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Abstract

The Dantzig-Wolfe decomposition has been extended to Integer Linear Programming
(ILP) and Mixed Integer Linear Programming (MILP). Dynamic Column Generation is
usually applied to construct an LP-optimal solution for the LP relaxation of the master
problem. Polyhedral cuts or branching are the common methods for recovering from a
fractional solution. This paper introduces a new procedure to generate violated valid
integer inequalities to the master problem of the integer Dantzig-Wolfe decomposition.
This procedure uses an auxiliary LP in which standard Gomory Fundamental Cuts can
be applied. The approach is generic in the sense that any valid integer Cutting-Plane can
be used, i.e. the approach can be extended to other classes of inequalities, even though
we limit our attention to Gomory Fundamental Cuts. Using such inequalities will add to
the variety of inequalities used in collaboration with Dynamic Column Generation and
will therefore improve the bound obtained by the LP relaxation of the master problem.

1 Introduction

Many optimization problems' can be formulated as Integer Linear Programs (ILP) or as
Mixed Integer Linear Programs (MILP). This is often convenient because a general-purpose
ILP or MILP solver can be used to identify an optimal solution. This can, however, be
problematic as solving ILP or MILP in general is N'P-hard. A widely used method is to relax
the integrality of the variables and then solve the LP relaxation to obtain a lower bound on
the optimal-solution value. The LP-optimal solution may have fractional components and
may therefore be infeasible for the ILP or MILP. Two basic approaches are used to recover
from the infeasible solution. The first is to identify violated valid inequalities and add these
to the LP relaxation. This is usually referred to as a Cutting-Plane algorithm. The second
approach is to embed the LP relaxation in a Branch-and-Bound algorithm and then solve
a series of LP problems with a smaller set of LP-feasible solutions. The combination of
these two approaches is usually referred to as Branch-and-Cut. See Jiinger et al. (1995) for
a detailed description of Branch-and-Cut and Cornuéjols (2006) for a detailed description
of valid inequalities for MILP. The reader is also referred to Nemhauser & Wolsey (1988)
who give an elaborate treatment of integer programming. Another approach is to utilize
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We will limit our attention to the case of minimization problems, as maximization problems can easily be
transformed into minimization problems.



the Dantzig-Wolfe decomposition for integer programs, where the original problem is divided
into a master problem and a set of pricing problems. It was introduced by Dantzig & Wolfe
(1960) for Linear Programming (LP), i.e. it did not handle integer variables, but Vanderbeck
(1995) and Barnhart et al. (1998) extended the theory of the Dantzig-Wolfe decomposition
to ILP. The integrality of the master problem is relaxed, whereas the pricing problems are
not necessarily relaxed. This yields a tighter lower bound for the original problem than the
ordinary LP relaxation. The number of variables in the master problem will be exponential
in size and they are therefore generated dynamically. The process of generating variables
is usually referred to as Column Generation and is described in detail by Desaulniers et al.
(2005). The solution of the LP-relaxed master problem may yield a fractional solution which
is infeasible for the original problem. In order to identify a feasible solution it is necessary
to recover from this infeasible solution. As for the ordinary LP relaxation we can do this
by adding further valid inequalities or by performing branching. Both of these methods
are, however, more complex than in the case of Branch-and-Cut. The issue of branching
is treated by Vanderbeck (2000) and Vanderbeck (2005a), and we will not investigate the
subject further in this paper. When the integer Dantzig-Wolfe decomposition is embedded in
a Branch-and-Bound, it is referred to as Branch-and-Price. Using cuts in the master problem
is difficult, because the coefficients of each cut have to be available for the pricing problems
in order to generate columns. This difficulty usually prohibits the use of integer cutting
planes generated directly from the master problem. Instead, it has become common practice
to use problem-specific cutting planes, which can be stated with coefficients of the original
ILP or MILP. Ralphs & Galati (2006) give an interesting description of different approaches
to generate cuts dynamically for Column Generation. The combination of a Cutting-Plane
algorithm and Column Generation is referred to as Price-and-Cut and when embedding a
Price-and-Cut into a Branch-and-Bound it is referred to as Branch-Price-and-Cut.

The purpose of this paper is to describe a general integer Cutting-Plane procedure, which
can be applied to the integer Dantzig-Wolfe decomposition. This procedure will use the
Gomory Fundamental Cuts, but is not limited to these cuts. A general integer Cutting-Plane
algorithm for the Dantzig-Wolfe decomposition is of interest for two main reasons. First,
by developing a general integer Cutting-Plane framework we have a way of tightening the
lower bound of the LP relaxation of the Dantzig-Wolfe master problem. It can be applied to
a wide variety of problems as we only assume that the variables are integer and we do not
assume special structures of the constraints. The use of cutting planes is usually restricted to
problem-specific inequalities derived from specific information about the problem. These are
not always sufficient to tighten the LP relaxation and therefore branching is usually applied
to obtain an integer solution. If we have an integer Cutting-Plane algorithm, we may tighten
the LP relaxation further and we limit the use of branching. Second, it is often a good idea
to apply different classes of inequalities as they will tend to have a combined effect on the LP
relaxation. Valid inequalities derived only by the fact that the solution has to be integer will
add to the variety of these classes. We are currently initializing a computational study and
the results from this study will be the subject of a future paper.

The rest of the paper is organized as follows. In section 2 we will describe the Dantzig-
Wolfe decomposition further as well as the problem of constructing integer cutting planes in
this decomposition. Then, in section 3, we introduce the new approach for generating integer
cutting planes for the integer Dantzig-Wolfe decomposition. Next, in section 4, we extend
the integer Cutting-Plane approach to three specific structures of the Dantzig-Wolfe decom-
position. We finish the paper with directions for future research (section 5) and concluding



remarks (section 6).

2 Notation and Theory

Let x* = [x1,...,2,] be a vector of variables and Z = {1,...,n} be the index set of variables.
We let ¢ = [c1,...,¢,] be an integer cost vector. Let A; be an m; X n matrix with integer
elements for ¢ = 0,1 and let b; be an m; vector integer vector for each i = 0,1. Then we can
define the Integer Linear Program (ILP)

min cx

S.t Agx = by
A1X = b1 (1)
x>0
x ez

We will refer to (1) as the original problem. To ease the notation we define
Xi={xcQ"Ax=b;x >0}, i=0,1 (2)

which is a rational polytope. As described in the previous section we can solve the original
problem by relaxing it and then tighten the relaxation either by generating valid inequalities
or by performing branching. In this section we first describe the Cutting-Plane approach, then
we describe the Dantzig-Wolfe decomposition for integer programs and, finally, we discuss the
difficulty of combining the Cutting-Plane approach with the Dantzig-Wolfe decomposition.

The Cutting-Plane algorithm relaxes the integrality of (1) and then tries to estimate the
integer hull by adding further valid inequalities. An inequality fx > fj is valid if XqNX1NZ" C
{x € Q"fx > fy}. Given a solution X to the LP relaxation of (1), we say that fx > f; is
violated by X if fX < fy. A classical example of valid inequalities for integer programs is
given by Gomory (1963a) and Gomory (1963b) who provide an algorithm for identifying such
violated integer inequalities for ILP. The Gomory Fundamental Cut is further described by
Garfinkel & Nemhauser (1972) and is derived from the simplex tableau. Let B be the index
set of the basic variables and let A be the index set of the non-basic variables. Let B and
N be the matrices containing the coefficients of the basic variables and non-basic variables,
respectively. The values of the basic variables are calculated as 23 = B~'b — B~'!Nz. The
i’th row of the column vector B~'b is denoted g, whereas the element in the i’th row and
J'th column is denoted c;;. Then the fundamental cut is defined as

> (haij = [hag)) ;> [h]eio — [hao] (3)

JEN

where A is the index set of non-basic variables and h is some non-zero scalar. A typical
selection of h is to put h = 1, but other values may yield stronger inequalities (see Garfinkel
& Nembhauser (1972)). A cut can be identified by investigating the right-hand side of (3), i.e.
if |h]aio — |haip] > 0, then at least one of the non-basic variables has to be increased from
zero. Note that when h = 1 and the i’th element of xg is fractional, then a;o — [0 > 0.
Hence, for each fractional basic variable a violated fundamental cut exists. In this paper, we
are interested in valid inequalities generated from the simplex tableau, because they provide
local information about the solution X, and different classes of inequalities have been derived



from this information. Cornuéjols (2006) gives a review of state-of-the-art (mixed) integer
valid inequalities.

The Cutting-Plane algorithm can tighten the lower bound of the LP relaxation. Another
approach to tighten the lower bound is the Dantzig-Wolfe decomposition for integer programs.
It can be derived from the following observation. Nemhauser & Wolsey (1988) argue that we
can write any point from x € Xy NZ" as

X = Z ApXp + Z OrYr,

peEP reER

> M=1 (4)
peEP

Ay >0, A €EZ, peTP,

or >0, o €Z, TER

where P is the finite index set of integer points within conv{X; NZ"}, and R is the finite
index set of integer rays within cone{X; NZ"}. It is convenient to assume that p < r for all
p € P and all » € R. Each of the points in conv{X; NZ"} is denoted x,, and each of the rays
of cone{X1 NZ"} is denoted y,. Note that A, € {0,1} because of the convexity constraint.
Vanderbeck (1995) uses (4) to obtain the following reformulation of the original problem

z(P,R) = min Z cpAp+ Z ¢y 0y
peEP reR
s.t Z ap\p+ Z a0, = by
peEP reR (5)
>N =1
peEP
Ay € {0,1}, peP
O € Ly, reR

where ¢, = ¢x,, ¢, = ¢y, a, = Apx, and a, = Agy,. (5) corresponds to the Dantzig-Wolfe
master problem except that the variables are required to be integer. Using (4) to obtain the
Dantzig-Wolfe master problems is often referred to as discretization.

The formulation (5) has two main difficulties. First, the sizes of P and R may be (and
usually are) exponential compared to the number of constraints m; or the number of original
variables n. Hence, solving even the LP relaxation of (5) may be impossible due to the number
of variables. The common practice is, therefore, to apply dynamic Column Generation, where
most of the variables are removed from the problem and then reinserted if they can give a
potential improvement in the objective value. We denote P C P and R C R the restricted
index sets of points and rays. If we replace the index sets P and R with their restrictions
P and R in (5), we obtain the so-called Restricted Master Problem (RMP). (5) can then be
solved by modifying the sets P and R and proving that no better sets exist.

The second problem is that (5) is an ILP and is therefore considered hard to solve. Instead
of solving the ILP directly, the requirement of the variables being integer is relaxed and the
LP relaxation is solved instead. Throughout this paper we let z;; be the value of the LP
relaxation of (5) by dynamic Column Generation. Let 7y be the dual variable vector of
the first set of constraints of (5) and m; be the dual variable for the convexity constraint
of (5). Then dynamic Column Generation identifies negative, reduced cost columns for the



LP-relaxed RMP by solving the pricing problem

min (¢ — mweAp)x
(s.t xeXmZ"><7” ©)

If the left-hand side is strictly less than 71, then a negative, reduced cost column has been
identified and can be inserted into the LP relaxation. The problem is that the LP relaxation
of (5) may yield a fractional solution, which needs to be integerized. This integerization can
be obtained by performing branching or by applying further valid inequalities. Branching can
be performed in the master problem by applying a set of partitioning constraints in which the
current fractional solution is excluded. These partitioning constraints are usually constructed
in terms of the original x-variables, such that it is easy to calculate the coefficients of the
variables in extremal form (5). Range (2006) briefly discusses problems of using branching
in Branch-and-Price and Vanderbeck (2000) provides several types of branching in a general
Branch-and-Price. We will not elaborate further on the topic of branching in this paper as
we are mainly interested in a general Price-and-Cut procedure. Instead we will turn to the
generation of valid inequalities. If we did not utilize dynamic Column Generation, it would
be possible to utilize standard integer cuts such as Gomory Fractional Cuts or Rounding in
the master problem. The dynamic Column Generation makes this difficult, however. Suppose
that we can find a violated valid inequality in terms of the restricted variable sets A, with

p € P and d, withr € R

D dpdp+ > deby > ey (7)

pEP rer
and we insert it into the restricted master problem. As the inequality was violated it may
have a dual price, w # 0, different from zero. Hence, 7 has to be included into the pricing
problem such that it calculates a correct reduced cost coefficient for the columns generated.
This involves two problems. First, we have to be able to calculate the coefficients d, for
p € P\P and d, for r € R\ R. Such a coefficient is clearly dependent on the column
generated, and we will just assume that we have some oracle d(x) : Q" — Q" which can be
used to calculate the coefficient correctly. Hence, whenever we have a solution x we have to
call the oracle d(x) to calculate the correct coefficient and this can usually not be handled
by exact integer optimization algorithms. The second problem we are faced with is that we
have to include this function of x into the objective of the pricing problem as follows

min (¢ — mpAp)x — md(x)x
( st xeXinNnz" <m (8)

We observe that d(x)x is a non-linear term (unless d(x) is constant) and the pricing problem
will therefore be difficult to solve. When d(x) is not constant, the approach is called Non-
Robust Branch-Price-and-Cut. It seems reasonable that using the solution information from
the LP-basis of the master problem to construct valid inequalities directly will yield other
types of inequalities than using hand-crafted valid inequalities. The problem is that cuts gen-
erated from the information of the LP-basis usually require information about the coefficient
of all non-basic columns too. This information is not directly available when using Column
Generation, because of the exponential size of P U R. Hence, the term d(x) becomes non-
constant, when utilizing classical integer cuts directly in the master problem. Non-Robust
Branch-Price-and-Cut has only received little attention, because it usually involves altering
the pricing problem to a more difficult problem, but Nemhauser & Park (1991) and Jepsen



et al. (2006) have used this approach, where they modify the pricing problems such that they
can handle certain problem-specific valid inequalities.

We will turn to robust Branch-Price-and-Cut, where d(x) is constant because it has no
requirement of altering the pricing problem. Hence, if we can construct a robust integer
Cutting-Plane method which can eliminate fractional solution in the master problem, then it
is straightforward to extend the Branch-Price-and-Cut with this method.

3 Generating Integer Cuts

Suppose that we have found a lower-bound solution for (5) with value zj, i.e. we have solved
the LP relaxation of (5) and obtained (X,d), where X = (A1,...,A\jp|) and 8 = (61,...,dx)).
If this lower-bound solution is integer, then the solution is feasible and we therefore have an
optimal solution of (5). On the other hand, if the solution is fractional, it is infeasible for
(5). We can transform the solution (X, d) into a solution X for the original problem by the
transformation (4), i.e. we can write

X = prxp + Z&nyr

peP reR

and we have that ¢X = z;;,. Note that if c is integer, then any integer feasible solution will
have to have an integer objective value. Hence, if zj, is fractional, we can reset zy, := [z ] to
the smallest integer which is at least as large as zy. In the following we will assume that zy
has an integer value.

Now suppose that X has at least one fractional component. We are interested in a cut
which separates X from the set of optimal integer solutions. Hence, we seek an inequality that
removes X from the set of LP-feasible solutions which may cut away integer points, but never
cuts away the optimal integer point. Hence, we are interested in constructing an automated
integer Cutting-Plane algorithm. The Gomory Fractional Cutting-Plane is such a procedure.
The problem is that we have to have an LP basis (and non-basis) such that we can write
X = [Xp,Xn] and X is a vertex of the polytope Xy N X;. But we know that X is a vertex of
the polytope (conv{X; NZ"} + cone{X1 NZ"}) N Xy. Hence, X may be an interior point of
a face of Xy N X1, and therefore it may not be possible to identify a usable LP basis. The
following example illustrates this problem.

Example: Suppose that we have an two structural integer variables x1 and x2, and we have
to solve the following optimization problem

min —2r1 9

st —5xr1 4+8xy >0
—51‘1 +3$2 < 0
10:6‘1 +x9 > 10

—x1 +8x9 >4 (9)
102y +8xy <45
1, X2 >0

T1, To S/

which has optimal solution (z7, z3) = (2,2) with value z* = —2. If we solve the LP relaxation
of (9), then we obtain the LP-optimal solution (z1,z2) = (3, 1%) having value z;, = —4%.
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Figure 1: Example of an integer Dantzig-Wolfe decomposition

Instead we use a Dantzig-Wolfe decomposition with the first two constraints in the master
problem and the three last constraints in the pricing problem. This is illustrated in figure
1. The bold lines correspond to the boundary of the constraints from the master problem,
whereas the dashed lines are the constraints from the pricing problem. The gray area corre-
sponds to the convex hull of the feasible integer points of the pricing problem, and the hatched
area is the convex hull of the feasible integer solutions of the full problem. It is interesting
to observe that two of the four extreme points of the convex hull of integer points for the
pricing problem are not included in the cone generated by constraints of the master problem.
Now suppose that we can identify feasible integer points from the pricing problem using some
algorithm and we have obtained x; = [3,1]" and x2 = [2,3]". We obtain the LP-optimal
solution of the master problem as (A1, A2) = (%, %), which yields the solution X = (2%, 1%)
with value —3%. It can be seen in figure 1 that X is not a vertex of the polytope formed
by the five constraints of (9). This can also be seen by observing that four of the slack and
surplus variables are lifted from their lower bounds and we therefore have one too many basic
variables for a basic solution.

Instead, we try to identify another LP solution which resembles X as much as possible and
then cut this solution away. Thus, we are interested in constructing a solution x* which has
the same objective value as X and has as many components equal to X as possible. Define the
set Xy = {j € Z|z; = 0} as the index set of all the variables having value zero in the solution
X. This index set will contain the indices of all the variables in the non-basis of the vertex
we seek. Hence, we try to retain these variables at a zero value. We also know that zy is a
lower bound value for the original problem, and we therefore require that ¢x* > z;. Thus to



obtain a solution with these properties we solve the problem

z¥ = min E T +Swp

JEXo
s.t. CtX —Sp = Zlb
1
Apx = by (10)
A1X = b1

x>0, s3>0

which yields a solution (x*,s,). We say that x; = 0 for j € Ay and sy, = 0 are invariant if
we have to identify the solution (X,3;,). We are interested in identifying a cut, which makes
it impossible to obtain the invariant parts of (X,3y;). In the following we will show that such
a cut will separate the solution (X, ;) from the set of feasible solutions. First, we show that
a solution to (10) exists.

Proposition 3.1 A solution (x*, s};) with z; =0,j € X, s, =0 and 2* = 0 to problem (10)
exists and is optimal.

Proof: First note that z* > 0 because all variables are non-negative. The solution X is an
LP-feasible solution with value zj, to (10) with z; = 0 for j € A and 5, = 0. Hence, by
putting (x*, s},) = (X,3p), we obtain a solution value z* = 0. |

From Proposition 3.1 we have that the two solutions X and x* can only be distinguished in
the variables x; with j € 7\ &y. Therefore, we can say that the two solutions resemble each
other. We have just shown that the solution X will yield an optimal solution for (10), but
we have not shown that (X,3y) is an extreme point. Indeed, it may be that (X, s;) is not an
extreme point, but rather an interior point of a face of the polyhedron

CX —S)p = 2
A;x =b;, 1=0,1
_ n i i )
P(X(),Zlb)— XEQJr l‘jZO, jEX()
sp =20

in which case an alternative solution (x*, sj;) with some elements 27 # z; for j € 7'\ &j will
be found.

Example: (Continued from above). Let Z be the index set of the structural variables as well
as the slack and surplus variables of (9). Then we have that |Z| = 7. Now, using the solution
(z1,22) = (22,12) obtained from the master problem we have that only the first constraint
of (9) is binding, and all structural variables have values larger than zero i.e |Xp| = 1. Thus
we have |7 \ Xp| = 6 > 5 = mj + mg which indicates that one more variable than needed for
a basis is positive. We already have a lower bound of —3%, and we know that the objective
value has to be an integer, i.e. we put zj, = [—3%} = —3 and add the lower bound constraint
—2x14+ 19— s = —3 with s; > 0 to the master problem. Resolving the master problem yields
the solution (A1, A2) = (3, %), which can be transformed into the new solution X = (23,2).
We continue from this solution. Note that only 5, has a value of zero and we have that
Xo = 0. We have, however, added the additional constraint cx — s;, = z;. Hence, we still
have one too many positive variables to construct a basic solution. Now, solving the problem
(10) we obtain the solution (z7,z3, s7, 83, 83, 5%, s, 5},) = (2%, 1%,0,61%, 13%,41—81, 12%,0).
Hence, we have constructed a basic vector xg = [1, T2, s2, 83, 54, 55]° and a non-basic vector
XA = [s1, )", This solution is within P(), —3), but it is clearly fractional.



Note that P(Xp, z;) contains (X, 5j,) and is therefore non-empty. We are now interested in
either identifying an integer feasible point from P(Xp, z;5) or proving that no feasible integer
points exist in P(Xp, z;5). This is, clearly, a separation problem where we try to separate the
infeasible solutions in P(AXp, z;5) from the set of feasible solutions. The following proposition
states an interesting property of an integer solution from P(Xjp, zj).

Proposition 3.2 An integer optimal solution (x*,s},) to problem (10) will yield an upper
bound solution to the original formulation (1). Furthermore, if sj = 0, then x* is an optimal
feasible solution to the original problem (1).

Proof: Suppose that (x*,s};,) is an integer optimal solution to problem (10). Then we have
that x* € ({x € R"|ex > z;} N Xo N X7 NZ") C XoN X1 NZ" Hence, x* lies in the set of
feasible solution of the original problem (1). Therefore, we have that cx* = z,; is an upper
bound for (1). If the surplus variable sy, = 0, then we know that cx* = z;,. But then we have
Zub = 2p, Which proves the optimality of x* for problem (1). [ |

Proposition 3.2 gives an alternative optimality criterion for the integer Dantzig-Wolfe decom-
position and is in that sense an interesting theoretical observation.

A feasible solution to (10) is not necessarily integer, but we know that only integer solu-
tions are valid for (1). Therefore, we initialize a Cutting-Plane procedure to integerize the
solution of (10). Here we have the advantage that we know a solution corresponding to a
vertex of the feasible set of solutions of (10), and we can therefore use the Gomory Integer
Cutting-Plane procedure to obtain an integer cut. We define the Auxiliary Separation Linear
Program (ASLP) as

2"(7T) = min Z zj +sp
JEXo

s.t. cfx —Si = 2
AoX = bo (11)
A1X = b1

dix +d;bslb > dé, teT
x>0, sp2>20

where T is the index set of integer cuts generated. Clearly, (11) is equivalent to (10) if 7 = (),
and we have that 2*(77) < z*(73) for 7; C 75. If the inequalities with indices in T are integer
cutting planes, then no integer solution from (10) will be removed from (11).

Proposition 3.3 A valid inequality for the problem (10) with integer variables x and sy will
never remove the optimal integer solution to (1).

Proof: As zj is a valid lower bound for the original problem (1), we know that adding the
constraint ¢x > zj, to (1) will never change the optimal solution value. Hence, estimating the
integer hull of {x € R"|cx > 2z} N Xo N X1 NZ" will never cut away the optimal solution.
This is exactly what (11) does. |}

Now, by adding valid integer cutting planes we try to eliminate the possibility of having all
xj-variables with j € Aj at zero and at the same time have s;; = 0. Hence, we try to eliminate
the possibility of using points in the polyhedron P(AXy, zp).



Proposition 3.4 If problem (11) has z*(T) > 0 for some T, then the solution X can never
be LP-feasible in the original problem (1), when adding the cuts identified in T

Proof: Suppose that z*(T) = ZjeDo z7 + sp, > 0, where (x*,s};) is the optimal solution
to (11). Then either z; > 0 for some j € Dy or sj, > 0 because x > 0 and s; > 0. As
(x*,s};) is the closest we can get to the invariant values of (X,5y,) without being equal to
these values, then the solution (X, ;) will be infeasible for the original problem. As we know
that 2*(()) = 0, then there exists at least one cut with index in 7', which separates (X,3;;)
from the set of feasible solutions. We can then add the cuts with indices in 7" to problem (1)
to remove the possibility of using (X, 3). |

Now, what we try to identify is a set 7" such that z*(7") > 0 and thereby prove that at
least one of the valid inequalities with indices in T is violated by the solution (X,3;). As
such a valid inequality will add at most a slack variable or surplus variable we can rewrite
the inequalities in terms of the original x-variables. The inequality, written in terms of the
original variables, can again be transformed into terms of the (A, d)-variables and then be
added to the LP relaxation of (5). Hence, we have a robust integer Cutting-Plane algorithm
for the integer Dantzig-Wolfe decomposition.

Example: (Continued from above). Now we use the basic vector xg = [1, T2, $2, S3, S4, S5)
and the nonbasic vector xy = [s1, ;5] to obtain the Gomory Fundamental Cut (with A = 1)
ﬁslb > %, which can be transformed into the constraint —2x; + x5 > —2 (note that it is par-

allel with the objective function and we can therefore put z;; = —2). Inserting this cut into the
ASLP yields the solution (x7, 3, 57, 85, 53, 54, 55, 56, 51) = (1%, %,0,4%, 5%, 11%, 23%, 0,0),

where sg is the surplus variable of the new constraint and z* = 0 (if we did not reset zj, to —2
then we would have z* = 1, and we would have proved that the current solution for the master
problem was infeasible). We generate a new Gomory Fundamental Cut 1—1131 + 1—315;1, > %
which can be transformed into the constraint —xy + x2 > 0. Inserting this constraint
into the ASLP and resolving yields the integer solution (x7,x3, s7, 53, 83, 51, 55, 8§, 57, 5j) =
(2,2,6,4,12,10,9,0,0,0) with solution value z* = —2. As s;, = 0 we have by proposition 3.2
that the solution is optimal. Note that X; is bounded, whereas X is unbounded. It is inter-
esting to observe that the cuts generated are not valid integer cuts (conv{Xo} + cone{Xo})
or conv{X1}, but are valid for conv{Xo N X1 N {x € R*|cx > z;}}. This suggests that there

is unused information, which can be used to generate integer cuts.

Several observations can be made for the approach that we suggest. We summarize these in
the following remarks.

Remark: Note the resemblance to the initialization of the Simplex algorithm Phase 0, where
we try to identify a basic feasible solution with all artificial variables at zero. This is exactly
what we are doing after adding cuts to (11) and if we cannot identify a solution with all
invariant variables equal to zero, then we have proved that a solution which has all of these
variables at zero is infeasible.

Remark: Our approach will implicitly force variables at their upper bounds to remain at
these upper bounds. This can be realized as follows. Let 0 < z; < u; and add the upper
bound as an explicit constraint, i.e. x; + s; = u;j, where s; > 0. When z; = u;, then s; will
be zero and its index is added to Ap. This observation is especially important in the case
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where the z; variables are required to be binary, i.e. an upper bound u; = 1 is imposed on the
binary variables. Binary variables are used in many models involving networks?, where they
indicate whether or not a connection is used. A significant portion of the binary variables will
be on their upper bound in such models, and we can therefore significantly limit the degree
of freedom in the corresponding ASLP. This will lead to faster identification of cuts or even
stronger cuts.

Remark: It will be easier to identify violated integer inequalities in problems, where the X
is degenerate (i.e. having basic variables equal to zero). This is due to our definition of A,
where all indices of variables equal to zero are included. The more elements of X equal to
zero, the more indices are added to Xy, and therefore we will have less variables with indices
inZ \ XO.

Remark: In proposition 3.4 we argued that whenever z*(7) > 0, then at least one of the
cuts with indices in 7 is violated. In that case, we can just add the cut to the master problem.
It may, however, be prudent to identify additional valid inequalities. We know that for 7 C S
we have that z*(7") < 2*(S). As long as we have a fractional solution to (11), we may be able
to identify additional valid inequalities from S\ 7 which may move the invariant elements
of (X,3p,) further away from the corresponding elements of (x*, s};). This is indicated in the
objective of the ASLP by 2*(7) < 2*(S).

In figure 2 we have illustrated the Price-and-Cut using the integer Cutting-Plane method.
This method should be embedded into each node in a Branch-and-Bound tree to obtain a
Branch-Price-and-Cut using integer cuts, i.e. when the method terminates then we either have
a fractional solution for which branching is needed or we have an integer solution. The gray
box corresponds to a standard Column Generation, which usually terminates when no columns
can be found. If the solution is fractional, the standard Column Generation would normally
terminate. Instead we initialize an integer Cutting-Plane algorithm, which constructs an
ASLP (11) to identify a feasible LP basis. If the LP solution to the ASLP is fractional, we try
to identify violated integer cuts and resolve the ASLP. On the other hand, if the LP solution
is integer, we have from proposition 3.2 that the LP solution is an upper-bound solution.
In that case, we update the upper-bound value and transform any violated cut found into a
master form such that it can be inserted into the RMP. We have not specified which integer
cuts should be generated as a range of different cuts exist which can be utilized. Identifying
which cuts should be used will be a subject of a future paper describing the computation.
Furthermore, we have not specified how many violated cuts that are sufficient to terminate the
integer Cutting-Plane algorithm. Clearly, one can terminate the Cutting-Plane algorithm if
2*(T) > 0, but as noted above, it may be worthwhile to continue the Cutting-Plane algorithm
to obtain a larger violation. Finally, we have not included bound checking in the diagram, i.e.
if we identify an integer solution in the ASLP and we have zj;, = z,;, then we can terminate
the overall algorithm.

The procedure described above can easily be used in the root node of a Branch-and-Bound,
but should be used with caution when used after branching. The main reason for this is that
the ASLP uses the lower bound constraint cx > z,, to generate valid integer inequalities.

2Examples of network problems, where the Dantzig-Wolfe decomposition is used, are the Vehicle Routing
Problem with Resource Constraints (see Desrochers et al. (1992)), the Elementary Shortest Path Problem with
Resource Constraints (see Range (2006)), and Scheduling Problems (see Desaulniers et al. (1998)).
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Figure 2: Activity Diagram of the Price-and-Cut Algorithm using integer cuts.

Suppose that we have two nodes in the Branch-and-Bound tree with the lower bounds zllp
and z?p and zllp > z12p. Then it is not valid to use integer inequalities from node 1 in node
2, because the constraint cx > zllp is not necessarily a valid inequality of node 2. This can
be omitted by using a global lower bound zy; instead of the local lower bounds, but it will
make the generation of violated inequalities harder. Furthermore, we cannot use proposition
3.4 to identify violated cuts. Instead, each of the constraints with indices in 7 should be
checked directly. On the other hand, a cut identified using only the global lower bound and
no branching constraints will be valid for any node in the Branch-and-Bound tree. It may
therefore be interesting to use our approach only with the globally valid constraints instead
of utilizing the additional information obtained by branching.

In this section, we have described a procedure which can be used to generate violated valid
integer inequalities for the Dantzig-Wolfe reformulation of integer programs, where dynamic
column generation is used. As of now, we have not conducted a computational study of the
method. We are, however, currently preparing such a study.

4 Extensions

The Cutting-Plane approach that we have suggested above can be extended to several interest-
ing cases. In the following we will briefly describe these extensions. Some of these extensions
use relaxations of the original problems in order to obtain valid inequalities. Hence, we are
not guaranteed an optimality criterion, nor facet inducing valid inequalities. The aim is to
describe an ASLP for each extension such that it is possible to utilize valid integer inequalities
for these extensions.

In section 4.1, we will describe the straightforward extension to blockangular structures,
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where one or more independent blocks of constraints are present in the original problem.
When the blocks in such a structure are identical, then the master problem is transformed in
such a way that the pricing problems are identical. This will require a similar relaxation of
the corresponding ASLP. We will discuss this extension in section 4.2. In some applications,
such as resource-constrained routing, not all variables are included in the master problem
and we therefore need to relax the ASLP to obtain valid inequalities using the same subset
of variables as the master problem. We describe this in section 4.3. The extensions can, of
course, be combined, but we limit our attention to the pure forms of the extensions.

4.1 Blockangular Structures

Many problems have structures, where only some constraints span almost all of the variables
and the rest of the constraints can be divided into small blocks, where the constraints only
span the same small subset of variables. These structures are often referred to as blockangular
or block-diagonal®. The Cutting-Plane approach can be extended to blockangular structures
in a straightforward manner. Suppose that we have an index set I of sets of variables and let
xj, for k € K be the vector of variables. Furthermore, we define Z = UgexZ (k) to be the index
set of all variables, where Z(k) are disjoint sets of indices for the variables in x;. We let ny
be the length of the vector x;. For each k € I we associate a cost vector c; and two matrices
Ay, and Ap. Finally, we define by and by, as the right-hand side column vectors. We will use
X}, in the same way as defined in (2) to denote the polyhedron defined by the constraint set
Apx; = by and the non-negativity constraints. This yields the following integer blockangular
minimization problem
min Z CrXk

keK
s.t. Z Agx =Dbg
kek (12)
Apx; =by, k€ K
x> 0, ke
Xy € 7", kek

which again can be reformulated into the master problem

min Z Z Cpk)\pk + Z CrkOrk

kek \peP(k) reR(k)

s.t. Z Z apk/\pk + Z a0k = by

kek \peP(k) reRr (k) (13)

> A =1, kek
peP(K)

>\pk € {07 1}7

67’]@ € Z+

3A typical example is the Heterogeneous Vehicle Routing Problem, where a set of customers has to be
visited by a heterogeneous fleet of vehicles. Each type of vehicle has its own block of constraints, and all the
vehicles are subject to the constraint that each customer has to be visited exactly once by exactly one vehicle
(see Range (2006) for an example of Heterogeneous Vehicle Routing Problem).
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where ¢y = CpXpk, Crk = CLY k> Apk = AorpXpr and a,, = Agry,rk. The vectors x,;, and y, are
points and rays of the polyhedron X}, for each k € . Now define Xy(k) = {j € Z(k)|z; = 0}
The ASLP will then be

min Z Z €5 +S
ke jeXy (k)

s.t. Z CLXk —Sip =2
kek
Z Agrxg = bg
kek (14)
Axy =by, k€ K
Z di:xk +dfb81b > dé, teT
ke
xj > 0, kek
sip =0

It is possible to extend propositions 3.1-3.4 in a straightforward manner, and we will omit
restating the results here.

What is interesting about this Cutting-Plane approach for blockangular structures is that
the cuts will typically span across several of the variable sets. When the constraints Apxy =
b are different, a cut spanning several variable sets will add additional information about the
relation between these sets. The process of handcrafting problem-dependent inequalities is
often lengthy and is typically inflexible to changes in the structures of the individual blocks.
Hence, from a development point-of-view it will be of interest to have a set of problem
independent valid inequalities spanning several blocks, such that the development of problem-
dependent inequalities will be limited. On the other hand, one of the reasons for using
decomposition is that even the LP relaxation of the original problem contains too large sets
of variables and constraints. This difficulty is reflected in the ASLP of blockangular structures,
where we have almost the same number of constraints and almost the same number of variables
as in the original problem. This may be handled by removing some of the variables and some
of the constraints from the ASLP and then generating these when needed, i.e. a simple form
of Price-and-Cut where we initially keep all the variables not included in any Dg(k) as well
as a small set of the zero variables. We have not investigated this approach, but it may be
interesting as it will probably speed up the cut generation process significantly.

4.2 Identical Subproblems

A special case of the blockangular structures is where the data for each of the blocks are
identical*. That is, for each pair i,j € K we have that n; = nj, ¢ = cj, Ag; = Ayj,
A; = Aj and b; = b;. We put n =n;, c=c;, Ag = Ajp, A=A, and b = b;. Hence, the
problem becomes highly symmetric. To overcome the symmetry, the convexity constraints
are typically aggregated, which allows the use of a single common pricing problem. That is,
we observe that the pricing problems are identical and therefore have the same set of points
P and rays R, and we therefore put P = P(k) and R = R(k) for all k € K. Furthermore, we

*The (Homogeneous) Vehicle Routing Problem with Resource Constraints (see Desrochers et al. (1992)) and
the Cutting Stock Problem (see Amor & Carvalho (2005)) are prevalent examples of blockangular structures
with identical blocks.
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put Ap = > ik Apk and 6, = > ;i 6rg. Thus the master problem becomes

min Z Cp)\p + Z Oy
peEP reR
s.t. Z apAp + Z a0, =Dby
peEP reR (15)

Z Ap = K|

peEP
Ap € {0,1}, peP
o € Z+, reR

where the integrality is relaxed to obtain the LP relaxation. Then the pricing problem becomes
identical to (6), where 7; is the dual price of the second constraint in the LP relaxation of (15).
When the master problem has been aggregated, it will be difficult to differentiate between
columns arising from different pricing problems. We suggest doing the following. If we put
Y = > ek Xk, then we can aggregate the blocks® by

Klb=) Ax,=A) x;=Ay (16)
kel ke

Clearly, any solution satisfying the individual blocks Ax; = b will also satisfy constraint (16),
i.e. by replacing the individual blocks with a single aggregated block we obtain the following
relaxation

min cy

s.t. Aoy = bo
Ay  =I[K[b (17)
y=>0
y ez

which will be a significantly smaller optimization problem than the original optimization
problem. What is interesting is that an infeasible solution to (17) will also be infeasible for
the original problem. Furthermore, we can transform a solution (A, d) into the y-variables by

observing that
y = Zik

kel
= Z Z kaxp+ Z grkyr

ke \peP(k) reR(k) (18)
= prxp + Z gryr

peEP reR

®This aggregation is similar to the aggregation which is used in the (Homogeneous) Capacitated Vehicle
Routing Problem, when transforming a 3-index formulation into a 2-index formulation.
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Hence, if we can identify a valid inequality violated by y, then we also have a cut which is
violated by (A, d). Now, we can define the associated SLP for identical substructures as

2*(T) = min Z Yj +51p

Jji€o
s.t. cy —Spp = 21b
Aoy = bo (19)
Ay = |Klb
dly +dlysy > db, teT
y=>0

where )y = {j[y; = 0}. It has to be noted that proposition 3.2 does not hold for (19) as it
stems from a relaxation of the full problem. Hence, we cannot use (19) to prove optimality
for problem (15).

4.3 Hidden Variables

In some cases it is possible to hide a subset of the variables in the pricing problemf. In
general, we can write a problem as

min cx

s.t.  Apx = by
A1X = b1
AQX +Bt = b2 <20)
x ezl

teT

where T' can be the set of non-negative real vectors, the set of integer vectors, or some mix of
these. Hence, keeping only the first constraint in the master problem will hide the t-variables
in the pricing problem, i.e. the pricing problem becomes

min (¢ — woAp) x

s.t. A1X - bl
Aox +Bt =Dby < m (21)
x e 7l
teT

whereas the master problem is identical to (5). We cannot utilize any (mixed) integer cut
based on the t-variables in the master problem, because the t-variables are not present in the
master problem. The ASLP we can use will therefore be equivalent to the ordinary ASLP
(11). Note that (11) is a relaxation of the ASLP using Asx + Bt = by. A consequence of
this is that we cannot use (11) directly to prove optimality.

We can improve the ASLP in the following way for the special case where B is a square
matrix. Suppose that B is invertible, then we can rewrite the constraint Asx 4+ Bt = bs in
terms of t as t = B~! (by — Ayx). Furthermore, suppose that t is bounded, i.e. a <t < 3

5This is usual in resource constrained routing, where the pricing problems takes care of the resource con-
straints for the individual vehicles. Examples of such problems are given by Desaulniers et al. (1998) and
Range (2006).

16



for some vectors a and 8. If a component ¢; is not lower bounded, we put «; = —oo and if
it is not upper bounded, we put 3; = co. Thus

o < B_1 (bg — AQX) < ,3
=1 B_lbg -8 < B_lA.QX < B_lbg -«

These additional constraints can now be added to the auxiliary SLP (11) and we obtain

Z*(T) = min Z Z; +S

JE€Xo

st. clx —Sip = 2
A()X = b()
A1X = b1 (22)
B_IAQX < B_lbg -«
B_1A2X > B_lbg - B
dix +dfbslb > ey, teT

x > 0, sip >0

The main weakness of this strengthening is that it requires a square B-matrix, which is rare
in formulations like (20). Hence other strengthenings are needed in practice.

When using (11) as ASLP, we implicitly capture some of the effects from Aox + Bt = bs.
This is due to the lower-bound constraint ¢x > z;,, which is based on the lower bound of the
master problem. Each column in the master problem has taken the constraint Asx+ Bt = bo
into account as it is a part of the pricing problem. Hence, only the combined effect of columns
is not taken into account.

5 Future Research

The method for generating valid integer inequalities for the Dantzig-Wolfe decomposition
remains to be tested in practice. We are currently initializing a computational study of our
approach and will report the results in a future paper. In the study we will be interested in
the integer inequalities generated from a basic feasible solution for an LP. We believe that the
Gomory Fundamental Cuts (described above) and the Intersection Cuts (Balas, 1971) will
enable us to tighten the lower bounds of the LP relaxation. The computational study may
also reveal technical difficulties such as tailing off and numeric instability. The study will also
show how much the lower bound is tightened by using our approach. The intuition is that
our approach will not be as strong as hand-crafted problem dependent inequalities. Hence it
should be used in combination with such inequalities (if any have been identified).

We have not extended our approach to MILP, but it seems to be a straightforward ex-
tension, which we leave for future research. The Dantzig-Wolfe decomposition for MILPs is
reviewed by Vanderbeck (2005b), whereas a review of valid inequalities for MILP is given by
Cornuéjols (2006). We believe that combining the Dantzig-Wolfe decomposition with gen-
eral valid inequalities for MILP in the robust fashion as described above will improve the
performance of the general purpose Column Generation.
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6 Conclusion

In this paper, we have presented a general-purpose integer Cutting-Plane procedure for the
Dantzig-Wolfe decomposition of integer linear programs. The method can use the general-
purpose integer cutting planes which are used in State-of-the-art Branch-and-Cut solvers such
as CPLEX. We believe that the addition of general-purpose integer cutting planes to Price-
and-Cut algorithms will improve the lower bound obtained and therefore reduce the size of
the Branch-and-Bound tree when using Branch-Price-and-Cut. This will, in turn, allow us to
solve larger problem instances. We have also provided extensions to more general structures,
which are commonly used in a range of applications. These applications include the Vehicle
Routing Problem with Resource Constraints, the Elementary Shortest Path Problem with
Resource Constraints, the Cutting Stock Problem, and Scheduling Problems. Most of these
applications have a large portion of binary variables which may also be fixed on their upper
bounds. We have argued that it may be easier to generate violated cuts for binary problems
as they have a lesser degree of freedom in the ASLP.

The advantage of the procedure presented is that it can be applied in the solution of
any ILP where the Dantzig-Wolfe decomposition is utilized. It will, furthermore, combine
the information from the constraints in the master problems with the information from the
constraints in the pricing problem and thereby it may identify violated inequalities, which
are not identified by special-purpose hand-crafted inequalities. We have shown, by a small
example, how a lower bound constraint can be used to obtain a stronger set of integer cuts,
which may exclude some integer solutions, but never the optimal integer solution.

It is important to note that the Cutting-Plane procedure presented in this paper requires
no modification of the pricing algorithms. This is due to the fact that we generate the integer
cuts in terms of the original variables instead of the extremal set of variables. Hence, the
procedure can easily be added to existing applications of Branch-Price-and-Cut.

All-in-all, we have presented a general robust procedure for generating integer cutting
planes in Price-and-Cut which we believe will improve the general performance of the Branch-
Price-and-Cut approach.
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