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Abstract

In this paper we propose a mixed integer bilevel problem having a probabilistic knapsack constraint
in the first level. The problem formulation is mainly motivated by practical pricing and service
provision problems as it can be interpreted as a model for the interaction between a service provider
and clients. We assume the probability space to be discrete which allows us to reformulate the
problem as a deterministic equivalent bilevel problem. Via a reformulation as linear bilevel problem,
we obtain a quadratic optimization problem, the so called Global Linear Complementarity Problem.
Based on this quadratic problem, we finally propose a procedure to compute upper bounds on the
initial problem by using a Lagrangian relaxation and an iterative linear minmax scheme.

Keywords: Bilevel, Stochastic, Optimization

1 Introduction

In network markets, service providers are increasingly presented with optimization problems including
not only usual network constraints but also market interactions with competitors [2]. These problems
are hardly ever separated: on the one hand, one cannot fully optimize the capacity or reliability of a
given network without knowing the demand. On the other hand, one cannot properly adapt its prices
to the market if its network is fixed, since the demand will most likely vary according to the prices. It
is therefore natural to formulate the problem of pricing one’s services under the network constraints at
hand as a bilevel optimization problem [3]: while the leader (e.g. a service provider) maximizes its profit,
the follower (e.g. customers) minimizes the cost of the services by choosing among a set of competitors.
The follower problem is hence a constraint of the leader problem.
Our study of this problem is restricted to the linear case. In order to reflect uncertainty on the actual use
of the services provided and, in doing so, further optimize the profit of the leader, we model the leader’s
capacity to serve the clients by a probabilistic constraint:

(SLBP) max
x

ct1x+ dt1y (1a)

s.t. P{wt(ω)x ≤ s(ω)} ≥ (1− α), (1b)
0 ≤ x ≤ 1nx

, (1c)

y ∈ arg max
y

ct2x+ dt2y, (1d)

s.t. Ax+By ≤ b, (1e)
y ≥ 0. (1f)
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where x (resp. y) is the vector of nx (resp. ny) decision variables of the leader (resp. follower), c1, c2,∈
Rnx , d1, d2 ∈ Rny , A ∈ Rm×nx , B ∈ Rm×ny , b ∈ Rm and 0 < α ≤ 1. 1n denotes the vector of ones of
dimension n. The components of w(ω) ∈ Rnx

+ and the right hand side s(ω) ∈ R are random variables
that all depend on the realization ω of the probability space Ω.
Both the objective function of the leader (1a) and the follower (1d) depend on the leader’s strategy x
and the follower’s strategy y. The probabilistic knapsack constraints (1b) ensure that customers will be
served with a α risk. Constraints (1e) are relative to the demand of the customers.
Let us now illustrate this formulation with a real-world application: a mobile phone or internet provider
grants capacities on a network to multiple customers, who maximize their profit (1d) while routing their
demand on the provider’s network (1e). The follower’s maximization reduces to choosing between the
leader and the competition. Each client is entitled to a given bandwidth, which is modeled by x. The
leader charges clients so as to obtain an optimal trade-off between the number of clients and prices (1a).
To do so, the leader must take into account the prices of the competition but also the capacity s(ω) of
its network. However, typically, customers only use a fraction w(ω) of the granted capacity. Therefore it
is often the case that the network is not fully utilized. To further optimize the load of the network, it is
possible to use stochastic knapsack constraints (1b) to model an overbooked network with a given risk of
overload.
Throughout, we will assume the probability space Ω to be discrete, i.e. having only a finite number
of realizations, called scenarii. From a practical point of view, one can imagine the service provider
to lend capacity in packages rather than continuously, i.e. customers have to choose between several
options of maximal needed capacity. If, in contrary, the customers are free to use the network to route
their commodities, i.e. if the actual probability space is continuous, our assumption and the resulting
problem reformulations might nevertheless be helpful as one could approximate the probability space by
generating a finite number of representative scenarii. From a theoretical point of view, assuming a finite
sample space has the advantage that in most cases the problem can be reformulated as a deterministic
equivalent problem by treating the constraints for every scenario separately. We will make use of this
property in section 2. In section 3, we further transform the problem so as to obtain a quadratic mixed
integer program. Finally, in section 4, we suggest a method to compute upper bounds on the initial
problem using Lagrange relaxation and an iterative minmax scheme.

2 From SLBP to the (Deterministic Equivalent) Linear Bilevel
Problem (LBP )

As we consider the case where the sample space Ω is finite, ω has only a finite number of scenarii ω1, ..., ωK .
Let us define pk := P{ω = ωk}, then

K∑
k=1

pk = 1, pk ≥ 0

For each scenario ωk, k = 1, . . . ,K we introduce an auxiliary binary variable zk as follows:

zk =
{

0 if the scenario is considered
1 otherwise

We shall simplify the notations by defining for all k = 1, . . . ,K:

wk := w (ωk) , sk := s (ωk) , wk :=
(
wk1 , ..., w

k
n

)
For all k = 1, . . . ,K, we define Mk such that

Mk :=
nx∑
i=1

wki − sk

2



Thus, problem (1) can be reformulated as the following mixed integer optimization problem:

(MILBP) max
x,z

ct1x+ dt1y

s.t. wtkx ≤ sk +Mkzk, k = 1, . . . ,K, (2a)

ptz ≤ α, (2b)
0 ≤ x ≤ 1nx , (2c)

z ∈ {0, 1}K , (2d)

y ∈ arg max
y

ct2x+ dt2y, (2e)

s.t. Ax+By ≤ b, (2f)
y ≥ 0. (2g)

Constraints (2a) ensure that, if scenario ωk is not covered (i.e. zk = 1), then the adopted strategy x
does not have to respect the knapsack constraint for this scenario. However, as per constraint (2b), the
probability of occurrence of the uncovered scenarii must be below the risk α.
Note that in (2a), it is equivalent to use a single M such that M = maxk=1,...,KMk, but when relaxing
(2d) into (3d), using multiple Mk should prove more efficient from a polyhedral point of view.
As shown in [4], we can now reformulate the mixed integer bilevel problem (2) as a linear one:

(LBP) max
x,z

ct1x+ dt1y

s.t. wtkx ≤ sk +Mkzk, k = 1, . . . ,K, (3a)

ptz ≤ α, (3b)
0 ≤ x ≤ 1nx , (3c)
0 ≤ z ≤ 1K , (3d)
v = 0, (3e)

(y, v) ∈ arg max
y,v

ct2x+ dt2y + (1K)tv, (3f)

s.t. Ax+By ≤ b, (3g)
v ≤ z, (3h)
v ≤ 1K − z, (3i)
y ≥ 0. (3j)

where dim(v) = dim(z) = K.

Definition 2.1. We denote (x̃, z̃, ỹ) (resp. (x̃, z̃, ỹ, ṽ)) a feasible solution for problem (2) (resp. problem
(3)) if all first and second level constraints are satisfied. A rational solution of problem (2) (resp. (3))
is a feasible solution such that ỹ (resp. (ỹ, ṽ)) is optimal for the second level problem with parameters x̃
and z̃.

Proposition 2.2 (see Proposition 3.2. of [1]).

1.) Let (x∗, z∗, y∗, v∗) be a rational optimal solution of LBP (3). Then v∗ = 0 and (x∗, z∗, y∗) is a
rational optimal solution of MILBP (2).

2.) Let (x∗, z∗, y∗) be a rational optimal solution of MILBP (2). Then (x∗, z∗, y∗, 0) is a rational optimal
solution of LBP (3).

Proof. Proof of 1.): By constraint (3e), we have v∗ = 0. If (x∗, z∗, y∗, 0) is a rational solution, then by
its optimality for the second level problem, we have 0 = v∗ = min(1K − z∗, z∗), so z∗ ∈ {0, 1}K . Thus,
(x∗, y∗, z∗) is feasible for problem (2). By optimality of (x∗, y∗, z∗, v∗ = 0), (x∗, y∗, z∗) is also optimal for
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problem (2).
Proof of 2.): It is easy to see that (x∗, z∗, y∗, 0) is a rational solution of problem (3). From 1.) we
know that every rational optimal solution (x∗, z∗, y∗, v∗) of problem (3) satisfies v∗ = 0. It follows that
(x∗, z∗, y∗, 0) is an optimal solution of problem (3).

3 From LBP to the Global Linear Complementarity Problem
(GLCP )

We will now continue the transformation process by reformulating the LBP into a GLCP as described
in [1]. We therefore need the dual of the follower problem (3f)-(3j):

(DFP) min
λ,µ1,µ2

λt(b−Ax) + µ1z + µ2(1K − z),

s.t. Btλ ≥ d2, (4a)
IKµ1 + IKµ2 ≥ 1K , (4b)
λ, µ1, µ2 ≥ 0. (4c)

where λ ∈ Rm (resp. µ1 ∈ RK , µ2 ∈ RK) is the dual variable of (3g) (resp. (3h), (3i)). We also need
the corresponding complementary slackness conditions to ensure the optimality of DFP :

λt(b−Ax−By) = 0 yt(Btλ− d2) = 0

µt1(z − v) = 0 vt(IKµ1 + IKµ2 − 1K) = 0

µt2(1K − z − v) = 0

We obtain the following equivalent GLCP which is no longer a bilevel problem[1]:

(GLCP) max
x,y,z,λ,µ1,µ2

ct1x+ dt1y

s.t. wtkx ≤ sk +Mkzk, k = 1, . . . ,K, (5a)

ptz ≤ α, (5b)
Ax+By ≤ b, (5c)

Btλ ≥ d2, (5d)
IKµ1 + IKµ2 ≥ 1K , (5e)

λt(b−Ax−By) = 0, (5f)

µt1z = 0, (5g)

µt2(1K − z) = 0, (5h)

yt(Btλ− d2) = 0, (5i)
0 ≤ x ≤ 1nx

, 0 ≤ z ≤ 1K (5j)
y, λ, µ1, µ2 ≥ 0. (5k)

Note that in this formulation the decision variable v has been eliminated due to the fact that v = 0.
Up to this point, all reformulations have been equivalent, i.e. by solving the quadratic problem (5) we
get an optimal solution of the initial, stochastic bilevel problem (2) (provided that the probability space
is discrete). Solving a generally nonconvex problem such as (5) directly is hard. Instead, we propose a
method to compute upper bounds by relaxing it into a linear minmax problem.
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4 Calculating upper bounds using Lagrangian relaxation

We relax the quadratic terms (5f), (5g), (5h) and (5i) of the (GLCP) into the objective function, using
λ, µ1 and µ2 as a kind of Lagrange multipliers:

L(x, y, z, λ, µ1, µ2) = ct1x+ dt1y + λt(b−Ax−By) + µt1z + µt2(1K − z) + yt(Btλ− d2)

Then the Lagrangian relaxation of problem (5) becomes

(LGN) min
λ,µ1,µ2

max
x,y,z

L(x, y, z, λ, µ1, µ2)

s.t. wtkx ≤ sk +Mkzk, k = 1, . . . ,K, (6a)

ptz ≤ α, (6b)
Ax+By ≤ b, (6c)

Btλ ≥ d2, (6d)
IKµ1 + IKµ2 ≥ 1K , (6e)
0 ≤ x ≤ 1nx , 0 ≤ z ≤ 1K , (6f)
y, λ, µ1, µ2 ≥ 0. (6g)

Proposition 4.1. Let (x∗, y∗, z∗, λ∗, µ∗1, µ
∗
2) be an optimal solution of problem (6).

Then L(x∗, y∗, z∗, λ∗, µ∗1, µ
∗
2) is an upper bound on the optimal solution value of problem (5)

In order to practically solve problem (6), we use an iterative minmax scheme. More precisely, in
iteration N ≥ 1 we solve one after another the following two linear problems:

• The lagrangian subproblem (LGNs(N)), maximized over the primal variables. In each iteration, an
auxiliary constraint is added to enforce the decrease of its optimal solution.

• Problem (LGNd(N)), which is composed of (4) with additional constraints to enforce the increase
of its optimal solution.

The process stops when γ = β, i.e. when the optimal is found.

(LGNs(N))

max
β,x,y,z

β

s.t. β ≤ L(x, y, z, λq, µq1, µ
q
2)

q = 0, . . . , N − 1, (7a)

wtkx ≤ sk +Mkzk

k = 1, . . . ,K, (7b)

ptz ≤ α, (7c)
Ax+By ≤ b, (7d)
0 ≤ x ≤ 1nx

, (7e)
0 ≤ z ≤ 1K , (7f)
y ≥ 0, (7g)

(LGNd(N))

min
γ,λ,µ1,µ2

γ

s.t. γ ≥ L(xq, yq, zq, λ, µ1, µ2)
q = 1, . . . , N, (8a)

Btλ ≥ d2, (8b)
IKµ1 + IKµ2 ≥ 1K , (8c)
λ, µ1, µ2 ≥ 0. (8d)

where (xq, yq, zq) is an optimal solution of problem LGNs(q) (q = 1, . . . , N), (λq, µq1, µ
q
2) is feasible for

problem (6) if q = 0 and it is an optimal solution of problem LGNd(q) if q ≥ 1. The following proposition
can be easily verified:

Proposition 4.2. Let N ≥ 1. Then
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• problem LGNs(N) gives an upper bound on the Lagrangian relaxation (6) as well as on the initial
problem (5); and

• problem LGNd(N) gives a lower bound on the Lagrangian relaxation (6).

It follows that in every iteration we get an upper bound that never increases due to the addition of
an inequality. Unfortunately, this is not sufficient to prove the convergence of the scheme as we might be
stuck on an upper bound that is not the optimal solution of problem (6).

5 Conclusion

We study a novel stochastic bilevel problem with probabilistic knapsack constraints, which can be used
to jointly optimize network resources and service pricing. The initial problem is transformed into an
equivalent quadratic problem, which, in turn, is relaxed into a linear minmax problem. An iterative
approach applied to the latter allows us to find upper bounds of the original stochastic bilevel problem.
Future work will consist in improving the minmax scheme in order to find better bounds and/or to prove a
convergence of this iterative procedure towards the optimal solution of either the linear minmax problem
or even the initial problem. Numerical experiments on randomly generated data are in preparation.
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