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Abstract For certain integer programs, one way to obtain a strong dual bound is to use
an extended formulation and then solve the associated linear programming relaxation.
The classical way to obtain a bound of the same value in the original variable space
is through the use of Benders’ algorithm. Here, we propose an alternative approach
based on a decomposition of the dual optimal solution of the extended formulation
linear program. An example of the approach using the multi-commodity formulation
of a two-level production/transportation problem is presented.

Introduction

We consider integer (or mixed integer) problems of the form

z = min{cx |Ax ≥ b, Fx ≥ g, x ∈ Zn} (1)

with the property that a tight and compact extended formulation

P = {(x, w)|Bx + Dw ≥ d}

is known for the set X = {x ∈ Zn : Fx ≥ g}. Here, tight means that projx (P) =
conv(X) and compact that P is of polynomial size relative to the description of
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72 M. Van Vyve, L. A. Wolsey

X. Typically in such cases a description of conv(X) by valid inequalities in the
original space Rn is of exponential size and is often only partially known. See
Conforti et al. (2010) for a recent survey on extended formulations for combinatorial
optimization problems and Vanderbeck and Wolsey (2010) for integer programmig
problems.

Given P, a natural approach to solve problem (1) is to work with the formulation

z = min{cx |Ax ≥ b, Bx + Dw ≥ d, x ∈ Zn} (2)

for which the linear programming relaxation

zLP = min{cx |Ax ≥ b, Bx + Dw ≥ d, x ∈ Rn} (3)

of value zLP = min{cx |Ax ≥ b, x ∈ conv(X)} should provide a good lower bound
on z.

Here, we address the question of how to provide a linear program

z∗
LP = min{cx |Ax ≥ b, Cx ≥ e} (4)

in the x-space such that

(i) zLP = z∗
LP and the optimal solutions of the linear programs (3) and (4) are

essentially the same,
(ii) Cx ≥ e is efficiently computable, and in particular the number of inequalities in

Cx ≥ e is not large, on the order of n,

(iii) the inequalities are strong.

Three reasons to address such a question are

(a) a desire to view and understand the valid inequalities that are implicitly being
generated by the extended formulation for a given objective vector c. The possi-
bility of obtaining such descriptions with software such as PORTA Christof and
Loebel (1997) is limited to very small problem instances.

(b) though of polynomial size, the extended formulation P may be large in practice
so that even though solving the linear program (3) may be feasible, solving the
associated integer program (2) may be impossible. So one would like to work in
Rn with the formulation

z = min{cx |Ax ≥ b, Cx ≥ e, x ∈ Zn} (5)

whose linear programming relaxation is strong using information derived from
P.

(c) the possibility of providing an alternative to Benders’ algorithm Benders (1962)
when solving the linear programming relaxation at the top node of an IP or MIP.

In Sect. 2 of this note, we describe an algorithm to produce the desired set of inequal-
ities Cx ≥ e, and show that the resulting linear program (4) has the desired properties.
In Sect. 3, we present an example involving a multi-commodity reformulation of a
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Strong and compact relaxations in the original space using a compact extended formulation 73

two-level production problem along with some remarks concerning the inequalities
generated.

A decomposition algorithm

A first observation is that (i) and (ii) above are in general incompatible. Indeed, the set
of optimal solutions of the linear program (3) can be a polyhedron with an exponential
number of facets. In this case, it is simply impossible to give a compact LP description
of this set in the original variable space.

The algorithm that we describe next is going to satisfy (i) but for a relaxation of
(3). More specifically, we suppose that we have solved the linear program over the
extended formulation and have dropped all the constraints for which the optimal dual
variables are zero.

The algorithm

(i) Solve the linear program (3) or its dual.
(ii) Drop the primal constraints for which the optimal dual variables are zero, or

equivalently, suppose that all constraints are binding at the optimal solution.
Thus, the extended formulation

zLP(EF) = min{cx + 0w : Ax ≥ b, Bx + Dw ≥ d, x ∈ Rn, w ∈ Rp} (6)

has b ∈ Rq1 , d ∈ Rq2 and feasible region Q, where the optimal primal solution
(x∗, w∗) satisfies all the constraints as equalities. Therefore, there is an optimal
dual solution (v∗, u∗) > 0 satisfying

va + ud = cx∗

vA + u B = c

u D = 0

v, u ≥ 0.

(iii) Decompose u∗ as

u∗ =
r

t=1

λt ut ,

where {ut }r
t=1 are extreme rays of the dual cone U = {u : u D = 0, u ≥ 0} and

λt > 0 for t = 1, . . . , r.
(iv) The reformulated linear program is

min{cx |Ax ≥ b, ut Bx ≥ ut d, t = 1, . . . , r}.
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74 M. Van Vyve, L. A. Wolsey

Observation 1 The decomposition in step (iii) can be implemented in polynomial
time with an algorithm of Schrijver (1986) involving the solution of at most q2 linear
programs over the dual cone U.

The simple algorithm is as follows:

Decomposition Algorithm
Initialization: ρ0 = u∗ $= 0, t = 1.

Iteration t :

1. Given ρt−1, find the set I t−1 = {i : ρt−1
i = 0} of dual constraints that are tight

(i.e. find the face on which ρt−1 lies).
2. Given some non-tight constraint (i.e. some i /∈ I t−1), choose that variable as

objective function to be maximized and solve the linear program max{ui : u ∈
U, ui = 0 i ∈ I t−1} to obtain an extreme ray ut of U.

3. Calculate λt = max{λ : ρt−1 − λut ∈ U }.
4. Set ρt = ρt−1 − λt ut .

5. Stop if ρt = 0.

6. Increase t.

On termination at iteration T, we have u∗ = T
t=1 λt ut with λt > 0 and ut an

extreme ray of U for all t.
Let Y = projx (Q) and Y opt = {x ∈ Y, cx = cx∗} be the set of optimal solutions in

the original variable space.

Proposition 2 The set of optimal solutions in the original variable space is equal to
x∗ plus the projection of the lineality space of Q:

Y opt = {x : x = x∗ + x̃, Ax̃ = 0, Bx̃ + Dw̃ = 0}

Proof The direction ⊇ directly follows from the feasibility of x∗. For the other direc-
tion, suppose (x, w) = (x∗, w∗) + (x̃, w̃) ∈ Y and cx = cx∗. As (x, w) ∈ Y, Ax∗ =
a and Bx∗ + Dw∗ = d, it follows that Ax̃ ≥ 0 and Bx̃ + Dw̃ ≥ 0. Suppose that
there exists such an optimal solution with Ai x̃ > 0 or Bi x̃ + Di w̃ > 0 for some row
i. Then, cx − cx∗ = cx̃ = v∗ Ax̃ + u∗ Bx̃ > v∗0 + u∗(0 − Dw̃) = 0, where the
strict inequality follows from (v∗, u∗) > 0, contradicting the optimality of (x, w).

The claim follows. '(

Consider now the dual cone U = {u ∈ Rq2
+ : u D = 0} of dimension r. As

u∗ > 0, u∗ ∈ relint(U ), by Carathéodory’s theorem u∗ can be expressed in the form
u∗ = r

j= λ∗
j u

j with λ∗ > 0 and u1, . . . , ur extreme rays of U spanning the linear
subspace LU = {u ∈ Rq2 : u D = 0}.

Let

R = {x ∈ Rn : Ax ≥ a, u j Bx ≥ u j d j = 1, . . . , r}, and

let Ropt = R ∩ {x : cx = cx∗}.
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Strong and compact relaxations in the original space using a compact extended formulation 75

Claim 1. projx Q ⊆ R.

Claim 2. u j Bx∗ = u j d for j = 1, . . . , r.

Specifically one has 0 = u∗(d − Bx∗ − Dw∗) = u∗(d − Bx∗) = r
j=1 λ∗

j u
j (d −

Bx∗). As λ∗ > 0 and u j Bx∗ ≥ u j d for j = 1, . . . , r, the claim follows.

Proposition 3

Y opt = Ropt.

Proof As Ax∗ = a and u j Bx∗ = u j d for j = 1, . . . , r, R = {x : x = x∗ + x̃, Ax̃ ≥
0, u j Bx̃ ≥ 0 for j = 1, . . . , r}. As in the proof of Proposition 2, if Ai x̃ > 0 or
u j Bx̃ > 0 for some i or j, then cx̃ = v∗ Ax̃ + r

j=1 λ∗
j u

j Bx̃ > 0, contradicting
optimality.

Thus,

Ropt = {x : x = x∗ + x̃, Ax̃ = 0, u j Bx̃ = 0}
= {x : x = x∗ + x̃, Ax̃ = 0, Bx̃ ⊥ L D}
= {x : x = x∗ + x̃, Ax̃ = 0, Bx̃ = Dµ}
= Y opt,

where the second equality follows from the fact that u1, . . . , ur span LU . '(

Thus, Proposition 3 shows that the family of inequalities generated by our decom-
position algorithm is rich enough to satisfy (i) above. Looking more closely at the
proof of the previous proposition, one crucial element is that u1, . . . , ur span the lin-
ear subspace LU = {u ∈ Rq2 : u D = 0}. We show next how to weaken this condition
to obtain a sufficient and necessary condition for Y opt = Ropt.

Each u in the dual cone U gives rise to a valid inequality u Bx ≥ ud. However, two
distinct u1, u2 might give rise to the same inequality, namely if (u1 − u2)B = 0, or
equivalently if (u1 − u2) is perpendicular to the image of the linear operator B (I m B,

equivalently the space generated by the columns of B). This shows that projecting u
orthogonally onto the subspace I m B will not modify the inequality obtained.

So let us define LV = projI m B(LU ), V = projI m B(U ) and v∗ = projI m B(u∗). We
have the two following results.

Proposition 4 u Bx ≥ ud is a facet of conv(X) if and only if projI m B(u) is an extreme
ray of the cone V .

Proposition 5 Let {vt }t=1,...,r be points in V such that v∗ = r
j= λ jv

j with λ > 0.

Then Qopt = Ropt if and only if v1, . . . , vr span the linear subspace LV .

To prove these two propositions, we need the following useful lemma. It essentially
says that different rays of the cone V yield different valid inequalities for X.

Lemma 6 If v1 B = v2 B and v1, v2 ∈ I m B, then v1 = v2.
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76 M. Van Vyve, L. A. Wolsey

Proof v1, v2 ∈ I m B means∃w1, w2 such thatv1 = Bw1 andv2 = Bw2.Substituting
for vi yields w1 BT B = w2 BT B or equivalently (w1 −w2)BT B = 0. Multiplying by
(w1 − w2) yields (w1 − w2)BT B(w1 − w2) = 0 or [B(w1 − w2)]T B(w1 − w2) = 0
which is only possible if B(w1 − w2) = 0. Substituting back v1 and v2 gives the
desired result. '(

Proof of Proposition 4 ⇒ Suppose that v = projI m B(u) is not an extreme ray of the
cone V so that there exist v1, v2 ∈ V with v1 $= v2 such that v = λv1 + (1 − λ)v2

with 0 < λ < 1 and therefore vB = λv1 B + (1 − λ)v2 B. By Lemma 6, v1 B $= v2 B
and therefore u Bx ≥ ud cannot be a facet.

⇐ Suppose that u Bx ≥ ud for u ∈ U is not a facet of conv(X) so that there exist
u1, u2 in U such that u B = λu1 B + (1−λ)u2 B with 0 < λ < 1 and u1 B $= u2 B. Let
v = projI m B(u), v1 = projI m B(u1) and v2 = projI m B(u2). Clearly vB = λv1 B +
(1 − λ)v2 B = (λv1 + (1 − λ)v2)B and therefore by Lemma 6, v = λv1 + (1 − λ)v2.

Since also v1 $= v2 (otherwise we would have u1 B = u2 B), v is not an extreme ray
of V . '(
Proof of Proposition 5 Proposition 4 implies that there is a linear bijection between
points in the cone V and valid inequalities of the form u Bx ≥ ud for u ∈ U. The
result follows. '(

These two propositions characterize the individual strength of inequalities (being a
facet or not) and collective strength of a family, respectively. However, they both rely
on V which is defined as the projection of U onto the subspace I m B. Unfortunately,
this projection step cannot be carried out efficiently from an algorithmic point of view.

The multi-commodity reformulation of a two-level production–transportation
problem

We consider a single-item 2-level uncapacitated production/transportation problem.
The time horizon is discretized in a finite number of periods, and for each period t
and client c, a nonnegative demand dc

t has to be met. Production is possible at several
production sites, and products are then transported to the clients. Holding inventory
is possible both at the production facilities and at the client sites. There are fixed
costs associated with production and transportation. A standard formulation uses the
following variables:

x p
t production level at facility p in period t,

y p
t binary setup variable associated with production level x p

t ,

s p
t inventory level at the end of period t at facility p,

X pc
t quantity transportated from facility p to client c in period t,

Y pc
t binary setup variable associated with X pc

t ,

Sc
t inventory level at the end of period t at client site c.

X2LS is the feasible set of the problem defined as follows:

min
p,k

bp
k x p

k +
p,c,k

B pc
k X pc

k +
p,k

q p
k y p

k +
p,c,k

Q pc
k Y pc

k (7)
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s p
t−1 + x p

t =
NC

c=1

X pc
t + s p

t ∀p, t, (8)

(2LS) Sc
t−1 +

NP

p=1

X pc
t = dc

t + Sc
t ∀c, t, (9)

x p
t ≤ My p

t ∀p, t, (10)

X pc
t ≤ MY pc

t ∀p, c, t, (11)

y ∈ {0, 1}NP×NT, Y ∈ {0, 1}NP×NC×NT
+ . (12)

We assume that initial stocks are zero in both the production sites and at the clients.
Note that should inventory costs appear explicitly in the objective function, they can
be eliminated by substituting a standard linear expression in the variables x, X and
the demands d.

Multi-commodity formulation

We now present a multi-commodity reformulation for the set X2LS. For each pair c, t,
the product used to satisfy the demand dc

t is viewed as a distinct product. Thus, we
introduce the following variables:

• w
pc
tu is the amount produced in period t at production site p to satisfy the demand

of client c in period u,
• W pc

tu is the amount transported from production site p to client c in period t to be
used to satisfy the demand in period u of client c,

• σ
pc

tu is the amount stocked at production site p at the end of period t to be used to
satisfy the demand in period u of client c,

• $c
tu is the amount stocked at client c at the end of period t to satisfy the demand

of period u.

The resulting multi-commodity formulation (MC) is as follows:

(MC) σ
pc

t−1,u + w
pc
tu = W pc

tu + σ
pc

tu ∀ p, c, t, u, with t ≤ u,

$c
t−1,u + p W pc

tu = dc
uδtu + $c

tu ∀ c, t, u, with t ≤ u,

w
pc
tu ≤ dc

u y p
t ∀ p, c, t, u, with t ≤ u,

W pc
tu ≤ dc

uY pc
t ∀ p, c, t, u, with t ≤ u,

x p
t =

NC

c=1

N T

u=t
w

pc
tu ∀ p, t,

z pc
t =

NT

u=t
W pc

tu ∀ p, c, t,

w
pc
tu , W pc

tu ,$c
tu, σ

pc
tu ∈ R1

+ ∀ p, c, t, u, with t ≤ u,

y ∈ {0, 1}NP×NT, Y ∈ ZNP×NC×NT
+ ,
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where δtu = 1 if t = u and δtu = 0 otherwise. Here, the first two sets of constraints
are flow balance constraints at production sites and client areas, the next two are the
tightened variable upper bound constraints, and the last two link the original production
and transportation variables to the corresponding multi-commodity variables.

Eliminating the stock variables, we obtain the equivalent formulation with which
we will work:

min
p,k

bp
k x p

k +
p,c,k

B pc
k X pc

k +
p,k

q p
k y p

k +
p,c,k

Q pc
k Y pc

k

x p
k −

NC

c=1

n

t=k
dc

t w
pc
kt ≥ 0 ∀ p, k, (u p

k )

X pc
k −

n

t=k
dc

t W pc
kt ≥ 0 ∀ p, c, k, (U pc

k )

y p
k − w

pc
kt ≥ 0 ∀ p, c, k, t, with k ≤ t, (v

pc
kt )

Y pc
t − W pc

tu ≥ 0 ∀ p, c, k, t with k ≤ t, (V pc
kt )

τ

k=1
w

pc
kt −

τ

k=1
W pc

kt ≥ 0 ∀ p, c, τ, t, with τ ≤ t, (γ
pc
τ t )

p

t

k=1
w

1pc
kt ≥ 1 ∀ c, t, (δc

t )

w
pc
kt , w

pc
kt ,∈ R1

+ ∀ p, c, t, u, with k ≤ t,

y ∈ RNP×NT
+ , Y ∈ RNP×NC×NT

+ ,

The dual is

max c t δc
t

u p
k ≤ bp

k ∀ p, k

U pc
k ≤ B pc

k ∀ p, c, k

c

n

t=k
v

pc
kt ≤ q p

k ∀ p, k

n

t=k
V pc

kt ≤ Q pc
k ∀ p, c, k

−dc
t u p

k − v
pc
kt +

t

τ=k
γ

pc
kt ≤ 0 ∀ p, c, k, t

−dc
t U p

k − V 1pc
kt −

t

τ=k
γ

pc
kt + δc

t ≤ 0 ∀ p, c, k, t

u, U, v, V, γ , δ ≥ 0

Now given an optimal solution (u∗, U∗, v∗, V ∗, γ ∗, δ∗), using the Decomposition
Algorithm described above, we decompose it as a nonnegative combination of the
extreme rays of the following cone:
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−dc
t u p

k − v
pc
kt +

t

τ=k

γ
pc

kt ≤ 0 ∀ p, c, k, t

−dc
t U p

k − V pc
kt −

t

τ=k

γ
pc

kt + δc
t ≤ 0 ∀ p, c, k, t

u, U, v, V, γ , δ ≥ 0

On termination at iteration T,

(u∗, U∗, v∗, V ∗, γ ∗, δ∗) =
T

t=1

λtσ
t

Taking σ t = (ū, Ū , v̄, V̄ , γ̄ , δ̄), the corresponding valid inequality is

p t

ū p
t x p

t +
p c t

Ū pc
t X pc

t +
p k c

n

t=k

v̄
pc
kt y p

k

+
p c k

n

t=k

V̄ pc
kt Y pc

k ≥
c t

δ̄c
t .

Example 7 The instance involves one production site, two clients and three periods.
d1 = (8, 3, 6) and d2 = (12, 7, 13). The formulation produced by the decomposition
algorithm is

Minimize x1
1 + 0.5x1

2 + 0.1x1
3 + 0.5X11

1 + 0.2X11
2 + 0.9X11

3 + X12
1 + 0.4X12

2 +
0.2X12

3 + y1
1 + 10y1

2 + 16y1
3 + Y 11

1 + 5Y 11
2 + 4Y 11

3 + Y 12
1 + 14Y 12

2 + 3Y 12
3

cut (1) : x1
1 + x1

3 + 22y1
2 + 7Y 12

2 ≥ 49

cut (2) : x1
1 + x1

2 + X11
3 + 13y1

3 ≥ 49

cut (3) : x1
1 + x1

2 + 19y1
3 ≥ 49

cut (4) : x1
1 + X11

3 + 16y1
2 + 13y1

3 + 6Y 11
2 + 7Y 12

2 ≥ 49

cut (5) : x1
1 + 22y1

2 + 19y1
3 + 7Y 12

2 ≥ 49

cut (6) : X12
1 + X12

2 + X12
3 ≥ 32

cut (7) : X12
1 + X12

2 + 13Y 12
3 ≥ 32

cut (8) : X12
1 + 7Y 12

2 ≥ 19

cut (9) : X12
1 + 20Y 12

2 + 13Y 12
3 ≥ 32

cut (10) : X11
1 + X11

2 + X11
3 ≥ 17
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cut (11) : X11
1 + X11

3 + 9Y 11
2 ≥ 17

cut (12) : y1
1 ≥ 1

cut (13) : Y 12
1 ≥ 1

cut (14) : Y 11
1 ≥ 1

In Rardin and Wolsey (1993), showed that the projection of the multi-commodity
formulation for a single item, single source fixed charge network flow problem consists
of “dicut” inequalities. Thus, each of the inequalities above has a simple explanation.
For example, letting dc

tu denote ( dc
( , cut(1) can be written as follows:

x1
1 + d1

2 Y 1
2 + (d1

3 + d2
23)y1

2 + x1
3 ≥ d1

13 + d2
13,

where the demand d2
2 is covered by the terms x1

1 + d2
2 y1

2 , the demand d1
2 by the terms

x1
1 + d1

2 Y 1
2 , etc.

Final remarks

The projection procedure outlined above provides a tool to display a variety of inequal-
ities in the original space. We have not yet succeeded in demonstrating the viability of
our approach for our second objective, namely providing a practically efficient com-
putational tool for the solution of instances for which the extended formulation is too
large for branch-and-bound/cut. Here certain difficulties still need to be overcome.
The first is that the number of extreme rays/cuts generated is very large and time
consuming as a linear program has to be solved to generate each cut. This raises the
question of whether it is possible to order the generation of the cuts, so that the most
important cuts (for bound improvement) are generated first. More generally one can
ask whether there are alternatives to the Schrijver algorithm for expressing a ray of a
polyhedral cone as a positive combination of its extreme rays.

References

Benders JF (1962) Partitioning procedures for solving mixed variables programming problems. Numer
Math 4:238–252

Conforti M, Cornuéjols G, Zambelli G (2010) Extended formulations in combinatorial optimization. 4OR
Q J Oper Res 8:1–48

Christof T, Loebel A (1997) Porta—a polyhedron representation transformation algorithm. Available at
http://typo.zib.de/opt-long-projects/Software/Porta/

Rardin R, Wolsey LA (1993) Valid inequalities and projecting the multicommodity extended formulation
for uncapacitated fixed charge network flow problems. Eur J Oper Res 71:95–109

Schrijver A (1986) Theory of linear and integer programming. Wiley, Hoboken
Vanderbeck F, Wolsey LA (2010) Reformulation and decomposition of integer programs. In: Jünger M et

al (eds) 50 Years of Integer Programming 1958–2008. Springer, Berlin, pp 431–502

123



CORE Reprints -- Recent titles 
 

 
2434. Thierry BRECHET and Stéphane LAMBRECHT. Renewable resource and capital with a joy-of-giving 

resource bequest motive. Resource and Energy Economics, 33(4), 981-994, 2011. 
2435.  Thierry BRECHET, Julien THENIE, Thibaut ZEIMES and Stéphane ZUBER. The benefits of cooperation 

under uncertainty: the case of climate change. Environmental Modeling Assessment, 17(1-2), 149-162, 2012. 
2436. Pascal MOSSAY and Pierre M. PICARD. On spatial equilibria in a social interaction model. Journal of 

Economic Theory, 146(6), 2455-2477, 2011. 
2437. Frederic MURPHY and Yves SMEERS. Withholding investments in energy only markets: can contracts 

make a difference? Journal of Regulatory Economics, 42(2), 159-179, 2012. 
2438. Jean-François MERTENS and Anna RUBINCHIK. Intergenerational equity and the discount rate for policy 

analysis. Macroeconomic Dynamics, 16(1), 61-93, 2012. 
2439. Nicolas GILLIS and François GLINEUR. On the geometric interpretation of the nonnegative rank. Linear 

Algebra and its Applications, 437(11), 2685-2712, 2012. 
2440. Clothilde LESPLINGART, Christophe MAJOIS and Mikael PETIJEAN. Liquidity and CDS premiums on 

European companies around the Subprime crisis. Review of Derivatives Research, 15(3), 257-281, 2012. 
2441.  David BARDEY, Chiara CANTA and Jean-Marie LOZACHMEUR. The regulation of health care providers’ 

payments when horizontal and vertical differentiation matter. Journal of Health Economics, 31(5), 691-704, 
2012. 

2442. Jan JOHANNES, Sébastien VAN BELLEGEM and Anne VANHEMS. Iterative regularisation in 
nonparametric instrumental regression. Journal of Statistical Planning and Inference, 143(1), 24-39, 2013. 

2443. Kris BOUDT, Christophe CROUX and Sébastien LAURENT. Outlyingness weighted covariation. Journal of 
Financial Econometrics, 9(4), 657-684, 2011. 

2444. Marie-Louise LEROUX and Pierre PESTIEAU. The political economy of derived pension rights. 
International Tax and Public Finance, 19(5), 753-776, 2012. 

2445. Marion LETURCQ. Will you civil union me? Taxation and civil unions in France. Journal of Public 
Economics, 96(5-6), 541-552, 2012. 

2446. Ali EMROUZNEJAD, Mohsen ROSTAMY-MALKHALIFEH, Adel HATAMI-MARBINI and Madjid 
TAVANA. General and multiplicative non-parametric corporate performance models with interval ratio data. 
Applied Mathematical Modelling, 36(11), 5506-5514, 2012. 

2447.  Adel HATAMI-MARBINI, Madjid TAVANA, Masoumeh MORADI and Fatemeh KANGI. A fuzzy group 
Electre method for safety and health assessment in hazardous waste recycling facilities. Safety Science, 51(1), 
414-426, 2013. 

2448. Florence GOFFETTE-NAGOT, Isabelle REGINSTER and Isabelle THOMAS. Spatial analysis of residential 
land prices in Belgium: accessibility, linguistic border, and environmental amenities. Regional Studies, 45(9), 
1253-1268, 2011. 

2449.  Raouf BOUCEKKINE, Giorgio FABBRI and Patrick PINTUS. On the optimal control of a linear neutral 
differential equation arising in economics. Optimal Control Applications and Methods, 33(5), 511-530, 2012. 

2450. Raouf BOUCEKKINE and Patrick A. PINTUS. History’s a curse: leapfrogging, growth breaks and growth 
reversals under international borrowing without commitment. Journal of Economic Growth, 17(1), 27-47, 
2012. 

2451.  Jean HINDRIKS. Political failures and intergovernmental competition. Economics Research International, 
Article ID409135, 2012. 

2452. Pierre PESTIEAU and Gregory PONTHIERE. Myopia, regrets and risky behaviors. International Tax and 
Public Finance, 19(2), 288-317, 2012. 

2453. Samih ZEIN, Benoît COLSON and François GLINEUR. An efficient sampling method for regression-based 
polynomial chaos expansion. Communication in Computation Physics, 13(4), 1173-1188, 2013. 

2454. Pierre DEHEZ. Cooperative provision of indivisible public goods. Theory and Decision, 74(1), 13-29, 2013. 
2455. Axel GAUTIER and Xavier WAUTHY. Competitively neutral universal service obligations. Information 

Economics and Policy, 24(3-4), 254-261, 2012. 
2456. Jean-Pierre FLORENS, Jan JOHANNES and Sébastien VAN BELLEGEM. Instrumental regression in 

partially linear models. Econometrics Journal, 15(2), 304-324, 2012. 
  



2457. Per J. AGRELL, Peter BOGETOFT and Misja MIKKERS. Smart-grid investments, regulation and 
organization. Energy Policy, 52, 656-666, 2013. 

2458. Camille COTTEELS, Dominique PEETERS, Philippe A. COUCKE et Isabelle THOMAS. Localisation des 
centres de radiothérapie: une analyse géographique exploratoire pour la Belgique. Cancer/Radiothérapie, 
16(7), 604-612, 2012. 

2459.  Pierre M. PICARD and Toshihiro OKUBO. Firms’ locations under demand heterogeneity. Regional Science 
and Urban Economics, 42(6), 961-974, 2012. 

2460. Jean J. GABSZEWICZ and Xavier Y. WAUTHY. Nesting horizontal and vertical differentiation. Regional 
Science and Urban Economics, 42(6), 998-1002, 2012. 

2461. Jean J. GABSZEWICZ and Joana RESENDE. Differentiated credence goods and price competition. 
Information Economics and Policy, 24(3-4), 277-287, 2012. 

2462. Helmuth CREMER, Firouz GAHVARI and Pierre PESTIEAU. Accidental bequests: a curse for the rich and 
a boon for the poor. Scandinavian Journal of Economics, 114(4), 1437-1459, 2012. 

2463. Julio DAVILA, Jay H. HONG, Per KRUSSEL and José-Victor RIOS-RULL. Constrained efficiency in the 
neoclassical growth model with uninsurable idiosyncratic shocks. Econometrica, 80(6), 2431-2467, 2012. 

2464. Pierre PESTIEAU and Grégory PONTHIERE. The public economics of increasing longevity. Hacienda  
Pủblica Española/Review of Public Economics, 200(1), 41-74, 2012. 

2465. Saber SAATI, Adel HATAMI-MARBINI, Madjid TAVANA and Per J. AGRELL. A fuzzy data 
envelopment analysis for clustering operating units with imprecise data. International Journal of Uncertainty, 
Fuzziness and Knowledge-Based Systems, 21(1), 29-54, 2013. 

2466. Helmuth CREMER, Pierre PESTIEAU and Grégory PONTHIERE. The economics of long-term care: a 
survey. Nordic Economic Policy Review, 2/2012, 107-148, 2012. 

2467. Catherine KRIER, Michel MOUCHART and Abderrahim OULHAJ. Neural modelling of ranking data with 
an application to stated preference data. Statistica, LXXII(3), 255-269, 2012. 

2468. Isabelle THOMAS and Pierre FRANKHAUSER. Fractal dimensions of the built-up footprint: buildings 
versus roads. Fractal evidence from Antwerp (Belgium). Environment and Planning B: Planning and Design, 
40(2), 310-329, 2013. 

2469. Luc BAUWENS and Giuseppe STORTI. Computationally efficient inference procedures for vast dimensional 
realized covariance models. In M. Grigoletto et al. (eds.), Complex Models and Computational Methods in 
Statistics, 37-49, 2013. 

2470. Jens Leth HOUGAARD, Juan D. MORENO-TERNERO and Lars Peter ØSTERDAL. Rationing in the 
presence of baselines. Social Choice and Welfare, 40(4), 1047-1066, 2013. 

2471. Juan D. MORENO-TERNERO. A new analysis of a simple model of fair allocation. Economics Letters, 
118(2), 393-395, 2013. 

2472. Jens Leth HOUGAARD, Juan D. MORENO-TERNERO, Lars Peter ØSTERDAL. A new axiomatic 
approach to the evaluation of population health. Journal of Health Economics, 32(3), 515-523, 2013. 

2473. Pierre DEHEZ and Samuel FEREY. How to share joint liability: A cooperative game approach. 
Mathematical Social Sciences, 66(1), 44-50, 2013. 

2474. Farhad Hosseinzadeh LOTFI, Adel HATAMI-MARBINI, Per J. AGRELL, Nazila AGHAYI and Kobra 
GHOLAMI. Allocating fixed resources and setting targets using a common-weights DEA approach. 
Computers & Industrial Engineering, 64(2), 631-640, 2013.   

2475. Adel HATAMI-MARBINI, Madjid TAVANA, Saber SAATI and Per J. AGRELL. Positive and normative 
use of fuzzy DEA-BCC models: a critical view on NATO enlargement. International Transactions in 
Operational Research, 20(3), 411-433, 2013. 

2476. Jean J. GABSZEWICZ, Filomena GARCIA, Joana PAIS and Joana RESENDE. On Gale and Shapley 
“college admissions and the stability of marriage”. Theoretical Economics Letters, 2012(2), 291-293, 2012. 

2477. Jean-François CAULIER, Ana MAULEON and Vincent VANNETELBOSCH. Contractually stable 
networks. International Journal of Game Theory, 42(2), 483-499, 2013. 

2478. Thierry BRECHET, Pierre-André JOUVET and Gilles ROTILLON. Tradable pollution permits in dynamic 
general equilibrium: can optimality and acceptability be reconciled? Ecological Economics, 91, 89-97, 2013. 

2479. Thierry BRECHET, Natali HRITONENKO and Yuri YATSENKO. Adaptation and mitigation in long-term 
climate policy. Environmental & Resource Economics, 55(2), 217-243, 2013. 

2480. Mathieu VAN VYVE and Laurence A. WOLSEY. Strong and compact relaxations in the original space using 
a compact extended formulation. EURO Journal on Computational Optimization, 1(1), 71-80, 2013. 


	premiere2480
	 premiere_address
	Wolsey_VanVyve
	derniere2480

