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Abstract

We consider a bilevel continuous knapsack problem where the leader controls the capacity
of the knapsack and the follower chooses an optimal packing according to his own profits,
which may differ from those of the leader. To this bilevel problem, we add uncertainty in
a natural way, assuming that the leader does not have full knowledge about the follower’s
problem. More precisely, adopting the robust optimization approach and assuming that the
follower’s profits belong to a given uncertainty set, our aim is to compute a solution that
optimizes the worst-case follower’s reaction from the leader’s perspective. By investigating
the complexity of this problem with respect to different types of uncertainty sets, we make
first steps towards better understanding the combination of bilevel optimization and robust
combinatorial optimization. We show that the problem can be solved in polynomial time for
both discrete and interval uncertainty, but that the same problem becomes NP-hard when
each coefficient can independently assume only a finite number of values. In particular, this
demonstrates that replacing uncertainty sets by their convex hulls may change the problem
significantly, in contrast to the situation in classical single-level robust optimization. For
general polytopal uncertainty, the problem again turns out to be NP-hard, and the same is
true for ellipsoidal uncertainty even in the uncorrelated case. All presented hardness results
already apply to the evaluation of the leader’s objective function.
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1 Introduction

Bilevel optimization has received increasing attention in the last decades. The aim is to
model situations where certain decisions are taken by a so-called leader, but then one or
more followers optimize their own objective functions subject to the choices of the leader.
The follower’s decisions in turn influence the leader’s objective, or even the feasibility of her
decisions. The objective is to determine an optimal decision from the leader’s perspective.
In general, bilevel optimization problems are very hard to solve. Even in the case that both
objectives and all constraints are linear, the bilevel problem turns out to be strongly NP-
hard in general [17]. Several surveys and books on bilevel optimization have been published
recently, e.g., [9,11,12].

Our research is motivated by complexity questions. We investigate whether—and in which
cases—taking uncertainty of some problem parameters into account renders a bilevel opti-
mization problem significantly harder, where we focus on the robust optimization approach.
In this approach, the uncertain parameters are specified by so-called uncertainty sets which
contain all possible (or likely) values the parameters can attain; the aim is to find a solution
that is feasible in each of these scenarios and that optimizes the worst case. Typical types
of uncertainty sets that are used in robust optimization are finite sets, (general or special)
polytopes, and ellipsoids.

In our investigation of the bilevel continuous knapsack problem, we only consider uncer-
tainty in the coefficients of the follower’s objective function. This is a very natural setting in
bilevel optimization, as in practice the leader often does not know the follower’s objective
function precisely. A few other possible combinations of bilevel and robust optimization
should be mentioned, in contrast to ours, as it can make a big difference what parameters
are uncertain and from whose perspective. As already mentioned, we will investigate the
case of an uncertain follower’s objective function from the leader’s perspective. One could
also look at uncertainty in the leader’s objective function (still from the leader’s perspective)
which corresponds to the single-level robust optimization setting with uncertain objective,
ignoring the bilevel structure of the leader’s problem. Yet another option would be to make
the follower’s problem uncertain in the single-level robust optimization sense, i.e., to assume
that the follower’s objective function is uncertain to the follower himself. In our opinion, the
setting we chose is the most natural one and also the most interesting one because no results
from single-level robust optimization can be applied directly.

Due to the hardness of deterministic bilevel optimization, it is not surprising that relatively
few articles dealing with bilevel optimization problems under uncertainty, in particular using
the robust optimization approach, have been published so far. In [8], the authors consider
bilevel problems with linear constraints and a linear follower’s objective, while the leader’s
objective is a polynomial. The robust counterpart of the problem, with interval uncertainty in
the leader’s and the follower’s constraints, is solved via a sequence of semidefinite program-
ming relaxations. In [26], a bilevel linear programming problem with the follower’s objective
vector lying in a polytopal uncertainty set is considered. A vertex enumeration approach is
combined with a global optimality test based on an inner approximation method. Similar
models have also been considered in a game-theoretic context; see, e.g., [20]. More literature
has been published on the stochastic optimization approach to bilevel optimization under
uncertainty, where (some of) the problem’s parameters are assumed to be random variables
and the aim is to determine a solution optimizing the expected objective value; see, e.g., [18]
and the references therein.
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Contrary to our setting of an uncertain follower’s objective function, one can assume that
the leader knows the follower’s objective function precisely, but that the follower does not
necessarily choose his optimal solution. This leads to a closely related mathematical model,
which corresponds to situations where the follower acts with so-called bounded rational-
ity; this framework is also known as decision variable uncertainty. Multilevel optimization
problems in which lower-level decision makers might deviate from their optimal values by
a small amount are investigated in [2,3] under the notion of “near-optimal robustness”. The
authors show that the complexity does not increase when adding this type of uncertainty to
a model [3]. Similarly, in [29], it is assumed that the follower may choose a solution that
is suboptimal to some degree in order to worsen the leader’s objective value. The setting of
[29] can be seen as a generalization of both pessimistic bilevel optimization and single-level
robust optimization.

In classical single-level robust optimization, even in the case of uncertainty concerning
only the objective function, some classes of uncertainty sets may lead to substantially harder
robust counterparts, e.g., finite uncertainty sets in the context of combinatorial optimization
[24]. In other cases, the robust counterparts can be solved by an efficient reduction to the
underlying certain problem. This is true in particular for the case of interval uncertainty, where
each coefficient may vary independently within some given range. In this case, each interval
may be replaced by one of its endpoints, depending on the direction of optimization, so that
the robust counterpart is not harder than the underlying certain problem. For an overview of
complexity results in robust combinatorial optimization under objective uncertainty, we refer
the reader to the recent survey [5] and the references therein. We will show that the situation
in case of interval uncertainty is more complicated in our robust bilevel optimization setting.

We concentrate on a bilevel continuous knapsack problem where the leader only controls
the capacity, while the follower chooses the items, optimizing his own objective function.
Without uncertainty, this problem is easy to solve, which makes it a good starting point
for addressing the question of how much harder bilevel optimization problems can become
when adding uncertainty. As mentioned above, linear bilevel optimization problems are NP-
hard in general. As a general approach, not using any problem-specific information, bilevel
problems are usually reformulated as single-level problems before being solved. For example,
if the follower’s problem is a linear program, it can be replaced by its Karush-Kuhn-Tucker
conditions, allowing for a branch-and-bound or branch-and-cut approach that branches over
the resulting complementarity constraints; see, e.g., [16,23]. However, the bilevel continuous
knapsack problem can be solved in polynomial time by a direct combinatorial algorithm; see
Sect. 2.

We only deal with the continuous problem version, i.e., the follower solving a continuous
knapsack problem, which is also discussed in [12] as an introductory example. The variant
of this problem where the follower solves a binary knapsack problem instead is introduced
in [13] and further investigated in [4]. Both articles devise pseudopolynomial algorithms
for the problem. Other variants of bilevel knapsack problems include one where leader and
follower each control a subset of the items and pack them into a common knapsack of fixed
capacity [25], and one where leader and follower each have their own knapsack, but choose
items from a common item set [14]. All three variants are also investigated in [6] in terms
of complexity and approximability. Algorithms for the continuous version of the problem in
[14] can be found in [7,15]. A stochastic version of the bilevel knapsack problem of [13] is
considered in [30]: it is assumed that the capacity in the follower’s problem depends on the
leader’s decision as well as an uncertain value, which is drawn from a discrete probability
distribution.
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A practical motivation to investigate the bilevel continuous knapsack problem under uncer-
tainty is the possible application in revenue management that is also described in [4] and [25]
for the respective variants of bilevel knapsack problems: the leader, who might be an investor
or a company, hands a part of her savings over to the follower, an intermediary, who invests it,
maximizing his own profit and giving back part of the returns to the leader. It is very natural
to consider continuous variables in this application. Moreover, it is reasonable to consider the
follower’s objective uncertain, due to the inherent risk of investments and hence the investor’s
uncertainty about the intermediary’s assessment of the expected returns.

While the certain bilevel continuous knapsack problem is easily solvable, it becomes
much more involved when adding uncertainty in the follower’s objective. It turns out that
the interval uncertainty setting requires to deal with partial orders, more precisely, with the
interval orders induced by the relations between the follower’s profit ranges. Adapting an
algorithm by Woeginger [28] for some precedence constraint knapsack problem, we show
that the problem can still be solved in polynomial time. We also discuss why the case of
finite uncertainty sets is tractable as well. For many other types of uncertainty sets, the robust
bilevel continuous knapsack problem turns out to be NP-hard, and the same is true even for
the problem of evaluating the leader’s objective function, i.e., the adversary’s optimization
problem. We are able to show this for all common types of uncertainty sets and even special
cases of them: we consider simplices as uncertainty sets, thus settling the more general cases
of polytopal and Gamma-uncertainty, and uncertainty sets defined by norms, which includes
the case of ellipsoidal uncertainty. For an overview and formal definitions of these classes of
uncertainty sets, see, e.g., [5].

Our results also emphasize another significant difference to classical robust optimization:
in general, it is not possible anymore to replace the uncertainty set by its convex hull and thus
assume convexity without loss of generality. In fact, when restricting the possible scenarios
in the interval case to the endpoints of the intervals, we show that the problem turns NP-hard.
More precisely, the problem is NP-hard when the input consists of a finite set of realizations
for each coefficient and these realizations arise independently.

The remainder of this paper is organized as follows. In Sect. 2, we introduce and discuss
the certain variant of the problem. We then settle the cases of finite uncertainty sets in Sect. 3
and interval uncertainty in Sect. 4. The discrete uncorrelated case, where each coefficient
varies in a finite set independently, is discussed in Sect. 5. Finally, uncertainty sets defined
as simplices (Sect. 6) or by norms (Sect. 7) are discussed. Section 9 concludes.

2 Underlying certain problem
2.1 Problem formulation

We first discuss the deterministic variant of the bilevel optimization problem under con-
sideration, in which the follower solves a continuous knapsack problem, while the leader
determines the knapsack’s capacity and optimizes another linear objective function than the
follower. This problem is also discussed in [12], but we replicate the formulation and the
algorithm here for sake of completeness.

First recall that an important issue in bilevel optimization is that the follower’s optimal
solution is not necessarily unique, but the choice among the optimal solutions might have an
impact on the leader. The two main approaches here are the optimistic and the pessimistic
one. In the former case, the follower is assumed to decide in favor of the leader, whereas in the

@ Springer



Journal of Global Optimization (2022) 83:803-824 807

latter case, he chooses the optimal solution that is worst for the leader. For more details, see,
e.g., [12,27]. While often only the optimistic approach is considered, we will focus on the
pessimistic one in this paper, since it combines more naturally with the concept of robustness
that will be added to the problem later on. Indeed, both the pessimistic view of the follower
and the robustness force the leader to consider the worst case with respect to some set of
choices. However, all our results hold for the optimistic approach as well, making only small
changes to the proofs necessary, which will be sketched for every result.

The pessimistic version of the problem, without uncertainty, can be formulated as follows,
where the minimization over x represents the leader’s pessimism about the follower’s choice
among his optimal solutions:

belbopry  MIn dTx —5b
S.t. X € argmax c'x (P)
s.t. a'x <b
0<x<l1

The leader’s only variable is b € R, which can be considered as the knapsack’s capacity.
The follower’s variables are x € R”, i.e., the follower fills the knapsack with a subset of
the objects, where also fractions are allowed. The item sizes a € R>0, the follower’s item
values ¢ € R”, the capacity bounds b~, b™ € R as well as the leader’s item values d € R,
and a number § > 0 are given. The latter can be thought of as a price the leader has to pay
for providing one unit of knapsack capacity. We may assume 0 < b~ < b™ < 3% , ¢
and a > 0.

For a given leader’s choice b, due to the assumptions 0 < b < Z?:l a; and ¢ > 0, every
optimal solution of the follower’s problem satisfies a ' x = b. This can be used to show that
the following three ways to formulate the leader’s objective function are equivalent:

(a) d € R" and § € R, the most general variant,
(b) d e RY ) and § > 0, as in the problem formulation above, and
(c) d € R" and § = 0, which we will use in the following.

Clearly, (b) and (c) are special cases of (a). An objective function d Tx —8b of type (a) can
be reformulated in the form of (c):

d'x—8b=d"x—68(a"x)=(d—68a) x
and similarly in the form of (b):
d'x—8b=(d-8a)"x=(d—ca— (G —¢)a) x=(d—ea) x — (5 —e)b,

where ¢ := min{§, min;¢(y ..., 4 - }. This proves that all three formulations are equivalent.
Note that this equivalence still holds for the uncertain problem versions considered later on.
As already indicated, we will use the third formulation from now on because it is the most
compact one, i.e., we omit § and assume d € R".

2.2 Solution algorithm

The follower solves a continuous knapsack problem with fixed capacity b. This can be done,
for example, using Dantzig’s algorithm [10]: by first sorting the items, we may assume

a4 >...> &
1= = an
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The idea is then to pack the items into the knapsack in this order until it is full. More
formally, if b = Y !_, a;, everything can be taken, so the optimal solution is x; = 1 for
alli € {1, ..., n}. Otherwise, we consider the critical item

k:=min{j e (l,....n}: Y/ a > b}

and an optimal solution is given by

1 for je{l,....k—1)
xj = aik(b—Zf;lla,-) for j =k
0 forjelk+1,...,n}.

We now turn to the leader’s perspective. As only the critical item &, but not the sorting
depends on b, the leader can just compute the described order of items by the values 2—’[ and
then consider the behavior of the follower’s optimal solution x when b changes. The leader’s
objective function f is given by the corresponding values d ' x:

j-1 j-1 j-1 j
dj .
Fb) = Zdi + a—{(b - Zai) forb € [Zai, Za,-], jell,....n)

i=1 J i=1 i=1 i=1
Note that this piecewise linear function is well-defined and continuous with vertices in the
points b = Zl{:l a;j, in which the critical item changes from j to j 4 1. The leader has to
maximize f over the range [b~, b*]. As f is piecewise linear, it suffices to evaluate it at the
boundary points b~ and b™ and at the feasible vertices b = Z,j: ya; forall j € {0,...,n}
with Z;zl a; € [b~, b™]. Hence, Problem (P) can be solved in time O (n log n), which is the
time needed for sorting.

Remark 1 The order of items and hence the follower’s optimal solution is not unique if the
profits ¢; /a; are not all different. In the optimistic approach, a follower would sort the items
with the same profit in descending order of the values d;/a;, in the pessimistic setting in
ascending order. If this is still not unique, there is no difference for the leader either.

3 Discrete uncertainty

Turning to the uncertain problem variant, we first consider the robust version of the problem
where the follower’s objective function is uncertain for the leader, and this uncertainty is
given by a finite uncertainty set U C R, containing the possible objective vectors c¢. We
obtain the following problem formulation:

max min d'x
belb—,bT] c,X
st. ceU

X € argmax c'x
S.t. alx <b
0<x<l1

The inner minimization problem can be interpreted as being controlled by an adversary, thus
leading to an optimization problem involving three actors: first, the leader takes her decision b,
then the adversary chooses a follower’s objective ¢ leading to a follower’s solution that is
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worst possible for the leader, and finally the follower optimizes this objective choosing x.
In the pessimistic view of the bilevel problem, the adversary can be assumed to also choose
among the follower’s optimal solutions if this is not unique, i.e., to minimize over ¢ as well
as x.

Note that the robust uncertainty we consider really concerns the interplay of leader and
follower in the bilevel problem structure and that the setting differs greatly from just com-
bining a bilevel optimization problem with a robust optimization problem. In particular, the
adversary’s problem is not the same as in a continuous knapsack problem under uncertainty
because he is the leader’s and not the follower’s adversary, having the inverse of the leader’s
objective as his objective function.

Again, we aim at solving the problem from the leader’s perspective, which can be done as
follows: for every ¢ € U, consider the piecewise linear function f, as described in Sect. 2.
The vertices of each f. can be computed in O(n logn) time, both in the optimistic and the
pessimistic approach. The leader’s objective function is then the pointwise minimum f :=
mingcy fo and her task is to maximize f over [b~, b™]. The function f can be seen as the
lower envelope of |U|n many linear segments, corresponding to the pieces of the functions
fe» and can thus be computed in time O(|U |nlog(|U |n)) [19]. This proves

Theorem 1 The robust bilevel continuous knapsack problem with finite uncertainty set U can
be solved in O(|U |nlog(|U|n)) time.

Note that the tractability of the robust bilevel continuous knapsack problem with finite
uncertainty set U can also be obtained in a straightforward way, at the cost of a higher
running time: in order to maximize the piecewise linear function f over [b~, b*], it suffices
to consider the endpoints b, b, the vertices of the function f, for each ¢ € U, and the
intersection between each pair of linear pieces of the functions f, and f, with ¢, ¢’ € U.
Obviously, all these candidates can be examined in polynomial time.

4 Interval uncertainty

We next address a robust version of the problem having the same structure as in Sect. 3, but
now the uncertainty is given by an interval for each component of ¢. We thus consider U =
[e;.cf1x - x [c;, ¢l ] and assume 0 < ¢~ < c*. In classical robust optimization, one
could just replace each uncertain coefficient ¢; by an appropriate endpoint ¢;  or c;r and
obtain a certain problem again. However, such a replacement is not a valid reformulation
in the bilevel context. We will show that, in fact, the situation in the bilevel case is more
complicated, even though we can still devise an efficient algorithm.

To simplify the notation, we define p;” := —cf /a; and p;r := —c¢; /a; for the remainder
of this section. It turns out that interval orders defined by the intervals [p;”, pi’L] play a crucial
role in the investigation.

4.1 Interval orders and precedence constraint knapsack problems

For the leader, the exact entries of ¢; in their intervals [c; , cf] do not matter, but only the
induced sorting that the follower will use. The follower sorts the items by their values c; /a;
and we therefore have to consider the intervals [c; /a;, ci+ /a;] induced by the uncertainty
set. Intuitively speaking, two situations can arise for a pair (i, j) of items: either, their
corresponding intervals are disjoint, say, ¢; /a; > cj+ /a;. In this case, i will precede j
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in every sorting induced by some adversary’s choice ¢ € U. Otherwise, the two intervals
intersect. Then, the adversary can decide which of the two items comes first by choosing the
values ¢; and c; appropriately.

More formally, given U and a, the possible sortings are exactly the linear extensions of
the partial order P that is induced by the intervals [p;”, pi+ ], in the sense that we set

Cj—
>
a:

i<pj & ‘;—l <:>pl.+<pj_.

Such a partial order is called an interval order. Note that the values ¢; /a; are actually sorted
in decreasing order by the follower, but it is more common to read an interval order from left
to right. Therefore, by the definition of p;” and pi+, the intervals were flipped, so that we can
think of the follower sorting the negative values —c; /a; increasingly.

Note that, in the pessimistic problem version, intervals intersecting in only one point do
not have to be treated differently from intervals intersecting properly, since the adversary
choosing the same value ¢; /a; for several items will result in the order of these items that is
worst for the leader anyway, due to the pessimism.

To solve the robust bilevel continuous knapsack problem with interval uncertainty, one
could compute the partial order P and enumerate all linear extensions of P. Every linear
extension corresponds to a sorting of the items the follower will use when the adversary
has chosen ¢ appropriately. Every sorting corresponds to a piecewise linear function, and the
leader’s objective function is the pointwise minimum of all these, as in Sect. 3. This approach
does not have polynomial runtime in general, as there could be exponentially many linear
extensions. However, it turns out that it is not necessary to consider all linear extensions
explicitly and that the problem can still be solved in polynomial time. We will see that the
adversary’s problem for fixed b € [b~, b"] is closely related to the precedence constraint
knapsack problem or partially ordered knapsack problem. This is a 0-1 knapsack problem,
where additionally, a partial order on the items is given and it is only allowed to pack an item
into the knapsack if all its predecessors are also selected; see, e.g., Section 13.2 in [22].

For the special case where the partial order is an interval order, Woeginger described a
pseudopolynomial algorithm, see Lemma 11 in [28]. There the problem is formulated in a
scheduling context and is called good initial set. The algorithm is based on the idea that every
initial set (i.e., prefix of a linear extension of the interval order) consists of

— a head, which is the item whose interval has the rightmost left endpoint among the set,

— all predecessors of the head in the interval order, and

— some subset of the items whose intervals contain the left endpoint of the head in their
interior,

assuming that all interval endpoints are pairwise distinct.

The algorithm iterates over all items as possible heads, and looks for the optimal subset
of the items whose intervals contain the left endpoint of the head in their interior that results
in an initial set satisfying the capacity constraint. Since these items are incomparable to each
other in the interval order, each subproblem is equivalent to an ordinary 0-1 knapsack problem
and can be solved in pseudopolynomial time using dynamic programming; see, e.g., [22].
Our algorithm for the adversary’s problem is a variant of this algorithm for the continuous
knapsack and uses Dantzig’s algorithm as a subroutine, therefore we will obtain polynomial
runtime.

For this, we introduce the notion of a fractional prefix of a partial order P, which is a
triple (J, j, A) such that J € {l,...,n}, j € J,0 < A < 1, and there is an order of the
items in J, ending with j, that is a prefix of a linear extension of P. Every optimal solution of
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the follower, given some b and ¢, corresponds to a fractional prefix. The follower’s solution
corresponding to a fractional prefix F' = (J, j, A) is defined by

1 fori e J\{j}
xF =10 forie{l,....n}\J
A fori=j.

Additionally, there is the fractional prefix F corresponding to the case in which all items are
chosen, i.e., xl.F =1foralli €{l,...,n}.

Let Fp be the set of all fractional prefixes of the interval order P given by U and a,
corresponding to the set of all optimal follower’s solutions for some b € [0, Y_"_, a;] and
some ¢ € U. Then the adversary’s task is, for fixed b, to choose a fractional prefix F € Fp
satisfyinga " xf = b, which in the original formulation, he does implicitly by choosing ¢ € U
and anticipating the follower’s optimal solution under this objective. Therefore the leader’s
problem can be reformulated as follows:

max min  d'xf
be[b—,bT] FeFp
alxF=b

In the next subsections, we first describe an algorithm to solve the inner minimization problem
for fixed b, i.e., the adversary’s problem, which will then be generalized to the maximization
problem over b.

4.2 Solving the adversary’s problem

First, consider the special case where the interval order has no relations. This means that all
intervals intersect and hence, all permutations are valid linear extensions. Note that a pairwise
intersection of intervals implies that all intervals have a common intersection, since for every
two intervals [z}, zf] and [z, , z;] holds that z;” < z;-L fori, j € {1, 2}, so the smallest right
endpoint is right of or equal to the largest left endpoint.

Then the adversary’s problem is very similar to the ordinary continuous knapsack problem.
The only differences are that the objective is now to minimize (and not maximize), that the
objective vector d may contain positive and negative entries, and that the constrainta ' x < b
isreplacedby a " x = b. But with this changed, the problem can still be solved using Dantzig’s
algorithm as described in Sect. 2; note that the algorithm fills the knapsack completely anyway
assuming b < Y7, a; and ¢ > 0. Denote this algorithm, returning the corresponding
fractional prefix, by DANTZIG. We will also need this algorithm as a subroutine on a subset
of the item set (like the pseudopolynomial knapsack algorithm in Woeginger’s algorithm).
Therefore, we consider DANTZIG as having input I € {1,...,n},d € R",a € ]R’;O, and
b € [0, ) ;c; ail, and only choosing a solution among the items in /.

We have seen that in case the interval order has no relations the adversary’s problem can
be solved by DANTZIG({1, ..., n},d, a, b). The general adversary’s problem can now be
solved by Algorithm 1. In the notation of Woeginger’s algorithm, the k-th item is the head in
iteration k, I, is the set of its predecessors, and 1, ,? corresponds to the intervals containing
the left endpoint of the head — not necessarily in their interior here, so that, in particular,
also k € 1,9 .

The basic difference to Woeginger’s algorithm is that here it is important to have a dedicated
last item of the prefix, which will be the one possibly taken fractionally by the follower. Apart
from that, the order of the items in the prefix is not relevant. In our construction, any element
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Algorithm 1: Algorithm for the adversary’s problem

Input :aeR”),0<b=<Y? a;,deR" p~, pT eR"withp~ < pT,
inducing an interval order P
Output : F € Fp witha ' x¥ = b minimizing d " x¥
Lif b=3"7" | a; then
2 L return F

3K:=0

4gfork=1,...,ndo

s | no=tie(l o pt <)

6 | IQ:=tliell,....n)ip; <pg <pf)

7 ifOfb—ZieI; aj < Ziellgai then

8 (Jf» jk» M) 7= DANTZIG(I d, a, b — 3", — a;)
k

9 Jp= T Ul

10 K := K U {k}

11 return (Jy, ji, Ap) with k = argmin{d " xUk-Je-2) : ke K}

of 1 ,9 could be this last item, in particular it could be k, but it does not have to. Note that, in
Algorithm 1, the prefix constructed in iteration k does not necessarily contain the k-th item,
but still, all prefixes that do contain it as their head are covered by this iteration.

Lemma 1 Algorithm 1 is correct.

Proof For b = "7, a;, the only feasible and therefore optimal solution is F, so that the
result is correct if the algorithm terminates in line 2.

So assume b < Y ¢, a; now. The first part of the proof shows that the algorithm returns
a feasible solution if K # (). The second part proves the optimality of the returned solution
and also that K # ¢ always holds.

In each iteration k, I, is the set of predecessors of k in the interval order P. The set ], ]?
consists of items that are incomparable to k and to each other in P, since the corresponding
intervals all contain the point p,” by definition. Hence it is valid (with respect to P) to call
Dantzig’s algorithm in line § on I]? . The condition in line 7 makes sure that we only call
the subroutine if the available capacity is in the correct range, i.e., if it is possible to fill the
knapsack with the items in [, and a subset of the items in / ,? of which one item is taken
fractionally.

Then (Jk, jk, Ak) is a fractional prefix of P, as all predecessors of k and therefore also all
predecessors of alli € Jp € [, U I,? belong to Ji, since p;” < p; holds for them. The item
Jk 1s a valid last item of a prefix consisting of the items in J; because j; € / ,9 by construction
and therefore, there are no successors of ji in J;. Moreover,

aTx(Jk,jk’)\k) — ZiEI,: a; + (b - Zi€1{ ai) - b

by construction and by the correctness of DANTZIG. Therefore, for all k € K, (Jk, jk, Ak) is
a feasible solution.

Now we prove the optimality of the returned solution. Let (J, j, A) be an optimal solution
(if F is optimal, then » must be Z:":l a;, and this case is trivial). Choose k € J with maximal
py (i.e., ahead of the prefix). Then I,” C J since J is aprefix and k € J, so all predecessors
of k mustbe in J, as well. Moreover, j € J\ I, asallitemsin [, have at least one successor
(namely k) in J. By the choice of k, we have J \ [~ C I,? and (J\ I/, j, 2) is a feasible
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solution of the subproblem solved by the call of DANTZIG in line 8 since
axUN T2 = g TyUja) Zielk, aj=b— Ziel[ a; .
Thus
dTxUdN = S dy 4 d TN
1€l
> Zielk‘ d; +de(J;f»jk,)»k) = d T xUkeJiohe)

which is at least the cost of any returned solution. The second part of the proof also shows
that K # . Thus, the algorithm always returns an optimal solution. O

An optimal solution of the adversary’s problem in the original formulation, i.e., a vector ¢ €
U, can be derived from the fractional prefix (Ji, jk, Ax) returned by the algorithm in the
following way:

c; fori € Ji \ {Jji}
ci =14 c: fori e {1,...,n}\ Jx
c,j'/ak'ajk fori = ji ,

Note that cfk < c,j/ak caj < c}: holds because by construction pfk <p; = p}: as ji € I,?.
Indeed, this definition ensures that the items i € Ji \ {jx} precede ji in the follower’s sorting,
since p; < p, and therefore, ¢;/a; = c;r/a,- = —p; = —p = c,j/ak = cj/aj.
Analogously, the items i € {1, ..., n} \ Jr will be packed after j; by the follower.

Note that this solution sets each variable except for cj, to an endpoint of its corresponding
interval. In general, there is no optimal solution with all variables set to an interval endpoint.
This can be seen by the following example.

Example1 Letn =3 anda = (1,1, )T, b =3, U = 3} x {2} x [1,4],d = (=1, 1,0)T.
The optimal solution returned by the algorithm is ({1, 3}, 3, %) with value 1. For the follower
to select the first item and half of the third item, i.e., for ¢; > ¢3 > ¢; to hold, the adversary
must choose c¢3 € [2, 3], so it cannot be at one of the endpoints of the interval [1, 4].

4.3 Solving the leader’s problem

Next, we describe an algorithm to solve the robust bilevel optimization problem, which
performs the maximization over the capacity b. For this, we will use the variant of Dantzig’s
algorithm which returns a piecewise linear function, as described in Sect. 2. We call this
routine BILEVELDANTZIG and assume its input to be I € {1,...,n},d € R", a € R?,
and 0 < b~ < bt < Zie 7 ai, since, as before, we need it also to work on a subset of
the item set. The output is a piecewise linear function f: [b~, bT] — Rx¢, which can be
represented by a list of all its vertices, given as points of the graph of f. The leader’s problem

can now be solved by Algorithm 2.
Lemma 2 Algorithm 2 is correct.

Proof First note that Algorithm 1 can be considered as the special case of Algorithm 2
where b = b~ = b™. For the correctness of Algorithm 2, it suffices to show that the
function f describes the value of the output of Algorithm 1 depending on b € [b™, b*]. For
b =", aj, which is only possible if bt = >, ai, consider any iteration k = k*, where
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Algorithm 2: Algorithm for the leader’s problem
Input :aeR”),0<b" <bt <Y  a;,deR" p~,pt e R withp~ < pT,
inducing an interval order P
Output : value b € [b~, b ] maximizing the result of Algorithm 1
1 K:=90
2fork=1,...,ndo

s | Io=tie{lon): p < pp)

4 I]?::{ie{l,...,n}:p;Sp,:il’;r}

s | ifo<bt — Zielk_ a; and b~ — Zielk_ a; < Zie[,? a; then
6 b~ = max{0, b~ — Zid; a;}

7 bt :=min{bt — Zielk’ a;, Zie],? a;}

8 f{ = BILEVELDANTZIG(I{, d. a, b~ b)

9 fr = fk/ + (Zielk’ aj, Zielk’ d;) /1 shift all vertices of fk/ by Zie[{ aj in x
10 // and by Zie I d; in y direction
11 | K:=KU{k}

12 f;:: min{fy: k € K} // pointwise minimum

13 return argmax{f(b): b~ <b < b}

k* € {1, ..., n} is chosen such that Py 1s maximum. It is easy to check that this iteration
results in a function fi= with fi=(b™) = Y7, d;, corresponding to the fractional prefix F
returned in Algorithm 1, and that for no k with p,” < p,., the function f; is defined for b.
For the rest of the proof, we assume b < Y &, a;.

The condition in line 5 ensures that 5~ < b, so that the call of BILEVELDANTZIG in
line 8 is valid. Let (ka , j,f , Ai) be the fractional prefix (Jk, jk, Ar) in Algorithm 1 called for
belb ,bt]withb <> ? | a;. Weclaim that, forall k € {1,...,n}and all b € [b™, bT]
with b < Y7, a;, the function fi in Algorithm 2 is defined in the point b if and only if
(JP, jb, ALy is defined in Algorithm 1, and then fi (b) = d T x {30,

Letk € {1,...,n}andb € [b~, b ] withb < Zl'le a;. Then fi(b) is defined if and only
ifh~ + Ziel’: ai <b<bt+ Ziel’: a;, i.e., if and only if

Dierp @i Sb <Y epai+ )i

which is almost the same condition as the one for defining (J ,f s j,i’ s )LZ). Actually, (J, ,ﬁ’ , j,i’ s )LZ)
isnotdefinedif b = Y, ;0 a; +)_;;~ a;, but this is only for convenience in the formulation
k k

of Algorithm 1. We could define it as (Ik_UI,?U{j*}, j*,0),where j* € {1, ..., n}\(Ik_UI,?)

is chosen such that p I is minimum. However, this is not relevant since this fractional prefix
is also considered in iteration j*. Note that such a j* always exists because of b < > 7, ;.

In case fi(b) is defined, the corresponding values fi(b) and d Tx(Jlf ) agree because
the piecewise linear function returned by BILEVELDANTZIG consists of the values of the
solutions returned by DANTZIG for given values of b. Since f () is the minimum of all f (b)
that are defined, this implies that it is equal to the value of the optimal solution computed in
Algorithm 2. O

Theorem 2 The robust bilevel continuous knapsack problem with interval uncertainty can
be solved in O(n? log n) time.
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Proof In every of the n iterations, Algorithm 2 needs O(n) time to compute the sets I,
and I]?, and, since |I,?| < n, O(nlogn) time for Dantzig’s algorithm. As explained in Sect. 3,
the pointwise minimum of the at most n piecewise linear functions with at most n segments
each, as well as the maximum of the resulting function (lines 12 and 13 ) can be computed
in O(n? log n) time. ]

Remark 2 1f there are intersections of intervals only consisting in one point, no special treat-
ment is needed in the pessimistic problem version since the worst possible order of the
corresponding items from the leader’s perspective will be chosen anyway. If we use the opti-
mistic approach, we have to be more careful about that. However, if no one-point intersections
occur, there is no difference between the optimistic and the pessimistic case regarding the
sortings the adversary can enforce. Hence, Algorithm 1 and Algorithm 2 can be used for the
optimistic case without any changes.

In the optimistic setting with one-point intersections, the set of follower’s sortings the
adversary can enforce does not even have to be the set of linear extensions of a partial order.
However, Algorithm 1 and Algorithm 2 can be modified to work also in the general optimistic
setting as follows. Given an item k € {1, ..., n}, we distinguish two cases:

L If p, < p]:r, the follower will sort every item i € {1,...,n} with p;r = p, before
item k, given an optimal adversary’s choice. Indeed, the adversary either prefers the order
where i precedes k anyway (i.e., d;j/a; < di/ax) and can enforce it, e.g., by choosing
Pk = py +¢forsomee > Othatissmall enough, or he prefers the order where k precedes i
(i.e., di/a; > di/ay), but cannot enforce it because even if choosing p; = pr = p;,
the follower will choose item i before item k because of the optimism. If d; /a; = di/ax
holds, the leader and the adversary are indifferent about the order of i and &, and we may
assume that i precedes k then, as well. With this idea, one can show that setting

I ={ie{l,....n}: p < p;}
I,? ={ief{l,....,n}: p; <p < pl.+}
in Algorithm 1 and Algorithm 2 for this k leads to the desired result.

2. 1f p, = p,j', the follower will sort every item i € {1,...,n} with p;7 < pl.+ = P
before item k, given an optimal adversary’s choice, by similar arguments as in the first
case. Again similarly, every item i € {1,...,n} with p; = p, < pl.+ will be chosen
after item k. Among the items i € {1,...,n} with p; = p;“ = p; » the adversary has

no choice at all, and the follower will choose the best order from the leader’s perspective,
i.e., every such i with d; /a; > di/ax will precede k, while every i with d;/a; < dy/ax
will be chosen after k. We may assume that there are no such items i with d; /a; = dy/ax
because they could be merged into a single item together with item k in the beginning.
With this knowledge, we can define

I =={iefl,....n}: p; <p <p;or(p; =p;=p; andd;/a; > di/ar)}
= {kyUli e{l,...,n}: p; < p; <pi)

in iteration k of Algorithm 1 and Algorithm 2. It might happen that there is no adversary’s
choice leading to the follower choosing the desired fractional prefix (Jk, ji, Ax) if jx # k
and there is a j* € {1, ..., n} with p]f* = p]ﬁ = p; and dj=/ajx < di/a;. Butin this
case, iteration k is not relevant anyway, hence we can just omit k from K if this happens.
Indeed, given an optimal solution in which p,” = p,j holds for every possible head k, one
can show that the fractional item of the optimal solution can be assumed to be the head k
that minimizes d; /a;.
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5 Discrete uncorrelated uncertainty

We now consider the robust bilevel continuous knapsack problem with an uncertainty set of
the form U = U; x --- x Uy, where each U; is a finite set, i.e., for every component of c,
there is a finite number of options the adversary can choose from and these are independent
of each other. It turns out that this version of the problem is NP-hard in general, even if we
consider the special case U = {c, cfr} X - X ey, c,':' }, where there are only two options
in every component.

Theorem 3 The robust bilevel continuous knapsack problem with an uncertainty set being
the product of finite sets, is NP-hard, even if each of these sets has size two.

We show Theorem 3 by a reduction from the well-known NP-hard subset sum problem.
Letm € Nand wy, ..., w,, W € Nbe an instance of subset sum. Without loss of generality,
we may assume 1 < W < Z;-":] w; — 1. We show that we can decide if there is a subset S C
{1,...,m} with )", .gw; = W in polynomial time if the following instance of the robust
bilevel continuous knapsack problem can be solved in polynomial time: define ¢ := %

and M := )" | w; +¢&. Letn := m + 2 and set

a = (e, wl,...,wm,M)T
d:= (=M, —wi,...,—wp, )"
b =W
bt =W 42e.

The uncertainty set is defined as
U:={1-a,n+1)- a1} x{2-a,(n+2)-a} x---x{n-ay,2n-a,},

which leads to ¢} /a; < --- < ¢, Jay < cf/al << cj/a,,. Note that, since all these
values are distinct, the optimistic and pessimistic approach do not have to be distinguished
for this instance.

In the following two lemmas, we investigate the structure of optimal follower’s solutions
and of the leader’s objective function, respectively. Both are done for a large range [¢, M) of
values for b, which will be useful to understand the two different behaviors the function can
have in the actual range [b~, b™] afterwards, depending on the subset sum instance being a
yes or a no instance.

Lemma 3 Let any leader decision b € [e, M) be given. Then, for every optimal choice of the
adversary, the resulting follower’s solution x satisfies x; € {0, 1} foralli € {2,...,n —1}.

Proof First note that the adversary can always enforce a solution with a value of at most — M,
e.g., by setting ¢; = cfr and ¢; = ¢; foralli € {2,...,n}, so that the first item is taken
first and therefore completely, i.e., x; = 1, because a; = ¢ < b. Since every solution
with x; = 0 has a value greater than — M, this implies x; > 0 for every follower’s solution
resulting from an optimal choice of the adversary. Moreover, note that we always have x,, < 1
asa, = M > b.

Now leti € {2,...,n — 1}. If the adversary chooses ¢; = ci+, it follows that x; = 1.
Indeed, x; < 1 would imply x; = O since c1/a; < ci+ /a; always holds. Analogously, if
the adversary chooses ¢; = ¢; , we have x; = 0, as x; > 0 would imply x, = 1, since
¢; /ai < cyp/ay. Therefore, an optimal adversary’s solution always leads to a follower’s
solution x such that x; € {0, 1} foralli € {2,...,n — 1}. O
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(a) The case of a no instance (Lemma 5) (b) The case of a yes instance (Lemma 6)

Fig.1 The leader’s objective function f

For the remainder of the proof, denote the leader’s objective function by f. This function
is described for all b € [¢, M) by the following

Lemma4 Let Vi, Vo € Nq be two values with Vi < V, that can arise as sums of subsets

of {wi, ..., wy}, such that there is no other such value V with Vi <V < V;. Then

Fb) = M — Vi + 57 (b—Vi —¢), ifbe[Vi+e V)
min {-M —Vi+ £b—-Vi—e), =% b - V) = Va}, ifbe[Va, Va+e).

Proof Let ZieT w; = Vyforsome T C {1, ..., m}. Using Lemma 3, it is easy to see that for

allb € [V +e¢, V2), the unique best choice of the adversary is to let the follower set x; = 1 and

pack 2, ..., n—1according to T, the rest is filled by a fraction of item n. Indeed, for b < V5,

no better packing of items 2, ..., n — 1 than T is possible, and since b > V| + ¢, the most

profitable item 1 (from the adversary’s perspective) can be added entirely without making
the packing 7' infeasible. The adversary can produce this solution by choosing ¢; = CT,
cp =c, andfori e {2,...,n—1},¢; = ciJr ifi —1eT,orc¢; =c; otherwise. This leads
to

fO)y=-M—-Vi+ 50b-V —¢)

forb € [V] +¢, Vo). If b € [Va, Vo + €), the same solution, with a larger fraction of item #,
is still possible. However, since now a better packing S C {1, ..., m} with ) ; cw; = V>
is available, we also have to consider to pack according to S and add as much of item 1
as possible (which the adversary can obtain again by setting ¢; = CT, ¢p = ¢, and, for

alli e {2,...,n—1},¢; = cl.+ ifi — 1€ S,o0rc; =c; otherwise). This solution has value
M
——0b-V)-V,
e
and the adversary chooses the solution leading to a smaller value of f. O

Let b* € [b—,b*] = [W, W + 2¢] be an optimal leader’s solution in the original range.
We conclude the proof of Theorem 3 by showing that the given instance of subset sum is a
yes instance if and only if b* # bT, which follows from the following two lemmas. The two
situations arising in Lemma 5 and Lemma 6 are illustrated in Fig. 1.

Lemma5 Ifthe given instance (w1, ..., w,,, W) of subset sum is a no instance, then b* = b*.

@ Springer



818 Journal of Global Optimization (2022) 83:803-824

Proof Let V| and V; be the largest subset sum with V; < W and the smallest subset sum
with Vo > W, respectively. Then we have [b~, bT] = [W, W +2¢] C [V} + ¢, V2). Hence,
by Lemma 4, the function f is linear on [b~, b™| with slope % > 0. O

Lemma 6 If the given instance (wy, ..., wy, W) of subset sum is a yes instance, then
™) > f(bT) and hence b* # b,

Proof Let V be the largest subset sum with V. < W. We obtain f(b") = f(W + 2¢) =
—M— W—i—% by applyingLemma4to V| = W.ByLemma4 appliedtoV; = VandV, = W,
the two possible values of finh~™ = Ware =M — V + (W — V —¢) and —W. Both can
be easily seen to be strictly larger than f(b™). O

This concludes the proof of Theorem 3. Note that this also proves the NP-hardness of the
adversary’s problem:

Theorem 4 Evaluating the objective function value of the robust bilevel continuous knapsack
problem with an uncertainty set being the product of finite sets, in some feasible point b, is
NP-hard, even if each of the sets has size two.

Proof Looking at the proof of Theorem 3, the two cases in Lemma 5 and Lemma 6 can also be
distinguished by computing the adversary’s optimal solution value (or the leader’s objective
function value, equivalently) in the point b = b+ = W + 2¢. In case of a yes instance it is

£
b)y=—M-W+ —0b—-W —¢),
f®) +M( €)
while in case of a no instance it is
£
by=—M—-V+—b-V —¢g),
fb) +M( €)

where V is the largest subset sum with V' < W, which leads to the second value being larger
than the first one. This shows that there is also a reduction from the subset sum problem to
the adversary’s problem. O

In Sect. 4, we have seen that the robust bilevel continuous knapsack problem can be solved
efficiently when each coefficient is chosen independently from a given interval. Theorem 3
shows that the same problem turns NP-hard when the adversary is only allowed to choose the
follower’s objective coefficients from the endpoints of the intervals. In particular, this implies
that replacing an uncertainty set by its convex hull may change the problem significantly, in
contrast to the situation in single-level robust optimization. This can also be shown by the
following explicit example.

Example2 Let n = 5 and define ¢« = (1,1,1,1,1)T, b= = 0, b+ = 5, d =
(2,-1,1,=2,0)T, and U = {5} x {4} x {3} x {2} x {1, 6}. In this instance, the order
of the items 1, 2, 3, and 4 is fixed, while item 5 could be in the first or last position with
respect to uncertainty set U, but also in every position in between the other items when the
uncertainty set is conv(U) = {5} x {4} x {3} x {2} x [1, 6]. The leader’s objective function
on [0, 5] is depicted in Fig. 2, for uncertainty sets U and conv(U).

In the former case, the leader’s unique optimal solution is b = % with objective value %,
while in the latter case the two optimal solutions are b = % and b = 13—0 with objective
value %.
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1) f(b)

(a) Uncertainty set U (b) Uncertainty set conv(U)

Fig.2 The leader’s objective function in Example 2

6 Simplicial uncertainty

We next consider uncertainty sets being simplices and again show that the problem is NP-
hard in this case. This case is of interest because it can be considered a special case of
two commonly used types of uncertainty in robust optimization: polytopal and Gamma-
uncertainty. Moreover, it can be viewed as the convex variant of the discrete uncertainty case
investigated in Sect. 3. We will write the uncertainty set in the following as

Usr={ceR": ¢ >¢foralli e{l,....,n},Y " (ci — &) < T},

where a vector ¢ € R” ; and a number I" > 0 bounding the deviation from ¢ are given. We
have

Theorem 5 The robust bilevel continuous knapsack problem with simplicial uncertainty
set Uz 1, where ¢ and I" are part of the input, is NP-hard.

Proof We again show this by a reduction from the subset sum problem. Let m € N and
wi, ..., Wy, W € N be an instance of subset sum. We show that we can decide if there is a
subset S € {1, ..., m}with )", ¢ w; = W in polynomial time if the following instance of the
robust bilevel continuous knapsack problem can be solved in polynomial time: define n :=
m+1,M:=3" w +1and

a = (w],...,wm,M)—r

d:=(—wi,...,—wu, M)

b =0
n m

bt :=Zai=2wi+M
i=1 i=1

é:=(2M = Dwy, ..., CM — Dw,,, 2M*) T

I =Ww.

As in the discrete uncertainty case, we may imagine the leader’s objective function f as the
pointwise minimum of all piecewise linear functions f,. for ¢ € U, . Note that, although
there are infinitely many ¢ € U, p, the number of distinct functions f, is finite since the
functions depend only on the follower’s sorting of the items induced by c. Since d; /a; = —1
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Je (b)

Ve + M -

Y wi+ M -

e b N S S

Fig.3 The function f;

foralli =1,...,mandd,+1/an+1 = 1, all functions f, have the structure shown in Fig. 3,
where V.. := Z[GI(‘ a; = ZiE,C w; for

I.:={i e{l,...,m}: ci/a;i > cmy1/am+1}-

The leader’s objective function is the pointwise minimum of the functions f,. It follows
easily that it agrees with f.~ where ¢* € argmax .. v, - Ve In particular, since

fVer + M)y = Ve + M > 0= [(0)

the leader’s optimal solution is V.« + M with value — V.« 4+ M, so that it remains to show
that by computing V.« we can decide the subset sum instance.

Since ¢;j/a; =2M — 1 < 2M = ¢yyy1/am foralli =1, ..., m, the adversary has two
options for every item i:

1. Either he decides to include i in the set /., which can be achieved by shifting the value
Ci/a; to the right by 1 up to ¢;+1/dm+1, by choosing ¢; = ¢ + a; = ¢; + w; and thus
paying ¢; — ¢; = w; in the constraint Y i~ ,(c; — ¢;) < I' on the uncertainty set. Note
that there is no incentive to choose ¢; greater than that, as it would not change the leader’s
objective function value.

2. Or he decides not to include i in the set /., for which it is most efficient in terms of the
I'-constraint to choose ¢; = ¢;.

Note that there is no incentive to choose ¢;;+1 > Cp+1. Therefore, we may assume that
ci € {¢i,¢i +w;}foralli € {1,...,m} and ¢p41 = 41 hold in an optimal adversary’s
solution. By maximizing V. = ), 1, Wi, we can thus compute the largest subset sum V
with V < W, since Zie]c w; = Y it (¢c; — &) < I' = W. Thus, the subset sum instance is
a yes instance if and only if V.x = W. O

Remark 3 1In the proof of Theorem 5, we used the assumption of the pessimistic approach,
because item i was included in the set /. even if ¢;/a; = cp+1/am+1. In the optimistic
approach, item i may be packed only if strict inequality holds in the definition of /.. With-
out changing the effect of the constraint > ;- (¢; — ¢;) < I', this could be modeled by
choosing ¢, 1 slightly smaller than 2M? in the definition of the instance.

Again, also the adversary’s problem is NP-hard:
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Theorem 6 Evaluating the objective function value of the robust bilevel continuous knapsack
problem with simplicial uncertainty set Uz , where ¢ and I" are part of the input, in some
feasible point b, is NP-hard.

Proof Looking at the proof of the previous theorem, it can be seen that the subset sum instance
is a yes instance if and only if f(W) = —W, so the subset sum problem can also be solved
by computing the objective function value atb = W. O

The uncertainty set Ug - is a polytope defined explicitly by n + 1 linear inequalities. In par-
ticular, this shows NP-hardness for polytopal uncertainty sets given by an outer description:

Corollary 1 The robust bilevel continuous knapsack problem with an uncertainty set being a
polytope, given by a set of linear inequalities, is NP-hard.

Theorem 5 also implies that the problem is NP-hard under Gamma-uncertainty, which
is sometimes also called budgeted uncertainty [1]. However, this is only true in case the
total amount of deviation is bounded. Since uncertainty sets cannot be replaced equivalently
by their convex hulls in the bilevel case, the above result does not necessarily hold for the
original definition of Gamma-uncertainty, where the number of deviating entries is bounded.

Itis easy to check that U, - agrees with conv{¢, ¢+ I'ey, ..., ¢+ I"e,}, where e; denotes
the i-th unit vector. This proves

Corollary 2 The robust bilevel continuous knapsack problem with an uncertainty set being
the convex hull of a finite set of vectors, which are explicitly given as part of the input, is
NP-hard.

It follows from Theorem 6 that also the evaluation of the leader’s objective function is
NP-hard in all cases mentioned in the last corollaries.

Recall that the problem is tractable if the uncertainty set U is finite and given explicitly as
part of the input; see Theorem 1. Together with Corollary 2, this again shows that replacing
the uncertainty set by its convex hull may not only change the optimal solution, but even the
complexity of the problem significantly.

Remark 4 1In contrast to the result of Corollary 2, the problem can be solved in polynomial
time if the uncertainty set is given as the convex hull of a constant number k of vectors. In
fact, the number of possible sortings in the follower’s solution can be bounded by O(n?¥)
in this case, and they can be enumerated explicitly in polynomial time for constant k. The
tractability then follows from Theorem 1.

7 Norm uncertainty

In Sect. 4, we have shown that the robust bilevel continuous knapsack problem can be solved
efficiently if the uncertainty set is defined componentwise by intervals. This can be seen as
a special case of an uncertainty set defined by a p-norm,

p . . A
UE,F = {CGR". ||C_C||p§F}s

n

where ¢ € RZ,, I' > 0, and p = co. On the other hand, the case p = 1 is closely related
to the simplicial case discussed in the previous section, which turned out to be NP-hard. In
the following, we show NP-hardness for all p € [1, co). This is also of interest because the
case p = 2 corresponds to an ellipsoidal uncertainty set, which is commonly used in robust
optimization.
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Theorem7 Let p € [1,00). Then the robust bilevel continuous knapsack problem with

uncertainty set U Ep r» Where ¢ and I" are part of the input, is NP-hard. This remains true

under the assumption U ép r < RY,.
Proof This can be shown very similarly to Theorem 5. We use the same instance, except that
&= CMwy —w,'", ... 2Mw,, — wy P, 2M?)

and I" := W'/P_By the same reasoning as before, we may assume that an adversary’s optimal
solution satisfies ¢; € {¢;, ¢;i + wl.l/p} foralli € {l,...,m} and ¢;;o+1 = Cp+1. For this,
note that, although it is now allowed to deviate from ¢ in any direction, the adversary has no
incentive to choose ¢; < ¢; for any i € {1, ..., n} in the given instance. In particular, it is
cheaper in terms of the constraint ZLI |ci —¢i|P < I'P toshiftall values ¢y /ay, ..., cm/am
to the right by some ¢ > 0 than moving ¢;,11/am,+1 to the left by ¢, i.e.,

m m m
D (ea? =Py wl < el (Y wi) < e’ MP = (eans)”.

i=1 i=1 i=1

The rest of the proof is analogous. O

In the proof of Theorem 7, we implicitly assumed that we can compute p-th roots in
polynomial time when defining ¢ and I". In general, these values cannot be computed or
even represented exactly in a polynomial time algorithm. However, they only influence the
set of possible sortings, not the actual leader’s solution and objective function values. For
the former, a sufficiently good approximation of the p-th roots, which can be computed in
polynomial time, leads to the same result.

Remark 5 1In the situation of Theorem 7, Remark 3 still applies: while the proof is formulated
for the pessimistic setting, the variation proposed in Remark 3 allows to show NP-hardness
also in the optimistic setting.

In the case p = 2, the uncertainty set U CZ 18 an axis-parallel ellipsoid. We thus derive the
following result:

Corollary 3 The robust bilevel continuous knapsack problem with (uncorrelated) ellipsoidal
uncertainty is NP-hard.

Finally, we can again show NP-hardness even for the problem of evaluating the leader’s
objective function. The proof is analogous to the case of simplicial uncertainty discussed in
the previous section.

Theorem 8 Let p € [1,00). Then evaluating the objective function of the robust bilevel
continuous knapsack problem with uncertainty set U Ep - Where ¢ and I are part of the input,
is NP-hard. ’

8 Uncertain item sizes

While our research was focused on uncertain follower’s profits, one may also consider the
variant of the robust bilevel continuous knapsack problem in which the item sizes a are
uncertain. This was investigated in [21], considering different uncertainty sets similarly to
here. In case of discrete uncertainty, the algorithm presented in Sect. 3 could be transferred
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directly. Regarding interval uncertainty, different types of leader’s objective functions were
distinguished since the variants (a), (b) and (c) mentioned in Sect. 2 are not equivalent
anymore. Moreover, one has to be very careful about the optimistic setting because with
uncertain item sizes, the optimal value might not be attained in the adversary’s problem.
Additionally, one-point intersections of intervals in the optimistic setting are not understood
completely in this problem version yet; they can be expected to be at least as complicated to
handle as in Remark 2. However, many structural results were established and an algorithm
similar to the one presented in Sect. 4 was shown to solve the problem under mild additional
assumptions. Similarly to the results in Sect. 5 and Sect. 6, NP-hardness was also proved for
uncertain item sizes lying in a discrete uncorrelated or a polytopal uncertainty set, assuming
the pessimistic setting in the latter case.

9 Conclusion

We have started the investigation of robust bilevel optimization by addressing the bilevel
continuous knapsack problem with uncertain follower’s objective. It turned out that standard
results from single-level robust optimization do not hold anymore: firstly, it is not possible
in general to replace an uncertainty set by its convex hull without changing the problem.
Secondly, the case of interval uncertainty is not trivial anymore. Even if we have shown that
it is still tractable in the case of the bilevel continuous knapsack problem, we conjecture that
in general, the interval case cannot be reduced to the certain problem anymore.

All hardness results presented in this paper are in the weak sense. This leaves open the ques-
tion whether the corresponding problem variants are actually strongly NP-hard or whether
pseudopolynomial algorithms exist. This is left as future work, together with questions of
approximability. In view of the remarks in Sect. 8, another task left for future research is
the simultaneous consideration of uncertain weights and profits. Another obvious research
direction could be to consider other bilevel optimization problems and to investigate how
their complexity increases when taking uncertainty into account.
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