet defining
inequality for €0, 41,41 (and hence, by Proposition 7.2.2, for Q,,, n > m,
g > p). Of course, this is only interesting if, for at least one vertex of the
sequence, the corresponding sequential covering is strictly positive. We are
now going to describe an explicit lifting procedure based on Proposition
7.4.2. The procedure, however, only applies to a subclass of facet defining
inequalities.

We first introduce some more terminology. We say that a valid inequality
for Q,np is spiked when its positive support is spiked (see Section 7.3), and
when the spike partitioning S, defined by s;; = 1 if and only if {u;,v;}
is a spike, satisfies the inequality at equality. Simple examples of spiked
inequalities are provided by the square inequalities, or by any of the facet
defining inequalities introduced in Section 7.3.2. In the remainder of this
section, when dealing with spiked valid inequalities for @z, we implicitly
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assume that the spikes, the spike-roots, and the spike-leaves are numbered
in a such a way that spike-root i and spike-leaf i are the endpoints of spike
iz 1,.... k).

For spiked inequalities, the sequential covering of each vertex is easily
characterized, as made explicit by the following proposition (the result will
be used in the next proposition).

Proposition 7.4.3 Let (7.5) be a spiked inequality defining a facet of Qx,
and let & = (vy,...,v,) be a V-sequence. For alli € {1...r}, the sequential
covering of v; is equal to the coefficient of the corresponding spike in the
inequality (i.e. c[v;] = =;;) if v; is a spike-root, and the sequential covering
of v; is equal to 0 if v; is a spike-leaf.

Proof: First we will prove that ¢[v;] = 0 if v; is a spike-leaf. From Propo-
sition 7.3.3(a), it follows that there exists a matrix X € Sy, satisfying (7.5)
at equality such that y,; = 0 for all t € {1,...,k}. Using the definition of
the sequential covering, we deduce:

elv;] < mo — Z . Z?:l’riizfi = 0.

Combining this result with the observation that the sequential covering of
an arbitrary vertex is always nonnegative, we conclude that ¢[v;] = 0.

The proof of the complete statement is by induction on 7. Assume that
the statement holds for i = 1,...,h — 1. If vy, is a spike-leaf, then the
statement is also true for i = h, as shown above. So, assume vy, is a spike-
root, and let I C {1,...,h— 1} be such that

clon) = mo— Y e[vi] - max{) 7%, Y i ymijzi; | X € Sw(fU{h}}
i€l
We may assume without loss of generality that v, is a spike-root for all

t € TU {h}. To see this, notice that if t € I and v, is a spike-leaf, then we
can replace I by I'\{t}, since ¢[v;] = 0 as proved earlier, and

max{}_T, z_?:l TijTi; | X € Sw(JU {h}} <
max{"7%, S5, mijzi; | X € S(1U {h}\{t}}
Consider now the 'restricted’ spike partitioning Y, defined by y;; = 1 if and
only if : = j and ¢ ¢ 1 U {h}; clearly,
o] < w0~ vl =D Dt imisvi
el

o — Z c[v.‘] — Z Tii-

el g fu{h}
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By definition of spiked inequalities, 7y = Z:;, 7ii. Hence, using induction:

clon] € Y ieruqn) mii = D ier e[vi] = Thn.

To see that the reverse inequality also holds, consider any Z € Sii(f U
{h}) realizing the maximum over max{} I, ):f=, Tijzij | X € Sw(TU{h})}.
For each 1 € I' U {h}, u; is a spike-leaf, and z; = 0. Hence, since x;; < 0
for all j # i, we may assume without loss of generality that z;; = 0 for all
i€ ITu{h}and forall j =1,...,k. Define now a point W by:

z; ifig¢ Iu{h}andj ¢ IU{h},
| ifielu{h}andj=1i,
0 otherwise.

This point defines a complete bipartite partitioning of Kii. Thus using the
definition of Z, and induction:

m k
con] = mo- elwi] = DD mijzi;
i€l i=1j=1
m k m k
PIPILATEDIE UIEDISIILT

=1 j=1 el i=1 y=1

= Y mi—_cv]=mh

iefu{h} i€l

v

a

Now, our next proposition allows to lift spiked facet defining inequalities
of Qi to spiked facet defining inequalities of Q41 k41-

Proposition 7.4.4 Let (7.5) be a spiked inequality defining a facet of Q.
and let & = {vy,...,v.} be a tight V-sequence for this inequality. Assume
the coefficients 11 satisfy the conditions of Proposition 7.4.1 for all edges
(u;.v;) of the U-extension of Ky, and let:

Tke1y = 03 forall j¢{l1,...,r}
=Tkt if u; is a spike-leaf,

T k41
Then, the inequality (7.6) is a spiked inequality defining a facet of Qk41,k+1,
and ® is a tight V-sequence for (7.6).
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Proof: Let Y € Siyyi41. Reasoning as in the proof of Proposition 7.4.1,
we conclude that the inequality (7.6) certainly holds whenever yi4y 441 = 0,
or yk41; = 0 for all j € {1,...,k}, or gikqr = 0 for all i € {1,...,k}
So, we may assume that yi4q 441 = 1, and there are nonempty index-sets
I C{l,...,k} and J C {1,...,k} such that y; 44y = 1 if and only if i € [
and ye41,; = 1 if and only if j € J.

Next, we construct a vector Y € Siyy 441 from Y such that 344! Z“f:l'

Tl < Zk'“ Sfill mi¥; S mo. Let Iy := {i € I|mpyyi > 0}, I- := I\ =
{i € Ilmigri = 0}, Jy := {j € J|mrg1; > 0}, and J_ := J\Jy = {j €
J|7k41,; = 0}. Now the vector Y is obtained by splitting the component of
Y induced by JUJ U {ug41, 041}, into a component induced by the vertices
which correspond to I and J_, a component induced by the vertices cor-
responding to Jy, ug4y and vey, and the ’one-vertex-components’ induced
by the vertices corresponding to /.. More formally, the complete bipartite
partitioning is constructed in the following way:

0 forallie I andallje JuU{k+1};
- 0 forallieI_andallje Jyu{k+1};
A 0 fori=k+1landalljeJ_;
yi; in all other cases.

The reader can verify that the coefficients are constructed in such a way that
the next expression holds:

k41 k+1

Zzﬂ';;(yu ;) = Z z T+ Z Z i+ Z’fk+1,j

i=1 j=1 i€ly jeJu{k+1} el jedyu{k41} JEJ-

Consider the first term. For any i € I, it follows from the definition of
I4 that v; is a spike-root belonging to ®, and hence u; is a spike-leaf. So
2_jel Tij € Tiiy Wik41l = —Tk41,i = —Ty, and the first term is not strictly
positive. Then consider the second term and ¢ € I_. Notice that, by def-
inition of the sets I_ and Jy, i € I_ implies i ¢ J+. Now, either u, is
a spike-leaf, or u; is a spike-root. In the first case 7;; < 0 for all j € J4

(since 1 ¢ Jy) and 7 441 = —7k41 = 0. In the second case, observe that
Jy C{1,...,r}\{i} (in view of the definition of the coefficients 744, ;), and
thus: 7 k41 = = 3 ieqr,.... )\ ilTult < = T jes, 7i; Therefore, we conclude

that the second term cannot be strictly positive either. Since all coefficients
occurring in the third term of the expression are nonpositive (by definition
of J_), the whole expression is nonpositive. Since Y satisfies (7.6) (because
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Uikser =0 forall i € {1,...,k} and the earlier reasoning), we conclude that
the inequality (7.6) holds for all Y € Si4q k4.

Now the validity of the inequality (7.6) is shown, we prove that the
inequality induces a facet of Qg4 k41. Since there exist complete bipartite
partitionings satisfying the inequality with equality, the inequality induces a
proper face of Qg4 k41, say F'. This face is contained in a facet of Qr41 k41,
say Fjz, which on its turn is induced by an inequality Zf;ﬂ f:,l Bijzi; < Po.
To prove the proposition it suffices to show that this inequality and inequality
(7.6) do not differ apart from multiplication by a strictly positive scalar.

Let X* denote the incidence matrix induced by the edge set A. By
Proposition 7.4.2, inequality (7.6) induces a facet Fyg of Qg, where B is the
U-extension of Kgi with respect to ®. Since there is a one-to-one relation
between the incidence vectors in Fg and the incidence matrices X in Sk41 k41
satisfying yi k41 = 0 for all i € {1,...,k}, and yg4,,; = 0 for all § such that
v; ¢ ®, it follows that there is a strictly positive scalar ¢ such that 8;; = em;;
if (ui,v;) € E(B).

Consider now the coefficients m; x4 and w41 ; which have value 0. First,
we show that 3, .401(= emigpq) = 0 for all + ¢ {1,...,r} such that u; is
a spike-leaf. Since (7.5) defines a facet of Qgk, it follows from Proposi-
tion 7.3.3(a) that there is an incidnece matrix X# € Sy satisfying (7.5)
at equality such that the edge-set A induced by X does not cover u;.
Now, we define two edge-sets: B;xyq 1= AU {(Uks1,0%41)}, and D; gy =
AU (upgr.vpg1)s (uivegr) ). It can be checked that B; p4y and D; k4 both
induce proper complete bipartite partitionings of Kj4q x41, whose charac-
teristic vectors are in F. Comparing these sets, it can easily be seen that
fi k41 = 0. The same reasoning also shows that fyy1; = empqq; = 0 for all
7 such that v, is a spike-leafl.

Next, we show that fx4q,; = Oforall j ¢ {1,...,7} such that v, is a spike-
root. To do this we compare two edge sets. One of them is the edge-set S
induced by the spike partitioning, i.e. § = {(u;,v) |71 € {1,...,k+1}}. The
other set is defined as follows: Dyyyj := S U {(ukq1,v5), (4, veg1)}. It can
be checked that Dyyy; induces a proper complete bipartite partitioning of
Kiq1,k41. Comparing the sets § and Dy j, we conclude Fiqy ;+ 5441 = 0.
We showed before that 3; ;4 = 0, and therefore 834y ; = 0 must hold too.

The previous construction also shows that §; x41 = —fBk41.i = —CTp414 =
emiksq forall i € {1,...,r} such that u; is a spike-leaf.

The final step is to show that 3; x41 = em; 4 for all i € {1...k} such
that u; is a spike-root. As before, we compare two edge sets; one of them is
the edge set S induced by the spike partitioning. The other set is defined as
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follows:

Diksr1:= (S \ {(ww)|le{1,....rN\{i},xa>0})
U {(ui, o), (uegr o) | TE {1, .. e\ {1}, ma > 0}
U {(ukgrs i), (i Vg )}

It can be checked that S and D, x4, both induce a complete bipartite par-
titioning of K4y k41. Because 344y = By = my for all [ such that v; is a
spike-root and v; € ® (by Proposition 7.4.3), comparing the sets D, 44 and
S yields B k41 = — LTie(1,..e )\ {i):mu>0 Bit = cTiky1. The reader can easily
verify that the new inequality is a spiked inequality, for which @ is a tight
sequence as evidenced by the tight solution corresponding to the edge-set
AU {(tg41, vk41)}, where A denotes the edge-set inducing the tight solution
of IIX < mp. 0

We give below some examples of spiked inequalities. We include in a
V-sequence (U-sequence) precisely those vertices of V' (U) which are spike-
roots. For the examples below, these sequences happen to be tight. Notice
that, as follows from Proposition 7.4.3, the ordering of the vertices in a V-
sequence (U-sequence) does not matter for spiked inequalities. By applying
Proposition 7.4.4 to these examples, new inequalities can be generated.

For instance the inequality corresponding to II; which has right hand
side 2 can be lifted to an inequality corresponding to Il; with right hand
side 3, which on its turn can be lifted to an inequality based upon (Il4,4)
(U-extension), or to an inequality based upon (114, 5) (V-extension), etcetera.
In the first three of these inequalities, the reader will recognize a subclass of
spiked tree inequalities (see Section 7.3.2). Furthermore, notice that in the
inequality based upon (Il4,5) coefficients emerge with values different from
—1, 0 and 1. Actually, by lifting these inequalities based on a proper order
of U- and V-sequences, any integer number can occur as coefficient.

- 1 -1 -1
"1: 1 —i 1,”2: l ] —]_ ’
! 1 0 1
1 =1 =1 =1 1 -1 -1 0
1 1 -1 -1 1 1 -1 1
M3=|; o 1 -1 ['T= 1 0 1 1
10 0 1 -2 -1 -1 2

Other examples can be derived from the inequality corresponding to (I15.4).
This facet defining inequality, based on a spiked cycle with four spikes, can
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be lifted for instance to the inequality corresponding to (Ilg,6), and so on.
Also the spiked cycle inequality corresponding to (I17,6) (see Section 7.3.2)
can be lifted to the inequality corresponding to (Ilg,9), and so on.

. I -1 -1 =1 -1
_: ”; :} :: -1 1 -1 -1 -1
”_r, = | | 1 ~1 ‘"ﬁ = | 1 1 -1 -2 y
{1 -1 1 1 1 <1 1 =2
8 11 0 0 2
1 1 0 0 =1 17
-1 1 =1 =1 0 0
T I 1 1 0 0
' ¢ 0 -1 1 <=1 -1}
0O 0 -1 1 1 1
| <1 -1 0 0 -1 1]
1 1 0 0 -1 1 1]
-1 1 -1 <1 0 0 0
-1 1 1 1 0 01
g = 0 0 -1 1 -1 =1 0
0 0 -1 1 1 11
-~ =1l 0 0 -1 10
| -t -3 -1 -3 -1 -3 3|

An explicit lifting procedure of a different nature is given by the next propo-
sition.

Proposition 7.4.5 Let (7.5) be a spiked tree inequality for Q,,,. Assume
that the vertices v, and v, are spike-leaves of the positive support of this
inequality, and assume Ty, = Ty = 1, 7y = 0, 75, = —1, and 7,; = m,; for
all 7 € {1,...,p}\{r,s}. Let the inequality

m

41
w1 ) ioimiizii £ (7.

-1
|
—

be constructed as follows:

L (1, 5) € {(r,8),(s,p+ 1}
-1 ifi=randj=p+1;

Vi = mir  fi€{l,....m}\{r,s}andj =p+ 1;
mi;  in all other cases ;
Yo = 7w+l

Then the inequality 1Y < w defines a facet of Q. p41-
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This proposition allows to describe facet defining inequalities whose pos-
itive support has vertex-sets U/,, and V, with different cardinalities. For
example, the inequality induced by (Ilg,3) can be lifted to the inequality
based on (Il;0,4).

1 -1 -1 1 -1 -1 =1
Mle=11 1 <1 | ,Iji=|1 1 -1 1
1 0 1 1 1 1 -1

The proof of this proposition is omitted, since it is rather cumbersome, and
the arguments it uses do not differ much from those in former proofs, es-
pecially the proof of Proposition 7.3.5 (concerning spiked tree inequalities).
Although the inequalities resulting from the application of Proposition 7.4.5
are not spiked tree inequalities (nor even spiked inequalities), the premises
of this proposition could be adapted in such a way as to hold for the new in-
equalities, and to allow iterative applications of the adapted statement. Also
Proposition 7.4.4 could be extended so as to be applicable to the inequalities
resulting from Proposition 7.4.5.
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Chapter 8

Patching Procedures for the
Polytope of the Cell
Formation Problem

This chapter is based on joint work with Yves Crama, and joint work with
Jeroen Rutten and Frits Spieksma.

The paper with Yves Crama will be published as an article in Networks.
'he paper with Jeroen Rutten en Frits Spieksma has been submitted for

publication.
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A matrix X is called block diagonal if there exists a partition R, ..., Ry,
Ry4q of its row-set and a partition Cy, ..., Ck, Ck4q of its column-set such
that z;; # 0 if and only if 1 € R; and j € C| for some 1 < | < k. Now
the block diagonalization problem can be formulated as follows: given an
m x p incidence matrix A and a function f(.,.), find an m x p block diagonal
incidence matrix X which minimizes f( A,X).

This problem can be interpreted as an abstraction of the cell formation
problem encountered in cellular manufacturing, as discussed in Chapter 6.
Similar problems also arise in the analysis of large data arrays (e.g. for
marketing or archeology applications), in production planning for flexible
manufacturing systems, in sparse matrix computations, etc.

In the terminology of graph theory the problem can be formulated as a
variant of the clique partitioning problem. Given is a complete bipartite
graph G = (U, V, E), with edge weights w;; € IR for all {i,j} € E. A subset
A C I is called a bipartite clique partition if there is a partition of the
vertex sets (U, V) into non-empty, disjoint sets (U, V1), ..., (Ur, Vi), such
that each (I/,,V,) (p = 1,...,k) induces a bipartite clique (i.e. a complete
bipartite subgraph), and A = U:zl U, x V,. The weight of such a bipartite
clique partition A is defined as Z{i,j_}e.ﬁl w;;. The problem is now to find a
bipartite clique partition of maximal weight.

In Chapter 7, we discuss the facial structure of the polytope whose extreme
points are exactly the m x p 0-1 block diagonal matrices. In this chapter we
introduce procedures that generate facet defining inequalities by combining
known facet defining inequalities.

8.1 Introduction

In this chapter, we investigate an interesting property of the facial structure
of the polytope whose extreme points are exactly the m x p 0-1 block diagonal
matrices (m,p € IN). This property makes it possible to patch facet defining
inequalities into new valid inequalities which, under certain conditions, also
define facets. lere we will restrict ourselves to procedures which take as
input two facet defining inequalities.

As in Chapter 6 and Chapter 7, we define a matrix X to be block diagonal
if there exists a partition Ry, ..., Rg, R4y of its row-set and a partition
Cyeoooy Cy Ciyy of its column-set such that z;; # 0 if and only if i € Ry
and j € C for some 1 <! < k (notice that what we really mean is that X
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is block diagonal up to permutations of its rows and columns). We let
Smp={ X €{0,1}™*” | X is block diagonal }

and we denote by Q,,, the convex hull of S,,,. In Chapter 7 a (partial)
description of the polytope Q,,, by linear inequalities is provided. This
description is based on the characterization of block diagonal matrices by
so-called square inequalities:

Thy + Thk + Tij — Tk < 2 (8.1)

It has been shown in Chapter 6 that an incidence matrix is block diagonal
if and only if the elements of the incidence matrix satisfy (8.1) for all h,i €
{1,...,m}, and for all .k € {1,...,p).

In this presentation we will often rely on a graph-theoretic interpreta-
tion of block diagonal matrices and of the polytope @,,,. We follow the
graph-theoretic terminology of [Bondy and Murty, 1976]. Moreover, when
B = (U,V,F)is a bipartite graph and G = (U,V,F) is a subgraph of B,
we say that G is a complete bipartite partitioning of B if all connected com-
ponents of (¢ are complete bipartite (we look at isolated vertices as com-
plete bipartite graphs). In particular, consider the complete bipartite graph
Kpnp = (U, V. Upn X Vy), where Uy, = {uy,...,upn} and V, = {vy,...,1,}.
We regard an arbitrary m x p 0-1 matrix X as the adjacency matrix of a
subgraph G of K,,,, say G = (U, V,, F), where (u;,v;) € F if and only if
r;; = 1. It is easy to see that the matrix X is block diagonal if and only if
its associated graph is a complete bipartite partitioning of A',,.

This graph-theoretic interpretation stresses the analogy of the poly-
tope @Qmp with the clique partitioning polytope P, investigated by
[Faigle et al, 1986] and [Grotschel and Wakabayashi, 1989), and with the re-
lated multiway cut polytope studied by [Chopra and Rao, 1991]. In fact,
Qmp can be viewed as the projection of F,,4, on some appropriate subspace.
But this observation does not seem very useful in deriving a description of
Qmp from the results available about P,; for example, there is not a one
to one relationship between (classes of ) facet defining inequalities of these
polytopes, (see also Chapter 2).

In Chapter 7 some interesting properties of the polytope of the cell for-
mation problem have been presented. For example, it has been shown that
an inequality defining a facet of Q,,, is also facet defining for each of the
polyhedra corresponding to block diagonal matrices with at least m rows and
p columns. This holds without imposing conditions on the specific form of
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the inequality. Furthermore, without any information about the numerical
values of the coefficients of a valid inequality

Z i€l m Z JE-\',, ?rlj‘flj ﬁ T (RZ)

some general structural properties of the inequality have been stated. We
briefly summarize them now. Consider inequality (8.2) and assume that it
defines a nontrivial facet of @,,,. Associate with the inequality two edge
sets I and EY, defined as follows:

E := {(u,v;)]| (ui,v;) € Un xV, and =;; # 0},
EY = {(ui, vj) | (wiyv;) € Up xV, and m;; > 0}.

We call H := (V(E), E) (respectively H* := (V(E*1), E')) the support
(respectively the positive support) of the inequality (8.2). Then we have:

(1) m > U;

(2) L is nonempty, i.e. there are positive coefficients 7, ;
(3) the positive support H™ of (8.2) is connected;

(4) V(E) = V(ET).

(5) E\EY is nonempty, i.e. there are negative coefficients 7, ;;
(6) the support I of (8.2) is two-connected.

In this Chapter we will show that next to these nice properties, the
polytope also allows for constructing new facet defining inequalities from
old ones, in a relatively easy way, referred to as patching. In Section 8.2,
the general principles of patching are introduced. In the next section we
concentrate on patching inequalities with overlapping supports. In Section
S we study patehing inequalities with node disjoint supports. For the clique
partitioning problem computational studies for a particular set of real-life
instances show that the LP-bound often coincides with an integral solution.
In spite of that fact, it is not difficult to construct instances for which the
LP-bound is arbitrarily bad. We can derive instances like that easily from
valid inequalities for which the ratio between the right hand side and the
sum ol the positive coellicients can be arbitrarily close to zero (see chapter
1 for a discussion on the strength of inequalities). For the bipartite clique
partitioning problem it is less trivial to construct instances for which the
L.P-bound is arbitrarily bad. However, with the patching procedures we can
construct classes of valid inequalities for which the ratio between the right
hand side and the sum of the positive coeflicients can be arbitrarily close to
zero. Such a class of inequalities is presented in Section 8.5.
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8.2 Covering, Patching, and Recognizing

It is often possible to use a set of valid inequalities to construct a new valid
inequality that is not implied by the former. Well-known examples are the
procedures to derive Gomory-Chvatal-cuts. In this chapter we focus on so-
called patching procedures. A patching procedure combines a set of inequal-
ities into a single one such that the nonzero coefficients of these inequalities
remain unchanged. We refer to this process as patching.

Here, we restrict ourselves to combining pairs of inequalities and we
distinguish two cases of patching, depending on the intersection of the node
sets of the supports of the inequalities involved. If this intersection is empty,
we refer to combining the two inequalities as disjoint patching, otherwise we
call it intersection patching. Notice that in the case of intersection patching
the two inequalities must be such that the coefficients corresponding to any
edge induced by the intersection are identical.

In [Grotschel and Wakabayashi, 1990] some intersection patching proce-
dures for a class of inequalities of the clique partitioning polytope are pre-
sented. In [Crama and Oosten, 1993] disjoint patching procedures are pre-
sented for the bipartite clique partitioning problem (see Section 8.4). In
[Oosten et al, 1994] several new patching procedures, intersection as well as
disjoint procedures, for the clique partitioning polytope are presented. In
this Chapter intersection as well as disjoint patching procedures for the cell
formation polytope are discussed in Section 8.3, respectively in Section 8.4.

These procedures need the concept of a covering. A covering is a value
assigned to a set of variables with respect to an inequality. Here, we will
not need a value for every set of variables. We are only interested in sets of
variables that generate a bipartite clique. Therefore, we will introduce the
concept as follows. Consider the following inequality:

Z €U ZJEV,, ;L S (rp (H:”

Assume the set of edges (' is a subset of U, x V,. Let Uc be the intersection
of U, and C, and let Vi be the intersection of V,, and C'. Then, the covering
of (U, Vi) with respect to inequality 8.3 is denoted as cov,,[('] and defined
as follows.

cova[C] := ag — max {> 3 aizijlzi;=0Vij:i€lUcorje V)

TP el g€V,

Notice that the covering of any node set V¢ is nonnegative, assuming that
the inequality is valid.
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As an illustration, consider the square inequality z1;+z124 221 —z22 < 2.
In the table below the values of the covering with respect to this inequality
is displayed for each set containing one or two nodes of the positive support
of this inequality. The covering of sets containing three or more nodes of the
support of the square inequality is always two.

iy U D) " 2
1 1 1 2 2
) 0o 1 2
(5] 0 |
Uz 1

Table 8.1 Values of Coverings for a Square Inequality.

Let us make a few observations. The covering of a single node s equals
zero if and only il there exists a clique partition not incident to s satisfying
(8.3) at equality. Irom this observation and Proposition ??{a) it follows
directly that the covering of a spike leaf is zero. Furthermore, if the set C is
a subset of (', then cov,[('] > cov,[C’]. Finally, notice that the definition of
a covering implies that the following inequalities are valid:

Z‘-Eg_;m\u(, ZJG‘}a\Vc ajjzi; < ag — cove[Ve], and (8.4)
- . \
ZIEF-'L"ZJE"'U aijri; < cova[Vel. (8.5)

Snppnm-j in(?qualil.y (%.5) happens to define a fa.co.t F, of Q.1 |v,|> and
the inequality is not equivalent to a nonnegativity inequality. It has been
shown in Chapter 7 that then the inequality (8.5) also defines a facet of
QQmp. In the next proposition for every inequality defining a face of Q,,,
containing F), the coeflicients corresponding to the edges Ux x Vo are equal

to the coeflicients of (8.5) up to multiplication by a nonnegative scalar. This
is formalized as [ollows.

Proposition 8.2.1 Assume (' is an arbitrary subset of U,, UV, Uc is the
intersection of Uy, and (', and V¢ is the intersection of V,, and C'.

Let E be a (possibly empty) arbitrary subset of Uc x (V,\Ve) U (Un\Uc) X
V. Let Q% be the face of Qny defined by the equalities x. = 0 for all edges
e € E. Assume inequality (8.3) is valid for S,,, and defines a proper face
F., of Q7. Suppose inequality (8.5) defines a facet of Qu.|x|v.| and is not
equivalent to a nonnegativity constraint.

Then, for any inequality

z i€llm Z JEV, bijri; < o (8.6)
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defining a face F;5 of P* containing F,, there is a scalar 8 > 0 such that
8;; = Bay; for alli€ Ug, j € V.

Proof: Select a maximal affinely independent set of solutions from SUex Ve
satisfying (8.5) at equality. Let M be a dim( Q. xve) X di"‘(Qlf’L-llecl)
matrix such that there is precisely one column for every solution of the
set, and each column represents the incidence matrix of the corresponding
solution. Assume the coefficients of (8.5) to be organized in a vector p corre-
sponding to M; that is the improduct of p with a column of M corresponds
to the left hand side of (8.5). Then p" M = pg- li{*mﬂ’pl' where 1), v, is
a vector with Uy, x V| elements, all at value 1, and py equals cov,[C].

Let pc, z¢ be vectors with the elements of p, respectively z, that correspond
to the edges in Ug x V. There exist |Ug x V| columns such that the rows
in these columns corresponding to the elements of Ux x Ve form a matrix
Mg that is nonsingular. Since the coefficients of p corresponding to edges
covering nodes not in Vg are all zero, we have: plMy = p, - li{fcxi"cl‘
implying

pc=po- MG Lyoxve (8.7)

Notice that po > 0 since pTz < po is not equivalent to a nonnegativity
inequality and at the same time assumed to be defining a facet.

Now, let y be a feasible solution satisfying (8.5) at equality such that y;; = 0
forall i € Ucx(Vp\Vi),and i € (U, \Ve)x Ve. Such a golution always exists
due to the definition of a covering. Then, for each solution r corresponding
to a column of Mg, we construct a solution z as follows.

zij if {i,j} e Ucx V¢
;= Yij if{iﬂj}E(Um\UC)x(Vp\VC}
0  otherwise

Notice that z is in Q*. Further, it is easy to verify that each solution z
satisfies both (8.3) and (8.5) at equality. In other words, when M refers to
a |Upy x Vy| x |Ue x V| matrix where each column represents the incidence
vector of a solution z, we have that a’ M = ag - lle:fchcl and, since Fy
contains F,, 67 M = &, - li{fchcl‘ )

The construction of the solutions z implies that the rows in M corresponding
to the elements of Uc x V¢ form the nonsingular matrix M¢. Notice further

that for all columns in M, the part of each column not in M is identical.
Let éc be a vector with the elements of é that correspond to the edges in
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Ue % Vo. We derive: 6T M = 6EMe +7 - L. xve| = 60-1}{,(_“,“, where 7 is
the constant resulting from the identical parts of the columns. Notice that
0 < v < éy, otherwise solutions could be constructed violating the inequality
(8.6). So,

b = (6 — ) M(:_l Lvexvel- (8.8)

Equalities (8.7) and (8.8) imply that §;; = i"‘;—“’rru for all {i,j} € Uec x Ve.
This completes the proof. o

Notice that arguments used in the proof of this theorem imply that for at
least one facet of Q* containing F,,, induced by some inequality (8.6), there
exists a positive coefficient 3 such that 6;; = fay; for all {i,j} € Uc x Ve.

The patching procedures presented in the next sections are based on this
observation. A new inequality is constructed in which two known inequalities
can be recognized. Given the combined inequality, for each of the original
inequalities we have a multiplier, and under certain conditions we can show
both of them to be nonzero, implying the existence of a new facet.

Instead of constructing new inequalities, Proposition 8.2.1 can also be
used to show that a given inequality defines a facet of (),,,, as witnessed by
the following theorem.

Proposition 8.2.2 Assume inequality (8.3) is valid for S,,,. Given are
k subsets C'y,...,Cy of U, UV,. Define the edge set E as follows: E :=
(Um x Vp) \ (Uf‘:l Ue, x Ve,). Let Q* be the face of Qnmp defined by the
equalities x. = 0 for all edges e € L.

Futhermore, assume that:

(i) for cach C'; (i = 1,...,k) inequality (8.5) defines a facet OfQIUC'|x|Vc‘.J:
and the inequality ts not equivalent to a nonnegativity constraint.
(i1) For all nonempty subsets I C {1,...,k}, I # {1,...,k} there ezists an
edge {1, 7} that is in Uiep Ue, x Ve, or in Uieqr. s Uc, % Ve, with
ag; # 0.
Then inequality (8.3) defines a facet of Q.

Proof: Clearly, (8.3) defines a face F, of Q. According to Proposition
R.2.1 there exists a facet Fs, defined by (8.6), containing F,, such that there
exists a positive scalar 3, satisfying &;; = 3, - a;; for all edges {i,j} in
Ue, X Ve,. and there exist nonegative scalars 35, h € {2,...,k}, satisfying
8;j = By - a; for all edges {i.j} in Ue, x V¢,. We claim that 3, = f,; for
all h € {2,...,k}. Let I"C {1,..., k} be the set of all indices ¢ such that
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B, = By. Notice that I™ # 0, since it contains 1. From assumption (ii) it
follows directly that, unless /* = {1,...,k}, there is an h € {1,...,k}\ I*
such that there is an edge {i,7} in (U,ese Uy) x Vi, or in Un x (Uyese Vy)-
So, 8; = By -ay; = Py -ay;, and a; # 0, 8y > 0, implying h € I*: a
contradiction. Therefore, I* = {1,...,k}. (&

Example 8.2.1 Consider the following valid inequality for an instance of a
complete bipartite graph with three nodes in both node sets:

T+ T2+ T3zt rn + 23 -T2 - I3 - 233 < 3.

It is a spiked tree inequality with three spikes (see Chapter 7). Given is that
the inequality is valid for Q33. Now we will try to prove that this inequality
defines a facet of Qa3 applying Proposition 8.2.2.

Choose the following node sets: Cy = {uy, vy, u3, v}, Cy = {uy, vy, ug, vy},
and Cy = {vy,us, v3}. The first two sets concur with a square inequality, the
latter set with a trivial inequality. The edge sets induced by these node sets
do not cover all edges of Us x Vi: E = {(uy,vs)}. Notice that the edge sel
'y = {us,va, up,v1} does not induce a square inequality, since the covering
is three.

Applying Proposition 8.2.2, we derive that the tree inequality defines a facet
of Qmp N {z : 293 = 0}. Lifting the missing coefficient is trivial. Given the
validity of the inequality, ezhibiting a solution containing the edge (uy,vs)
and satisfying the inequality at equality suffices.

Given the fact that the spiked tree inequality with three spikes is facet defin-
ing, one can easaily prove spiked tree inequalities with more than three spikes
to be facet defining using Proposition 8.2.2, since these inequalities can be
completely covered by spiked tree inequalities with three spikes and some triv-
ial inequalities r, < 1.

8.3 Intersection Patching Procedures

In this section we will discuss a procedure to patch a pair of inequalities
whose supports are not node disjoint. Assume we want to patch the follow-
ing two inequalities, valid and facet defining for Qi (u)|x|v(a) respectively

Quua)xIvig)):

Z 1€U(a) ZJE'V(D,'I A Tij
Z ieU(mz,evm) Bijzij

IA

ag (8.9)
(8.10)

IA
-3
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For convenience of notation assume that U,, = U(a)U U(f) and V, =
Via)u V(/3). A patching of inequality (8.9) and (8.10) is an inequality of
the following form:

ZiE”mZJE‘}; Yii%i; < Yo (8.11)

where v;; = ay; for all (i,5) € U(a) x V(a), and 7,; = 3;; for all (i,7) €
U(f) = V(/3). Let Uy be the intersection of U(a) and U(/3), and similarly
let Vy; be the intersection of V(a) and V(). Clearly, if a;; # f;; for some
edge (7,7)in Uy x Vy then there does not exist a patching of the inequalities.
First we discuss the validity of a patching in the next proposition.

Proposition 8.3.1 Consider the inequalities (8.9) and (8.10) and assume
they are valid for Q)u,|x|v,|, respectively Qu,1x (v, Let Q* be the face of
Qump defined by the equalities z;; = 0 for all {1,j} € (Un \ Ur) x (V, \ V1);
Furthermore, suppose that the the following assumptions hold:

(i) a;; = b;; for all {i,j} € Up x Vp;
(ii) cove WO+ covs[(UuV )\ W] > cov,[U;uVy] for all WO C (U;UV).
(111) v0 = ap + Po — cov,[Ur U V.

Then, inequality (8.11) is valid for Q.

Proof: Let & be an arbitrary integer solution in @*. Then partition UyUV;
into two sets Wy(a) and Wy(/3), such that every node in Uy U V7 that is in
the same clique as a node in (I7(3)\ Uy) x (V(8)\ V), is in Wy(3), and
all other nodes in {7} U Vy are in Wr(a). Now we have for all « € Q" using
assumptions (1)-(iii) and inequality (8.4):

Z.ev... E_,‘e\',. YiiTij
= LieU(a\Wi(f) ZjeV(a\W(8) @iiTij

. 2 Z:‘eﬂ(d)\u-',(..) Z,,‘ev(ﬁ)\u-',{‘-,) Bi;zi;
ag — cov [Wi(3)] + Bo — cova[Wi(a)]
ap + o — (‘L)\'l,[('; U V;]

IA IA

O

Given the validity of (8.11) we would like to derive a valid and facet defin-
ing inequality of Q,,p. Since by the structure of the cell formation polytopes
a facet of Q™ can always be lifted to a facet of Q,p, it would be desirable to
know under which additional conditions inequality (8.11) defines a facet of
". A good starting point is to assume that the inequalities (8.9) and (8.10)
are facet defining for @i, ix|v,|> respectively Qi,1x|v,|- Obviously, if in that
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case the node intersection Uy U V} of the original inequalities is empty, the
patching is just the sum of two valid inequalities, and therefore it can never
be facet defining for Q* (which does not imply that it cannot be lifted to a
facet, as will be discussed in the next section).

So, at least we have to require /;UV] to be nonempty. Let an intersection
patching be a patching of inequalities (8.9) and (8.10) such that {/; UV} is
nonempty. Then we can prove the following proposition.

Proposition 8.3.2 Assume that all the premises of Proposition 8.3.1 are
satisfied, U; U V] is nonempty, and cov,[U; U V)] = covg[U; U V).

Then, the inequality (8.11) defines a facet of Q* unless a;; = 3, = 0 for all
{i,7} € Uy x Vi and cov,[U; U V] = covg[Ur U Vy] = 0.

Proof: Let us invoke Proposition 8.2.1, where we set the set €' equal to the
union of U(a) and V(a), where the ‘large’ inequality (8.3) is represented
by the intersection patching (8.11), and the ‘small’ inequality (8.5) concurs
with inequality (8.9). Proposition 8.2.1 implies that there exists a facet
of @~ defined by the inequality 6Tz < &, containing the face induced by
intersection patching (8.11), such that é;; = ¢, - a;; for all {i,j} € U(a) x
V(a) for some positive scalar ¢y.

Now let us again apply Proposition 8.2.1 where we set the set (' equal to the
union of U(S) and V(j3), where the ‘large’ inequality (8.3) is represented by
the intersection patching (8.11), and where this time the ‘small’ inequality
(8.5) concurs with inequality (8.10). With a similar reasoning as before, it
follows that for the facet of Q* defined by the inequality 67z < ég, containing
the face induced by intersection patching (8.11), we have &;; = ¢, - 3;; for all
{i,7} € U(B) x V() for some nonnegative scalar c;.

We distinguish two cases:

(i) There exists an {i,j} € Uy x Vj such that a;; # 0. We have: é;; =
¢y - ajj = e+ B for all {i,7} € Uy x Vy. Since a;; = fB;; # 0, it follows that
¢1 = ¢ > 0. Thus, the coefficients é;; equal the coefficients of inequality
(8.11) up to multiplication with a strictly positive scalar which implies that
inequality (8.11) is facet-defining for Q°.

(ii) There exists no {i,j} € Uy x Vj such that a;; # 0. First, consider a
solution satisfying inequality (8.11) and inequality (8.9) at equality. Such a
solution exists by the definition of a covering. We have for all z € Q*:

o = Y ieUnm D iev,biizis
= Z Z C104;Zi; + Z Z czﬁl'jI'J =

ieU(a) jeV(a) tE(U(B)\Uy) s€(V(B\V))
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= cyap + c2(fo — covaUy U Vi)

Next, consider a solution satisfying inequality (8.11) and inequality (8.10) at
equality. In a similar fashion we derive: &g = ¢j(ag — cov,[Us U Vi]) + ca/0.
Combining these equalities, we obtain ¢ cov,[U; U V]| = ¢3covg[Uy U V).
If cov,[Uy U V] > 0, it follows that ¢; = ¢; > 0. Thus, the coefficients
0;; equal the coeflicients of inequality (8.11) up to multiplication with a
scalar which implies that inequality (8.11) is facet defining for Q°. In case
cov,[Uru V] = 0, the new inequality is just the sum of the two facet defining
inequalities (8.9) and (8.10), and therefore the neq inequality is not facet
defining, ]

Example 8.3.1 Consider the following cycle inequality on an instance of
the cell formation problem on 4 x 4 nodes (see Section 7.3.3):

Ty + @21+ 92 + Ty + T3z + Taz + Taq + Tg—

T12—T13— T3 — T34 — T3 — T — T4 —Tg2 < D

The positive support is a cycle of length eight. Using edges of the positive
support only, it can be verified that a bipartite clique partitioning contains at
most five edges. The three chords of the positive support all have coefficient
—1. The resulting inequality is known to be facet defining.

Suppose we want to patch our inequality with another cycle inequality. Then
we need to select a substructure occurring in both equalities, such that the
premises of Proposition 8.3.2 are met. For example, we could take a set of
nodes forming a string in the positive support. The reader can easily verify
that the covering of a single node is 1. The covering of two nodes which
are adjacent in the positive support is also 1. The covering of a string of
three nodes in the positive support is 2, a string of four has covering 3, etc.
Notice that for a string of four nedes, we can find a partitioning of the nodes
into subsets corvesponding with a string of two nodes in the positive support
such that the covering of each of the subsets has value 1, so condition (ii)
of Proposition 8.3.1 is nol satisfied. For the same reason we can nol use a
subset of seven nodes.

Let us try to patch our inequality with a cycle inequality that has a string of
sir nodes with respect to the positive supports in common:

T11 + 291 + Tz + Tag + T3z A Tsz + Tss + Tis—

Tig —T13— T3 — T35 — T3] — Tas—Ts1—Tsg < 5
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From Proposition 8.3.2 we know that the inequality

rmtratratraa+tratrat It gt I3+ rss 4 rys-
12 — T3 — I3 — T35 — T3] — ITaq — Tq1 — Ty2 — T35 — T5) — I's)
< 545-4 = 6

defines a facet of the polytope corresponding to an instance of the cell for-
mation problem on 5 x 5 nodes, where each of the node pairs {us, vy} and
{ug, v5} cannot occur in the same component. To generate a facet defining
inequality for Qss, we have to lift the coefficients of the variables r54 and
z45. For both variables the lifting coefficient is —1, so we get:

rptIntIntraatIatrat rat gt rsat e+ -
L1z — L13— 23 — L35 — L31 — L34 — g1 — L2 — Ias — Tp — I
~Tgq—Tys < 6

8.4 Disjoint Patching Procedures

In this section we will discuss a procedure to patch a pair of inequalities
whose supports are node disjoint. Assume we want to patch the following two
inequalities, valid and facet defining for Qi 1« v, | respectively Qi 1xiv,:

Y ieU(a) D jeVia) @jTi; < @ (8.12)

Zieum}zjevm) Bijzij < Po (8.13)
For convenience of notation assume that U/, = U(a)U U(f) and V, =
Vie) UV(F). If U(a) and U(3) as well as V(a) and V(/)are mutually
disjoint, then the following inequality is called a disjoint patching of the
inequalities (8.9) and (8.10) if v;; = a;; for all (i,j) € U(a) x V(a), and
Yi; = dI.J for all {31JJ € U(B) X V(ﬂ)*

> ieUn Y jev, Yii%i; < ao+ fo (8.14)

Clearly a disjoint patching is only of interest if at least one of the coefficients
¥i; not occurring in (8.12) or (8.13) is positive.

For the disjoint patching procedure presented here we introduce a subset
® = {¢1,...,0,} of the nodes of the support of the inequality (8.12), and a
subset W = {#,...,¥.} of the nodes of the support of the inequality (8.13).
Furthermore, for each node : we define the neighborhood of i with respect
to inequality (8.12) to be the set N (i) := {j € U,, UV,|a,, > 0} (similarly
for (8.13)). Now the subsets ® and ¥ are called patchable if the following
conditions are satisfied:
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(a) ® and ¥ are subsets of the same cardinality A;
(b) (dis i) € U x Vp fori€ {1...2}
((') (¢’;~ w)) e Nu[ff)l) X NH( i) for f,j € {I iie /\}

Let us comment a little bit on these definitions. First, let us mention that
the subsets considered here can contain nodes of U, and Vj: each of them
may contain a mix of V- and U-vertices. But condition (b) imposes that the
vertices ¢; and ; must be on "opposite sides’ of Kpp, for i € {1...A}. The
edges m; = (¢;, ;) will be henceforth referred to as matches. Specifically,
each match m; will appear in the patched inequality with a coefficient w; (see
Proposition 8.4.1 hereunder); To rule out some uninteresting cases we will
assume that w; is positive (otherwise we drop ¢; and ¥; from the respective
subsets). Condition (c) is more technical. One of its implications is that
a cycle of length four in the positive support of the new inequality (8.14)
cannot contain a match; so, when patching together two inequalities whose
positive support is Kja-free or Cy-free, we produce an inequality with the
same property. In the sequel, we denote by N; the edge set N, (¢;) x Na(v;),
and with z( B) we denote the sum of the variables corresponding to the edges
in the bipartite graph B.

The patching procedure can now be described by the following proposi-
tion (the reader will easily notice that the proof of this result only makes
use of Conditions (a) and (b) in the definition of patchable subsets).
Proposition 8.4.1 Let (8.12) and (8.13) be valid inequalities for respec-
Ht?(-‘fy Q|!-f(n)|x|l’{n]{ and Qu"(ﬂ”)‘:lv(ﬂ]l' and assume U(G) and U(ﬁ) as well
as V(a) and V(3) to be disjoint. Let ® and ¥ be patchable subsets of
cardinality A with respect to (8.12), respectively (8.13). Assume for each
match m; there is a positive weight w; such that for each subset W, of ®
we have: 3w wi < cove[W,] and similarly for each subset Wy of ¥:
zie“-'ﬂ w; < covy[Wsl.

Then, the following disjoint patching is a valid inequality for Qp:
Z-elf(u)ZJE\'(u) ;T + Ziet-’(-i)Ziet’wJ Bijxij

) SR R v N;
+ Zhlu,{-r(m-} #(N3)) < a°+{€.015)

Proof: Let x € §,,, and let G be the complete bipartite partitioning defined
by z. Define the index sets I(a) and I(3) as follows:

Ha) := {i|(# x Na(éi))N E(G) =0}, and
I(B) := {i| (¥ x Ng(¥x)) N E(G) = 0}.
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Notice that if & is neither in I(a) nor in I(3), then x(my) = 2(Ny) < 0. So,
YL, wi(z(m;) - 2(N;)) < 2 iel(a)ur(g) wi- Furthermore, from the former
observations, by the definition of the covering, and by the conditions on the
weights w;, we deduce:

L ieU(a) 2 jeV(a)®isTii T L it (8) L jev(a)Pisi;

+ i wi(z(mi) - 2(N) <

ag = coVa Ui r(a) @il + bo = cova[Uier(a) ¥il

+ Lieloprp Wi <

ag + P+

(Zier(ay wi = covalUiera) 9il) + (Ziersy wi = covpUie (s ¥il)
< ao+ fo

(8]

The difficulty with disjoint patching is how to choose a positive weight
w; for each match m; such that for each subset W, of ® we have: 3, w;
< cove[W,]. Clearly this implies w; < covVyipha[¢], and similarly w, <
COVpeta[¥i]. In general, we cannot decide w;, = min{covapna[@i], COViera[Wi].
To see this, consider for example the cycle inequality discussed in Example
8.3.1. The covering of a single node is one. However, the covering of two
nodes adjacent to each other in the positive support is also one. One way to
cope with this is to choose the weights differently. Actually, the concept of
sequental covering as defined in Section 7.4 is useful. However, in that case
we would have to order our subsets ® and ¥. Another approach is to make
use of special properties of the inequalities (8.12) and (8.13). We will focus
now on facet defining spiked inequalities (as defined in Section 7.4).

We will define a class of facet defining inequalities obtained by recur-
sively patching together valid inequalities, starting with any facet defining
spiked inequalities such that all edges of the positive support have the same
coefficient in the inequality (e.g., starting with spiked tree or spiked cycle
inequalities, see Section 7.3). Before proving this result, let us first make
some preliminary observations concerning inequalities derived in this way.

Let (8.12) and (8.13) be two spiked inequalities with the property that
a;; = B4 = 1 for all 7, such that a;; > 0 and all s,f such that 3, > 0.
Let & and ¥ be two patchable subsets with respect to (%.12) and (8.13), re-
spectively, and let (8.15) be the patched inequality as defined in Proposition
8.4.1.

Observation 1. To meet the conditions of Proposition 8.4.1 the weights w,
are positive. Since w; < min{co.,[#;], covg[vy], this means that ¢; and ¥,
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are spike-roots of (8.12) and (8.13). The covering of a spike root of these
inequalities has value 1,80 w; = 1 fori € {1...A}.
Observation 2. The positive support of (8.15) consists of the positive sup-
ports of (8.12), and (8.13), and of the matches my,...,my.
Observation 3. From the previous observations, it easily follows that the pos-
itive support of (8.15) is spiked, that its spikes, spike-roots and spike-leaves
are exactly those of (8.12), and (8.13), and that the coefficients of the edges
(u;,v;) of the positive support all have value 1.
Observation 4. The inequality (8.15) is spiked: that is, the spiked solution §,
defined by s;; = 1 if and only if (u;, v,) is a spike, satisfies (8.15) at equality.
Qbservation 5. For a spiked inequality, the covering of a subset of the spike
roots equals the sum of the coverings of the individual vertices.
Observations 3 and 4 essentially mean that the patched inequality (8.15)
inherits the same properties as its parent inequalities. Armed with these
observations, we can now prove the following proposition, which recursively
defines a large class of facet defining inequalities:

Proposition 8.4.2 Let (8.12) and (8.13) be two facet defining spiked in-
equalities for @, with a;; = by =1 for all i.j such that a;; > 0 and all
s, 0 such that by, > 0. Assume furthermore that all premises of Proposilion
8.4.1 are mel,
Then, the patched inequality (8.15) as defined in Proposition 8.4.1 defines a
facet of Qy.

Proof: In this proof, we will assume that the vertices are numbered in
such a way that vertex u; and vertex v; are covered by the same spike of
the positive support of (8.15). The total number of spikes of the positive
support of (8.15) is denoted as k.

The validity of the inequality (8.15) follows directly from Proposition 8.4.1.
Now we prove that the inequality also defines a facet of Q. Since there
exist complete bipartite partitionings satisfying the inequality with equality.
the inequality surely induces a proper face of Q,,p, say F. This face is
contained in a facet of @,,,, say Fy which in its turn is induced by an
inequality

Z'E'Im Z.J'e‘.p b‘J'rl‘J S 60 (R'lﬁ)

To prove the proposition, it suffices to show that the inequalities (8.15) and
(8.16) are identical, up to multiplication by a strictly positive coefficient.



Section 8.4 167

From the construction of the inequality (8.15) and from Proposition 8.2.1,
it follows that:

6,_, =ea; Vi, jiu,v € Ula)UV(a)
bi; = caBi; Vi, j:u,v; € U(B)UV(H)

where ¢; and ¢, are strictly positive scalars.

Let us now consider the remaining strictly positive coefficients of (8.15).
These are the coefficients corresponding to the matches in the patching pro-
cedure. Thus, assume, without loss of generality, that (u;,v,) is a match,
Define the following edge sets:

S = {(uyv)|te{l...k}},
Sa = {(ugv) |t € {1...k}P\{1}}U{(ui,v;)}, and
Sg = {(ug,ve) [t€{1...kP\{j}} U {(w,v))}.

It can be seen that the edge sets S, S,, and 55 define complete bipartite
partitionings of A, and that the corresponding incidence matrices X9,
X®, and X7 satisfy the inequality (8.15) at equality (by our preliminary
observations 3 and 4). Comparing the set § with the set S, and the set Sg,
we conclude: 6;; = 8;; = é;;. Since &; = cya;; = ¢; and §;; = e2/3;; = 3, we
get ¢; = ¢ = ¢ and §;; = ¢ for a strictly positive scalar ¢.

Now we will show that 6;; = 0 for each coefficient é;; corresponding to an
edge (u;,v;) with u; € U(a), v; € V() (without loss of generality), and
such that (u;,v;) is not a match and is not in N, for any match h. We
distinguish between three different cases.

Case 1: u; and v; are both spike-leaves with respect to the positive support
of (8.15). Then it follows from Proposition 7.3.3(a) that there exists an
incidence matrix X € Smp satisfying (8.12) at equality and z;;, = 0 for all
h. Similarly, there exists an incidence matrix X € Smp satisfying (8.13) at
equality and z,; = 0 for all h. Define the following edge sets:

Cij = {(un,v)|Ine=1,u4 € U(a), v € V(a)}U

{(up,ve) | The = 1,up € U(PB), v, € V(B)},and
Dl'_; = Cu U {(uf-. "_;)}'

The edge sets C';; and D;; define complete bipartite partitionings of K,,,, and
the corresponding characteristic vectors X “v and X P satisfy the inequality
(8.15) at equality. Since the edge set I);; is identical to C;; up to the edge
(u;,v;), the coefficient corresponding to this edge is bound to be zero: §;; =
0.
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Case 2: u; is a spike-root and v; is a spike-leaf with respect to the positive
support of (8.15) (or vice versa, but in that case the proof is analogous).
Like in the former case, there is an incidence matrix X € S,,, staisfying
(8.13) at equality such that Z,; = 0 for all h. Define the following edge sets:

Cij = {(un,ve) | Zpe = L,up € U(B), ve € V(B)}U
{(un,vy) | uy € U(a)},and
DI'J' = (-'._, U {ftl,‘,l.'})}.

The edge sets (';; and D; define complete bipartite partitionings of K,,,, and
the corresponding characteristic vectors X “ and X Pv satisfy the inequality
(8.15) at equality. Since the edge set D;; is identical to C;; up to the edge
(uiyvj), &5 = 0.

Case 3: u, as well as v; are spike-roots with respect to the positive support
of (8.15). Then define the following edge set: Cj; := S U {(u;,v;),(uj,v;)}.
The edge set (';; defines a complete bipartite partitioning of K,,, and the
corresponding characteristic vector satisfies (8.15) at equality. Because the
edge set C';; is identical to the set of spikes S up to the edges (u;,v;) and
(u;,v;), the coefficients corresponding to these edges satisfy é;; + é;; = 0.
Since we know from case 1 that §;; = 0, it follows that: é;; = 0.

To complete the proof we have to consider the edges (u;, v;) with u; € U(a),
v; € V() (without loss of generality), and such that (u;,v;) is not a match
but (u;,v;) is in Ny for a certain match h. Again we distinguish between
three different cases.

Case 1: u; and v; are both spike-leaves with respect to the positive support
of (8.15). This implies that ¢, and ¢, are the spike-roots v; and ;. Then
we define the following edge set: C'j; := S U {(u;, v;), (uj, v;)}. The edge set
(';; defines a complete bipartite partitioning of A’,,, and the corresponding
characteristic vector X satisfies (8.15) at equality. Since the edge set
C'i; is identical to § up to the edges (u;,v;) and (uj,v;), the coefficients
corresponding to these edges satisfy ¢;; + 8;; = 0. Since we know that
;i = ¢, it follows that: &;; = —d;; == c-(-1).

Case 2: u; is a spike-root and v; is a spike-leaf with respect to the positive
support of (8.15) (or vice versa, but in that case the proof is analogous).
This implies that v, = u; is a spike-root. Assume ¢, = v; for some | €
{1..k}\ {7, 7} (remember from our preliminary observations that ¢y is a spike-
root, whereas v; is a spike-leaf). Then define the following edge set: C;; :=
(S\{ur, v}) U {(uy, 20), (wis ), (w5, v5), (uj.v;)}. The edge set C;; defines a
complete bipartite partitioning of A, and the corresponding characteristic




Section 8.4 169

vector X v satisfies the inequality (8.15) at equality. Comparing the edge
set ;; with the edge set §, it turns out that the next equality must hold:
8t + 8 + 8 + 8;i = dy. Of these coefficients only é;; is not known as an
explicit expression in terms of the coefficients in (8.15). Plugging in the
others yields: §;; = —c.

Case 3: u; as well as v; are spike-roots with respect to the positive support
of (8.15). In this case the edge (u;,v;) may occur in more than one neigh-
borhood Nj. Let I C {1...A} be the set of precisely those indices h for
which (u;,v;) € Nj. Then we define the following edge set:

Cij= {{upyo)|[le{l...k},wy#sand v, # @) forallhe I} U
{(uirvy), (uj,w)} U {(¢n.0,)| hel,gel} v
{(ui, @n), (uj, 0n), (V) (Pn,05) | h €T}

The edge set ('}, defines a complete bipartite partitioning of A',,. To see that
the corresponding characteristic vector X“ satisfies the inequality (8.15)
with equality, let us compare the edge set (';; with the set of spikes 5.

To start with, consider the edge (u;,v;). Both vertices are spike-leaves, so
from Observation 1 it follows that 6;; < 0. This edge could have a strictly
negative coefficient if it belonged to at least one of the sets Ny. The only
neighborhoods to which u; and »; can belong, are the neighborhoods of u,
and v;. But (u;,v;) is not a match, by assumption. So, é,, = 0.

Now consider an edge (uj,¢;) where h € I. The vertex u, is a spike-
leaf, so from Observation 1 it follows that the corresponding coefficient is
nonpositive. This coefficient could be strictly negative if the edge (u;, ¢y)
belonged to at least one of the sets N;, for some [. The only neighborhood
to which u; belongs is the neighborhood of v;, since u, is a spike-leaf. Thus,
v; = ¥. On its turn, v; belongs by assumption to the neighborhood of
’s. Thus, it follows that (¢, ¢,) € Ny, contradicting condition (¢). We
conclude that the coefficient of (8.15) corresponding to (u;, ¢y ) has value 0.
Analogously it can be shown that the coefficient of (8.15) corresponding to
each edge (¢, v;) where h € I also has value 0.

Furthermore, the edge (u;, ¢, ) has the same coefficient (viz., 1) as the spike
corresponding to ¢, and the edge (¢, v;) has the same coefficient (viz.,
1) as the spike corresponding to ¢y for all A € I. Finally, the coefficient
corresponding to an edge (v,0,) is 0 if h # g. again by condition (d),
and is 1 otherwise. Combining these considerations, it follows that X“v
satisfies (8.15) at equality. Therefore, the next equality must also hold:
8:; + ¢ X ner wh = 0. which completes the proof. o
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8.5 A Recursive Class of Facet Defining
Inequalities

The patching procedures presented in the former sections enable us to de-
fine classes of inequalities in a recursive way. Starting with a set of facet
defining inequalities, we can generate a new set of facet defining inequalities
by patching the inequalities from the original set. The new inequalities can
be used again, etc, In this section we informally present such a class.

This class has the property that the ratio between the right hand side and
the sum of the positive coefficients on the left hand side can be arbitrarily
close to zero. In Chapter 4 we noticed that optimizing a linear objective
function over the approximation of Q,,, by triangle inequalities and the
trivial inequalities can never yield a value below f of the sum of the positive
coeflicients, The class of inequalities discussed in this section shows that the
ratio between the optimal solution of ¢, and the value of the optimum of
the LP relaxation can be arbitrarily bad. To see this, take the coefficients
of one of the inequalities as the coeflicients of the objective function. Then
the right hand side is the optimal value, while % of the sum of the positive
coefficients is the best you can expect of the LP-relaxation.

The inequality we will start with is a square inequality, denoted as II;:

eyt ra g —ry <02 (8.17)

As a second step we make a copy Il of Il; as follows. There is precisely one
node v; in Vj for every node in /1, and similarly there is precisely one node
it; in Uy for every node in V}. Finally. i = Ty

Next, we will patch the inequalities T1; and ;. First we have to select
subsets ¢, and V. Let ®; be the set of spike roots in l/y, and let Let ¥,
be the set of spike roots in Vj. Clearly, these subsets are patchable: the
sets have the same cardinality (because they are copies of each other), the
matches (&, vy) are in [7,, x V},, and the matches do not cause any cycles of
length four. The weight w; for each of the matches of induced by the subsets
is the covering of the respective spike roots which is of course 1. It is easy
to check that all premises for Proposition 8.4.2 are satisfied, so we can patch
the inequalities to a new spiked inequality: I1,.

For II; we do exactly the same, we make a copy, patch the pair of in-
equalities, etec. Notice that the right hand side doubles in each step. More
precisely, the right hand side of inequality II; is 2°. Let o; denote the sum
of the positive coefficients at the left hand side of II;. We have:
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Oi41 = 20; + y

To see this, notice that in each patching some edges with a positive coefficient
are added: the matches. The coefficients corresponding to these edges all
have value 1. The number of matches is half the number of spikes, which
equals the right hand side.

Solving the equation, we get:

0;=5-2"24i2"?

This shows that by taking i large enough, the ratio between the right hand
side and o; can be arbitrarily close to zero.
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Samenvatting

Dit proefschrift gaat over een polyhedrale benadering van groeperingspro-
blemen. Het gebruik van polyhedrale technieken om geheeltallige problemen
op te lossen is niet nienw. Men kan de geheeltallige oplossingen interpreteren
als punten in een ruimte. Wordt onder de oplossingen de beste gezocht met
betrekking tot een lineaire doelstellingsfunctie, dan kan men het probleem
als lineair programmeringsprobleem oplossen door te optimaliseren over het
convex omhulsel van de oplossingen. Voor deze benadering heeft men een
beschrijving nodig van het convex omhulsel (een polyhedron), in de vorm
van lineaire ongelijkheden. Het bepalen van deze beschrijving is doorgaans
niet eenvoudig. Een polyhedrale benadering van een probleem loont alleen
wanneer het probleem vaak genoeg voorkomt.

Een specifiek groeperingsprobleem is meestal relatief zeldzaam. Wel zijn
er grote verzamelingen groeperingsproblemen die veel op elkaar lijken. Het
verschil tussen twee groeperingsproblemen zit hem vaak in enkele additionele
beperkingen, waardoor de verzamelingen van toelaatbare oplossingen van de
twee problemen bijna hetzelfde zijn, maar net niet helemaal. De beschrijving
van de convex omhulsels lijken dan in de regel ook veel op elkaar. In het
eerste gedeelte van dit proefschrift worden technieken om van deze gelijkenis
gebruik te maken behandeld en aangescherpt. De laatste vier hoofdstukken
hebben betrekking op de beschrijving van de convex omhulsels van twee bek-
ende problemen, waarbij de eerder genoemde technieken worden gebruikt.

Naast een overzicht van het proefschrift wordt in Hoofdstuk 1 aan de
hand van een eenvoudige instantie van een geheeltallig probleem gekenschetst
hoe polyhedrale technieken kunnen worden toegepast om een dergelijk pro-
bleem op te lossen. Ook worden definities gegeven die voor dit proefschrift
van belang zijn.

In Hoofdstuk 2 staat het verband tussen de dimensie van een polyhedron
en de dimensie van de projectie van dat polyhedron centraal. Projectie
is een techniek die kan worden gebruikt om op een verantwoorde manier
beslissingsvariabelen uit een modelformulering te verwijderen. Deze techniek
levert vaak veel ongelijkheden op, die echter lang niet allemaal nodig zijn
voor de beschrijving van de projectie. Het antwoord op de vraag of een
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ongelijkheid noodzakelijk is, hangt samen met de dimensie van het raakvlak
van de projectie dat hoort bij de vergelijking.

In het daaropvolgende hoofdstuk komt een techniek ter sprake die kan
worden gebruikt om beslissingsvariabelen toe te voegen aan een modelfor-
mulering. Deze techniek is gebaseerd op de constatering dat een raakvlak
van een polyhedron zelf ook een polyhedron is. We Jaten zien hoe uit de
beschrijving van een raakvlak de beschrijving van het polyhedron kan wor-
den afgeleid.

Sommige ongelijkheden zijn van meer praktische waarde dan andere. In
Hoofdstuk 4 bestuderen we een manier om ongelijkheden in dit opzicht met
elkaar te vergelijken.

Vervolgens wordt in Hoofdstuk 5 een polytoop (een begrensd polyhe-
dron) bestudeerd, waarvan het achterliggende probleem als volgt kan worden
beschreven. Gegeven zijn een aantal steden. Als ik van de ene naar de andere
stad ga, moet ik een bepaald bedrag betalen, of krijg ik een bepaald bedrag.
Het bedrag blijft constant, en hangt dus niet af van de de andere steden
die ik mogelijk heb bezocht. Nu zoek ik een cyclische route met maximale
opbrengst. Dit probleem lijkt veel op het bekende handelsreizigersprobleem,
maar er is een belangrijk verschil: ik hoef niet alle steden te bezoeken. Het
handelsreizigersprobleem is veel bestudeerd, en er is veel bekend over het
corresponderende polytoop. We maken daarvan gebruik door eerst aan het
model van het handelsreizigersprobleem variabelen toe te voegen, en dan
deze variabelen weer uit het model te projecteren.

In Hoofdstuk 6 worden modellen voor het cel formatie probleemm mel
clkaar vergeleken. Dit probleem maakt deel uit van een productie strate-
gie (eellular manufacturing) waarbij het productie systeem wordt gesplitst
in productie cellen. Naast het bespreken van bestaande modellen, wordt
een nieuw model gepresenteerd, waarbinnen een grote verscheidenheid aan
additionele beperkingen en doelmatigheidscriteria tot uitdrukking gebracht
kunnen worden.

llet convex omhulsel van de oplossingen van dit model heeft een aantal
interessante eigenschappen, die in Hoofdstuk 7 worden aangetoond. In het
laatste hoofdstuk wordt voor dit polytoop een techniek gepresenteerd om
nieuwe ongelijkheden af te leiden door bekende ongelijkheden met elkaar te
combineren.
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