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1. Introduction

The project selection problem or, more formally, the max closure problem, is one of the most common applications of
the max-flow, min-cut theorem. Project selection deals with the trade-off between projects that yield revenue and
supporting projects that cost money. Every firm is constantly faced with decisions of this nature.

The max closure problem is formally defined as follows. We are given a set V ={1,...,n} of possible projects
from which the firm can choose. An acyclic directed graph D = (V, A) on the set of projects represents precedence
constraints among pairs of projects. That is, an arc (1,v) € A indicates that project v needs to be selected whenever
project u is selected. A subset C C V of projects is feasible if it is a closure in D, that is, if none of the precedence
constraints is violated. That is, C C V is a closure in D if N*(C) ={(u,v) e A|lueC,ve C} =0.

Each project v € V comes with some associated weight w(v) € R. If w(v) is positive, then v is called a benefit
project, and w(v) reflects the gain achieved if project v is selected. We denote the set of benefit projects by
B* ={ve V|w(v)>0}. For a given subset of benefit projects S C B*, we define w(S) = >, .sw(v). If w(v) is nega-
tive, then v is called a cost project, and |w(v)| reflects the cost that needs to be paid if project v is selected. We
denote the set of cost projects by B~ = {v € V|w(v) <0}. For a given subset of cost projects S C B~, we define
C(5) = Spes ()]

The max closure problem asks for a feasible subset of projects C C V of maximum value ¥ .-w(v). It is well-
known (Picard [19]) that the max closure problem can be solved in strongly polynomial time via a reduction to a
min s-t-cut problem in some auxiliary flow network.

In Stackelberg max closure, a distinguished player, called the leader, controls a subset of the projects on which
prices are set in the first stage of the game. All other projects have a fixed weight. Afterward, in the second stage
of the game, the followers see these prices as negative weights, and each of the followers selects a max closure in
a follower-specific subgraph. The goal of the leader is to find revenue-maximizing prices while taking into
account that the followers solve the induced max closure problems.

Stackelberg max closure problems, named after Von Stackelberg [22], belong to the class of combinatorial
Stackelberg network pricing games. These games model leader—follower problems in which the items are, for
example, the vertices or edges of an underlying directed or undirected graph, and the followers each solve an
optimization problem by selecting a feasible subset of items at minimum or maximum cost from a predefined
feasibility space consisting of, for example, matchings, spanning trees, origin-destination paths, vertex covers, or
closures. The Stackelberg max closure problem is a natural variant that has not been considered before but is
motivated by very common business decisions.
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1.1. StackMaxClosure

In this paper, we focus on Stackelberg max closure games (StackMaxClosure) with multiple followers K =
{1,...,k}. We are given a digraph D = (V, A) whose vertex set V is partitioned into red (priceable) and blue (fixed
price) vertices V = R U B together with fixed weights w : B — R. Each follower i € K is associated with a follower-
specific subgraph D; = (V;, A;). We denote by R; the priceable vertices and by B; the fixed price vertices of fol-
lower i € K. The set of feasible strategies of follower i € K corresponds to the collection F; C 2" of closures in D;.

We assume throughout this paper that the digraphs of two different followers may only intersect in priceable
vertices. That is, we assume B; N B; = 0 for i,j € K with i # j. Notice that, under this assumption, all kinds of situa-
tions can be modeled in which firms are interested in follower-specific benefit projects that might depend on the
same-cost projects. Imagine, for example, two construction firms that are both interested in building certain
houses (the benefit projects), and the construction depends on common resources, such as machines or certain
areas that need to be rented or bought for construction.

For the setting with at least two followers, we need to distinguish between situations depending on how many
copies of each project are available. We study the following two extreme situations:

e Limited supply: There is only one copy of each project v € R available. Notice that every hardness result for this
setting automatically extends to the more general setting in which different projects are available in different
amounts.

e Unlimited supply: There are sufficiently many copies of the projects available so that, in principle, each project
can be sold to all followers. Notice that all copies of the same project need to be sold for the same price. Otherwise,
if the leader is allowed to set follower-specific prices, the multifollower problem with unlimited supply essentially
reduces to solving one single-follower problem for each follower separately.

1.2. Limited Supply

We model the limited supply situation, in which we restrict to the setting in which only one copy of each project
is available as follows. In the first stage of the game, the leader’s problem is twofold: the leader has to decide on
both (i) an assignment x that assigns each v € R to one of the followers in K(v) = {i € K| v € R;} and (ii) prices p :
R — R, maximizing the revenue given the constraint that projects v € R can only be sold to follower x(v) € K(v).
Afterward, in the second stage of the game, based on x and p, the followers i € K simultaneously select a feasible
closure C; € F;(x), where F;(x) denotes the set of feasible closures with respect to (w.r.t.) assignment x of maxi-
mum value. Thus, the leader’s problem in a Stackelberg max closure problem with limited supply reads

7*(D) = max {Z > p(©)|C; € argmaxval(C;,p) Vi e K}, 1)
*r ieK veC:NR CieFi(x)

where the value of a closure C; € F(x) is defined as val(C;, p) = 3 ccnp,W(0) = X oec,nr, P(0) for all i € K all x, and
all p.

1.3. Unlimited Supply

In the setting with unlimited supply, in the first stage of the game, the leader assigns prices p: R — R, to all
priceable vertices. Afterward, in the second stage of the game, the followers i € K simultaneously each select a
feasible closure C; € F; of maximum value val(C;,p). Thus, the leader’s problem in a Stackelberg max closure
problem with unlimited supply reads

(D) = m’?x {Z Z p() | C; € arg maxval(C;,p) Vie K} ()

ieK veC;NR CieF;

To avoid technicalities, we impose the standard assumption in Stackelberg games that, when each follower
faces multiple optimal solutions, ties are broken in favor of the leader.

Example 1. Consider the following two examples illustrated in Figure 1. In the left figure, there is only one fol-
lower, and the leader can make a revenue of four by, for example, setting the prices to two on both priceable proj-
ects, and this is the best possible. To be more precise, every optimal solution has the following form: p; +p, =4
withp; >1and p, > 0.

In the right figure, there are two followers. How should the leader set the prices so as to maximize revenue?

If we consider the setting in which each priceable project can only be sold to one of the followers, the leader
first has to decide to whom to give which priceable project. In this particular example, it would be optimal to
assign priceable project 1 to follower 1 for a price of one and priceable project 2 to follower 2 for a price of five,
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Figure 1. (Color online) Left: StackMaxClosure with a single follower. Right: StackMaxClosure with two followers.

G 3 E—)

yielding an optimal revenue of six. Notice that once project 2 is given to follower 2, follower 1 cannot complete
the benefit project with a weight of three.

If, instead, two copies of each priceable project are available, the leader can make a revenue of seven by setting
p1 =1 and p, = 3. For this pricing, follower 1 selects priceable projects 1 and 2 as part of the optimal closure, and
follower 2 selects priceable project 2 as part of the optimal closure.

1.4. Connection to StackVC

Given an undirected graph G = (V,E), a subset C C V is called a vertex cover if each edge in E has at least one of
its endpoints in C. In a Stackelberg vertex cover (StackVC) with a single follower, the vertex set V is partitioned
into red (priceable) and blue (fixed price) vertices V = R U B together with fixed weights w : B — R. Given prices
p: R — Ry, the follower selects a minimum-weight vertex cover.

Both the max closure problem and the min vertex cover problem in bipartite graphs can be solved by means of
max-flow computations (Konig [15], Picard [19]). Briest et al. [7] and Baiou and Barahona [2] show that the same
is true for the Stackelberg bipartite vertex cover problem (StackBipartiteVC) with a single follower and the price-
able vertices on one side of the partition. We use their algorithm to prove that the Stackelberg max closure prob-
lem with a single follower can also be solved in polynomial time (Theorem 1).

1.5. Related Literature

Stackelberg network pricing games were first introduced by Labbé et al. [16], who, motivated by tolling prob-
lems in road networks, introduced a two-stage game in which a leader sets tolls so as to maximize revenue after
which each of the followers chooses a shortest path. They show that the toll-setting problem can be written as a
linear bilevel program and is NP-complete by a reduction from the directed Hamiltonian path problem.

Combinatorial Stackelberg network pricing games are known to be notoriously hard. Most of the results are
hardness and/or approximation results. Roch et al. [20] extend the hardness results for Stackelberg games with
shortest path followers and prove that the problem with unrestricted prices is NP-hard. Joret [13] shows that the
problem is even APX-hard, and Briest et al. [8] give a first explicit approximation threshold. For a more detailed
survey on Stackelberg games with shortest path followers, see Van Hoesel [21]. Cardinal et al. [10] prove that the
Stackelberg minimum spanning tree problem with a single follower and only two different fixed costs is APX-
hard by a reduction from the set cover problem. Briest et al. [7] show that Stackelberg vertex cover in bipartite
graphs with priceable vertices on one side, three followers, and unlimited supply is weakly NP-hard by a reduc-
tion from the partition problem. The complexity status of the same problem with two followers remained open.
We show that this problem is APX-hard. Bohnlein et al. [6] consider Stackelberg packing games instead of cover-
ing games and show that the Stackelberg bipartite matching problem is APX-hard.

Roch et al. [20] present a first polynomial-time logarithmic approximation algorithm for Stackelberg games
with shortest path followers. Bilo et al. [4] and Cabello [9] give a polynomial time algorithm for Stackelberg
shortest path tree games with a fixed number of priceable edges. Balcan et al. [3] and Briest et al. [7] provide a
simple logarithmic approximation algorithm for Stackelberg games with shortest path followers. Bohnlein et al.
[5] extend the analysis of this simple algorithm beyond the combinatorial setting. Cristi and Schroder [11] study
the difference in revenue between positive and unrestricted prices.
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Positive results are usually only obtained for particular classes of problems. Briest et al. [7] study Stackelberg
vertex cover in bipartite graphs with a single follower and priceable vertices on one side and prove that they can
be solved by means of a sequence of maximum flow computations in polynomial time. Later, Baiou and Bara-
hona [2] consider the same problem and propose a different preflow algorithm with improved running time. An
interesting open problem, stated in the final remarks of Baiou and Barahona [2], is whether a Stackelberg vertex
cover in bipartite graphs with one follower is polynomially solvable, that is, if the priceable vertices are not nec-
essarily on one side of the partition. We answer this question negatively. Thus, although the min vertex cover in
bipartite graphs is solvable in strongly polynomial time, its Stackelberg version turns out to be NP-hard even for
a single follower.

1.6. Contribution

In Section 2, we show that the algorithm of Briest et al. [7] can be used to solve Stackelberg max closure with a
single follower via a sequence of max-flow computations in an auxiliary flow network. Insights of this algorithm
and its analysis turn out to be useful for proving the existence of a strongly polynomial-time algorithm for the
Stackelberg max closure problem with two followers and limited supply (Theorem 2).

Section 3 is devoted to complexity results. We show that the Stackelberg bipartite vertex cover problem with a
single follower is APX-hard (Theorem 4). This way, we answer an open question raised in Baiou and Barahona [2].

Afterward, we show that the Stackelberg max closure problem is APX-hard for two followers and unlimited
supply (Theorem 6). Finally, we show that the Stackelberg max closure problem with three followers and limited
supply is NP-hard (Theorem 7).

Recall that the Stackelberg max closure problem with two followers and limited supply is polynomial solvable,
whereas the Stackelberg max closure problem with two followers and unlimited supply is APX-hard. This may
seem counterintuitive as the leader in the limited supply setting has to make two decisions: an assignment of
projects to followers and prices of priceable projects, whereas the leader in the unlimited supply setting has to
make only one decision: prices. However, because we can solve single follower instances in polynomial time, the
solution to the pricing problem in the limited supply setting straightforwardly follows from the assignment of
projects. Our results, thus, imply that the assignment problem is computationally easier than the pricing problem
for two followers.

2. Efficient Algorithms for StackMaxClosure

In this section, we design and analyze a strongly polynomial time algorithm for StackMaxClosure with two fol-
lowers and limited supply. We assume that only one copy of each project is available. As a warm-up, we start by
describing the algorithm that solves the single-follower Stackelberg max closure problem. The algorithm for the
single follower case and its analysis turn out to be useful for the design and analysis of the algorithm for the two-
follower setting presented in Section 2.3.

Hochbaum [12] shows that every max closure problem on a digraph D can be transformed into a bipartite
digraph with arcs only from benefit to cost projects (by making use of transitivity) without changing the solution.
We, thus, may restrict our attention to bipartite instances without loss of generality. So, in the remainder of this
paper, we assume that the instance is bipartite with arcs only from benefit to cost projects.

2.1. StackMaxClosure with a Single Follower
It is well-known (Picard [19]) that the max closure problem with underlying digraph D = (V,A) and weights
w(v) € R for all v € V can be solved efficiently by computing a min s-t-cut in the auxiliary flow network D = (V' U
{s,1},A) with capacities ¢: A > R, defined as follows. The auxiliary flow network (D, ¢) is constructed from
instance (D, w) according to the following rules:

e A source s and a sink t are added to the vertex set, thatis, V = V U {s, t}.

e Anarc (1,0) € A with capacity c(u,v) = oo is added for each arc (1,v) € A.

e Anarc (s, v) is added to A with capacity c(s,v) = w(v) for each v € B*.

e Anarc (7, t) is added to A with capacity c(v,t) = —w(v) for each v € B~.
Observe that, if the capacity of an s-t-cut C in D is finite, then it induces a closure C \ {s}. Moreover, the capacity of
such an s-t-cut C in D is equal to the sum of all benefit projects minus the value of the corresponding closure C \ {s}
in D. Hence, a minimum s-t-cut C* U {s} C V U {s} in D corresponds to an optimal closure C* in D and vice versa.

Analogue to the algorithm in Briest et al. [7], we use the construction of D to describe the algorithm that solves
StackMaxClosure with a single follower for any given instance consisting of a digraph D = (V, A) with vertex set
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partitioned into red and blue vertices V = RU B and fixed weights w: B — R. Because vertices in v € R are not
assigned a fixed weight w(v), we need the additional rule for the construction of D:

e For each v € R, an arc (v, t) is added to A with capacity c(v, ) = p,, where p, is initially zero.

The algorithm, first introduced and shown to run in polynomial time by Briest et al. [7], proceeds as follows.

Algorithm 1 (Algorithm for StackMaxClosure with a Single Follower)
Construct the flow network D as described with p, = 0 for all v € R.
Compute an s-t-flow f* of max value.
while there is a vertex v € R such that increasing p, yields an augmenting path P do
Increase p, and f* along P as much as possible
end
return p;, =p, forallv e R

Let f* denote the maximum flow at termination of Algorithm 1 and Df =(V, Af ) be the residual network asso-
ciated with f*. That is, for each arc (4,v) € A, the residual network contains a forward arc (,v) € Af if the resid-
ual capacity ¢*(u,v) := c(u,v) — f"(u,v) is positive, and whenever f"(u,v) > 0, a backward arc (v, u) with residual
capacity ¢ “(v,u) :=f"(u,v). Remember that the set of all vertices from which ¢ is not reachable in the residual net-
work Dy, that is, C* U {s} = {v € V|3 no v- t-path in Df }, is an s-f-cut of min capacity in D and C* is an optimal
closure in D for capacities corresponding to prices p*. Even though C* need not be the unique optimal closure
with respect to p*, it follows from our tie-breaking rule being in favor of the leader that the follower always
selects an optimal closure, such as C*, containing all priceable projects in R. In the remainder, we assume that the
follower picks the closure C*.

Theorem 1 (cf. Briest et al. [7]). Algorithm 1 returns optimal prices p* for StackMaxClosure with a single follower. More-
over, all priceable vertices belong to the optimal closure C* selected by the follower, and the leader’s revenue is equal to
1'(D) = coo — o, Where co and c denote the value of the maximum flow in D if c(v,t) = co for all v € R and c(v,t) = 0 for
all v € R, respectively.

Observe that c., — cg denotes the difference in revenue of the follower when all priced projects are unavailable
and when all priced projects are available for free. The proof of Theorem 1 goes along the same lines as in Briest
et al. [7] and can be found in the appendix.

2.2. Structural Properties

To solve the Stackelberg max closure problem for two followers in the setting in which only one copy of each
project is available, we need a couple of structural properties of the optimal closure C* selected by the follower
and the revenue obtained by the leader.

For the proof of our main Theorem 2, we need Lemma 1, which characterizes the optimal revenue of the
leader. In order to do so, we need some additional notation. Given a subset of fixed-price projects S C B, let us
denote by f(S) the value of the maximum flow in the auxiliary network D restricted to the subgraph induced by
SU{s,t}, and for every T CV, let N(T) ={ve V| (v,u) or (1,v) in A for any u € T} denote the set of all neighbors
of Tin D. Moreover, for T C V, let w(T) := 3, .;w(v).

Lemma 1. Let C* be the optimal closure in D (as defined in Section 2.1). Then,
(D) =w(C* N B" NN(R)) +f(C* N ((B"\N(R)) UB7))-f(C"NB).

Proof. The value of the maximum flow in D if c(v,t) = o for all v € R is equal to
Ceo =w(B* NN(R)) +f((B* \N(R)) UB").
The value of the maximum flow in D if ¢(v,t) = 0 for all v € R is equal to
co =f(B).
By Theorem 1,
' (D) = ¢ — o = w(B* N N(R)) +f((B* \ N(R)) U B”) - £(B).

To see that we can restrict attention to vertices in the optimal closure C*, notice that, at the end of Algorithm 1,
no flow is sent from a benefit project 1 € B* \ C* to a cost project v € C* N B~ nor to a priceable project v € R. See
Figure 2. If there were such flow, there would be a path from project v to t in the final residual network Df by
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Figure 2. (Color online) The auxiliary flow network D.

using the arc to u and continuing along the u-f path, and hence, v would not belong to C*U {s} =
{veV|3no v-t-path in lﬁf»}: a contradiction to v € C*.

The previous observation shows that, even if we restrict attention to the subgraph (B*\ C*) U B~ U {s,t}, which
does not include R, the maximum flow can all be sent from B* \ C* to B~ \ C*. This implies that also, if prices are
zero, we send f((B* \ C*) U B7) flow units from B* \ C* to B~ \ C*. Because 7*(D) = ¢ — ¢p, the flow that is sent from
B*\ C* to B~ \ C* cancels out and does not impact the optimal revenue. Hence, the desired result follows. O

2.3. StackMaxClosure with Two Followers and Limited Supply

We now consider StackMaxClosure with two followers and limited supply. That is, each priceable project can
only be bought by one of the followers. In this setting, the leader’s problem is twofold: (i) an assignment x : Ry N
Ry — {1,2} of the shared priceable projects to the two followers and (ii) prices p: Ry U R, — R, maximizing the
revenue given the constraint that projects v € Ry N R, can only be sold to follower x(v) € {1,2}.

We show that we can find an optimal solution in strongly polynomial time. Consider an instance of our
problem with two followers i€ {1,2} with underlying digraphs D; = (V}, A;), the vertex sets V; = R; U B; being
partitioned into priceable (red) and fixed price (blue) vertices, and fixed prices w : B; U B, — R. Recall that only
priceable vertices can be shared, that is, By N B, = 0. We may split the fixed price vertices into benefit projects
B} ={veB;|w(v) > 0} and cost projects B; = B;\ Bf, i € {1,2}.

2.3.1. Finding Optimal Prices for a Given Assignment x. We first note that the leader’s problem essentially reduces
to the problem of finding an optimal assignment x : R; N Ry — {1,2}. Note that any assignment x: Ry N R, — {1,2}
partitions the instance given by the two digraphs D = (D1, D;) and weights w into two single-follower instances
Di(x) = Dj[R;(x) U B;(x)], where R;(x) ={v € R;| if ve Ry N R, then x(v) =i} and Bi(x) ={v € B;| forall u € R N Ry,
if x(u) # i then (v, u) # A;}, i € {1,2}. Given an assignment x, let us denote by 7*(D,x) the optimal revenue of the
leader in D with respect to weights w and assignment x. Observe that 7*(D,x) can be written as
(D, x) = m;(D,x) + 75(D, x). Because, for a given assignment x, the optimal price vector p* and the associated max
closures C;(x), i = 1, 2, can be found in strongly polynomial time by Algorithm 1, optimal prices for a given assignment
x can be found in strongly polynomial time.

2.3.2. The Easy Case: No Fixed Price Cost Projects. Let us first consider a simple special case of our problem
without any fixed-price cost projects, that is, where By = B; = 0. Here, the leader’s problem can be solved in
strongly polynomial time via a reduction to MAX INDEPENDENT SET IN BIPARTITE GRAPHS. Because, for a given graph
G =(V,E), a vertex set S C V is independent if and only if V'\ S is a vertex cover, the problem of finding a max
independent set is equivalent to the problem of finding a min vertex cover. The latter problem in bipartite graphs
can be solved, again, via a min s-f-cut computation in some auxiliary flow network (Konig [15]).

Lemma 2. If B] = B; =0, the leader’s problem can be polynomially reduced to MAX INDEPENDENT SET IN BIPARTITE GRAPHS.

Proof. As described, any assignment x : Ry N R, — {1,2} partitions the instance into two single-follower Stackel-
berg max closure problems that can be solved separately. Recall that 7}(D,x) denotes the maximum revenue
achievable for the leader in the single-follower instance D;(x) resulting from assignment x for i € {1,2}. Note that,
in the special case in which all cost projects are priceable, 7t}(D, x) for i € {1,2} is equal to the overall weight of all
benefit projects in Bf, which do not depend on any priceable project assigned to the other follower, that is,

(D, x) = > {w(©) |v € B \Ni(R;(x))},
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where i # j and N;(S) = {ve V;| (v,u) or (1,v) in A; for any u € S} denotes the set of all neighbors of any vertex set
SCV;in D;. As a consequence, the leader’s problem for the case in which By = B; = 0 reduces to the problem of
finding an optimal assignment x maximizing

> {w(v) | ve B} \ Ni(Ro(x))} + > {w(v) | v € B \ Na(R1(x))} 3)

Such an optimal assignment x can be found by finding a max independent set in the undirected bipartite graph
G = (B UB;j,E) on vertex set Bf U BJ and edges {1, v} € E for any pair (4,v) € Bf X B having a common neighbor
in Ry N Ry. Note that any max independent set S* in G w.r.t. the given fixed weights w : Bf Y B} — R, corre-
sponds to an optimal solution x* of the leader’s problem with revenue 7*(D,x") = w(S*) for the following reason.
By construction, whenever two benefit projects u € Bf and v € B} share a priceable project as a neighbor, only
one of {u, v} is selected into S*. The priceable projects associated with edge {1, v} are then assigned to the follower
whose endpoint is selected into S*, resulting in assignment x*. Because the revenue is equal to the overall weight
of all benefit projects assigned to each follower, the result follows. O

Example 2. For an example, see Figure 3. In the left figure, we see the StackMaxClosure problem with two fol-
lowers. Follower 1 corresponds to the blue-red graph, whereas follower 2 corresponds to the green-red graph.
In the right figure, we see the corresponding max independent set problem. The benefit project of value one,
two, respectively, of follower 1 is linked to the benefit project of value two of follower 2 because all depend on
priceable project 3. The benefit project of value three of follower 1 is linked to the benefit project of value five of
follower 2 because both depend on priceable project 2. The optimal revenue is, therefore, eight, equal to the max
independent set in the right figure because priceable project p; can always be given to follower 1, whereas it is
optimal to give priceable project p; to follower 2 and priceable project p; to follower 1, implying that a revenue of
three is derived from follower 1 and a revenue of five is derived from follower 2.

2.3.3. The General Case. We solve the leader’s problem in the general two-follower case by a reduction to a
problem of the previously mentioned easy case. That is, given any instance consisting of two digraphs D; = (R; U
B;, A;), i € {1,2} and weights w : B U B, — R, where B] and B; are not necessarily empty, we construct an auxili-
ary instance consisting of two digraphs D] = (R} U B;,A]) and weights w’: B] U B) — R in which there are no
fixed-price cost projects and that satisfies the property that an optimal assignment x’ corresponds to an optimal
assignment x of the original instance. Because an optimal assignment x” of the easy instance given by D}, D, and
w’ can be found efficiently (Lemma 2), we obtain the following main result of our paper.

Theorem 2. StackMaxClosure with two followers in the setting in which only one copy of each project is available can be
solved in strongly polynomial time.

We prove Theorem 2 by showing that, for any instance (D, w) given by D; = (R; U B;, A;), i € {1,2} and weights
w:B; UB, = R, the problem of finding an assignment x:R; N R, — {1,2} maximizing the leader’s revenue
(D, x) = m;(D1,x) + 15(D3, x) reduces to the problem of finding an optimal assignment x” in the auxiliary “easy”
instance (D’, w’) constructed as follows.

Figure 3. (Color online) Left: StackMaxClosure with limited supply and two followers. Right: The corresponding max
independent set problem.
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2.3.3.1. Construction of Auxiliary “Easy” Instance. The auxiliary instance (D', w’) associated with (D, w) con-
sists of two digraphs D; = (R} U B}, A]) with priceable (red) vertices R; and fixed price (blue) vertices B, and ver-
tex weights w’ : Bf U B} — R constructed according to the following rules. For i € {1,2} and j # i define
*Ri=R;UB UB;.
® B{ =B UB; ,where B, ={0|v € B;}isa copy of the fixed cost projects of follower .
o« A7 =AU{(5,0) |0 e B},
w() ifveB} )
oW (v) = . ~_forallveB.
{—w(v) if 0 € B, !
That is, we transform every fixed-price cost project into a priceable project, and additionally, we make a copy o
of each originally fixed-price cost and now priceable project v € B;, which now becomes a benefit project for the
other follower j # i of new weight w’(?) = —w(v), and we add an arc (7,v) to Aj. See Figure 4 for an illustration.
The intuition behind the equivalence of an optimal assignment in the original instance and an optimal assign-
ment in the auxiliary instance is that the difference in optimal revenue is equal to the sum of all weights of the
cost projects. A cost project that is now priceable is either given to the same follower, implying that the costs are
now extracted by the leader, or given to the other follower, implying an increase in revenue of the leader via the
copy. However, this equivalence is only valid after some preprocessing as, otherwise, the leader can also extract
the value of an optimal closure that is not linked to priceable vertices and, thus, is always selected by the fol-
lower. We now prove this formally.

Definition 1. Given an assignment x, we call an assignment x’ in D’ an extension of x if x’(v) = x(v) for all
v e R NR,.

Similar to before, an extension x” partitions D" into D}(x") and Dj(x’), and we denote by 7*(D’,x’) the optimal
revenue of the leader in D" with respect to x’. Before constructing the auxiliary instance (D', w’), we perform the
following preprocessing step on (D, w).

2.3.3.2. Preprocessing. Some projects are always selected by a follower i € {1,2}. If S C B satisfies
SNAN;(R)=0 and w(S)>c(Ni(S)), 4)
then S U N(S) is guaranteed to be selected into a max closure of follower i, completely independent of the assign-
ment x and the pricing p : R; U R, — R, chosen by the leader. In a preprocessing step, we compute for both fol-
lowers i € {1,2} a max closure C; in the subgraph D;[(B; \ N(R;))] restricted to fixed-price vertices not dependent

on any priceable project. In case w(C;) > 0, we remove all vertices in C; from D; as they are selected by follower i

Figure 4. (Color online) Left: The original instance D. Right: The auxiliary instance D’.
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anyway. This way, after preprocessing, we can assume without loss of generality that there is no set S C B} satis-
tying property Equation (4). Lemma 4 relies on this assumption.

Lemma 3. For every assignment x in D, there exists an extension x’ of x in D’ such that 7 (D’,x") > *(D,x)+
c(By) +c(B3).

Proof. Let C;(x) be the optimal project selection of follower i = 1, 2 in D with respect to assignment x. Let Sj(x) =
Ci(x) N B denote the set of fixed-cost projects selected by follower i. Consider the extension x” of x that assigns a
new priceable project v € By to follower i exactly if v € Sj(x). If v € B \ S;(x), then v is assigned to the other fol-
lower j # i. Given such an assignment x’, we may set prices equal to the original costs, that is, set p(v) = —w(v) for
all v € B U B;. This assignment x’ together with such prices yields a revenue of 7w*(D, x) + ¢(B7) + ¢(B5 ), and thus,
the optimal revenue of x’ is at least as high. O

Lemma 4. After preprocessing, for every assignment x in D and any extension x’ of x in D', we have m'(D’,x") <
' (D,x) + c(By) + ¢(B3).

Proof. Let x be an assignment in D and x” be an extension of x in D’. Let C;(x) be the optimal project selection in D
with respect to assignment x, and let C;(x’) be the optimal project selection in D’ with respect to assignment x’ of fol-
lower i € {1,2}. Recall that 7*(D’,x’) = m;(D’,x’) + m5(D’, x"). Observe that each priceable project v € B; in D’ for i #
j that is assigned to follower j yields a revenue of —w(v). Because all priceable vertices in Dj(x") belong to C;(x") (cf.
Theorem 1), it follows that these vertices are exactly the vertices in B; \ C;(x’). That is, we have By \ Cj(x) = {v €
By |x'(v) =2} and B; \ C5(x") = {v € By |x'(v) = 1}. Let D1(x’) denote the subgraph obtained from D/ (x") by remov-
ing all vertices in B \ C3(x") and their copies { | v € By \ C;(x)}. Define D (x") similarly. It follows that 77*(D’,x’) =
7 (D1,x') + (B3 \ Cy(x')) + 75(Da,x") + ¢(B7 \ C;(x')). Thus, to prove Lemma 4, it suffices to show that
(D, x") < (D, x) + c(C;(x') N By) )

forie {1,2}.

To shorten notation, let C*:=Cj(x) and C’:=C;(x’). Moreover, let C.=C'NB/,C.=C'NnB/,C.=C"nN
By, C. =C'NnB; and R = R(x).

Recall from Section 2.2 that, for a subset S of fix price projects, (S) denotes the max flow value in the auxiliary
flow network restricted to the subgraph induced by S U {s, t}. By Lemma 1, we know that

(D1, x) = w(C, NN(R)) +f((CL \N(R) U CL) —f(C, U CL). (6)

Recall from Theorem 1 that, in order to compute nj(l_)i,x’), we need to consider the auxiliary flow network w.r.t.
the single-follower instance D;(x") and compare the max flow value for the case in which c(v,t) = oo for all v e
R;(x") with the max flow value for the case in which ¢(v,t) = 0 for all v € R;(x"). Observe that

0 (Dy, %) <w(C)), @)
and from Equations (6) and (7), we observe that, in order to prove Equation (5), it suffices to show
w(C) +f(CLUC) <w(C, NN(R)) +f((CLANR)) U CL) +c(CL). ®)
Let f* be a max flow in the auxiliary flow network induced by the projects in C U C*. We partition the value
f(CLUCY) of flow f* into
fCLUC) =v1+ 12+ 703,
where v; denotes the value of flow f* sent through the benefit projects in (C; \ C;) \ N(R), v, denotes the value of
flow f* sent through the benefit projects in (C* \ C’.) N N(R), and vz denotes the value of flow f* sent through the
benefit projects in C, N C,.
Note that, by our preprocessing, we know that w(C’, \ N(R)) < ¢(C.). Thus,
SUCLANR)) U CL) = w(C \N(R)) 2 01 +w((C, N C) \N(R)), ©)
where the inequality follows by definition of v;.
By Equation (9), in order to show Equation (8), it suffices to prove that
w(C,\C) +w(C, NCLNNR))+ v +v3 <w(C, NNR))+c(C). (10)
Note that v, <w((C; \ C}) N N(R)). Hence, it suffices to prove
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w(C,\C:)+w(C, NC, NN(R)) + vz <w(C, NC.NN(R))+c(C.), which is equivalent to
w(C' .\ C,)+v3 <c(Ch). (11)
Finally, we observe that
vz <c(C.NC, (12)

for the following reason. Because C* and C’ are closures, there are no arcs from C;, N C/, to C_ \ C* and no arcs
from C;, N C, to C: \ C., implying that our flow f* needs to send all flow that goes through benefit projects in
C: N C’, through cost projects in C* N C”. Hence, the value of that flow, namely v3, is upper bounded by the
capacity ¢(C- N C”). Summarizing, we derived that Equation (5) and, thus, the statement of the lemma follows if
we can show

w(C . \C,)<c(C_\C). (13)

However, Equation (13) must be true as, otherwise, C' U C* is a closure in D of larger value than C* in contradic-
tion to the optimality of C*. O

Proof of Theorem 2. It follows from our considerations that an optimal assignment x for (D, w) can be found as
follows: after preprocessing, we construct the auxiliary easy instance (D’,w’) as described and compute an opti-
mal assignment x” for (D', w’) via reduction to a bipartite max stable set problem. By Lemmas 3 and 4, we know
that there exists an extension x’ such that

n'(D’,x") = " (D, x) + c(B]) + ¢(By).

Because c(B7) + c(B5) is a constant, that is, independent of assignment x : R; N R, — {1,2}, we obtain an optimal
assignment x from x’ by setting x(v) = x’(v) forallv € Ry NRy. O

Remark 1. The result of Theorem 2 can be extended to digraphs that also intersect in benefit projects. In that
case, we extend the construction of the max independent set problem by adding edges between two benefit proj-
ects that are in both digraphs, and then, the same arguments apply.

3. Complexity Results

Recall that Briest et al. [7] show that StackBipartiteVC with a single follower with priceable vertices on one side
of the partition is solvable in time polynomial in |V| and |E|. Baiou and Barahona [2] strengthen this result by
describing a faster algorithm to compute the optimal prices. In the following section, we show that StackBiparti-
teVC with a single follower in general, that is, for which priceable vertices can be on both sides of the partition, is
APX-hard. Afterward, in Section 3.2, we show that StackMaxClosure with two followers and unlimited supply is
APX-hard. Subsequently, in Section 3.3, we show that StackMaxClosure with three followers in the setting in
which only one copy per project is available is NP-hard.

3.1. StackBipartiteVC with a Single Follower

The main result of this section shows that StackBipartiteVC with a single follower is NP-complete and even
APX-complete. This answers the open problem proposed by Baiou and Barahona [2]. We use a reduction from
the NP-hard problem maximum independent set (Karp [14]). Recall that MaxmuMm INDEPENDENT SET takes as input
an undirected graph G = (V,E) and asks for a subset S C V of the vertices of maximum cardinality such that no
two vertices in S are linked by an edge.

Theorem 3. StackBipartiteVC with a single follower is NP-hard.

Proof. We show that the decision variant of StackBipartiteVC with a single follower is NP-complete. Clearly, the
problem is in NP because, for any given target revenue r, vertex set C C V, and price vector p: R — R, we can
check in polynomial time whether C is indeed a vertex cover with >~ zp(v) > 7. To see that the problem is
NP-complete, consider any instance G = (V, E) of MaxiMuM INDEPENDENT SET and construct a bipartite graph G’ =
(U U W,FE) as follows:

a. For each vertex v € V, create a priceable vertex a, € W, a fixed-price vertex b, € U with weight w(b,) =1, and
an edge {by,a,} € E’.

b. For each edge e = {u, v} € E, create a priceable vertex a, € U, a fixed-price vertex b, € W with weight w(b,) =1, a
fixed-price vertex ¢, € U with weight w(c,) =2, a fixed-price vertex d. € W with weight w(d,) =4, an edge
{ac,be} € E’, an edge {a,,d.} € E’, an edge {c.,d.} € E’, an edge {c.,a,} € E’, and an edge {c.,a,} € E’. See Figure 5.
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Figure 5. (Color online) Gadget corresponding to edge e = {1, v} € E.
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We show that, for every optimal pricing strategy p* of the leader with associated min vertex cover C* = C*(p”)
in G’, the vertices in §* := {v € V | 2, € C'} form a maximum independent set in G and vice versa.

We start by showing that, for any independent set S C V in G, there exists a price strategy p° for the leader
such that the follower selects among the vertices in {a, |v € V'} exactly those corresponding to S and for which
the leader receives a revenue of 5- |E| + |S|. Consider an arbitrary independent set S C V in G, and set prices as fol-
lows: prices on the vertices in {a, | v € S} are set to one, and prices on all vertices in {a, | v € V'\ S} are set to infin-
ity. This way, the leader forces the follower to select all vertices corresponding to the independent set S into the
vertex cover (assuming that the follower breaks ties in favor of the leader). Moreover, because for every edge
e € E, at least one endpoint belongs to V'\ S, the follower necessarily selects all vertices {c. | ¢ € E} into the optimal
cover, independent of the prices on the vertices in {a, | e € E}. Note that the follower selects 4, into the optimal
vertex cover if and only if the price on a, does not exceed five. Otherwise, if the price on g, is larger than five, the
follower selects d, and b, for a price of five into the cover and leaves out a,. Thus, by setting the prices on all verti-
ces in {a, | e € E} to five, the leader receives a revenue of 5 |E| + |S| using this pricing strategy.

Conversely, let p* denote an arbitrary optimal price vector of the leader and C* be the corresponding min ver-
tex cover chosen by the follower with ties broken in favor of the leader. Suppose, for the sake of contradiction,
S :={veV|a, € C'} is not an independent set. Let E’ C E be the subset of edges for which both endpoints are in
§*and V[E’] C S” be the set of endpoints of the edges in E’. The set E’ is not empty because of our assumption of
S* being not an independent set. We partition the edges in E” into two disjoint sets E’ = E] U E}, so that E/ contains
all edges e € E’ with ¢, ¢ C, and E; = E"\ E] contains those edges in E’ with ¢, € C*. Note that 3,cypp"(a0) <
[VIE’]| + 2 |E}|. Otherwise, if ZveV[E’]p*(av) >|V[E']| +2|E}|, the follower could improve by switching to cover
C'\{ay |ve VIE']} U {b, |ve V[E']} U{c.|e€ E}}.

For each e € E}, vertex ¢, belongs to C*. Thus, a, belongs to C* if and only if the price on a2, does not exceed three
because, for p*(a.) > 3, the follower could improve by switching to vertex cover C*\ {c., 4.} U {d,, b.}. Therefore,
we have p*(a.) = 3, implying that the leader receives a revenue of three from each vertex a, with e € E/.

For each edge ¢ € E}, vertex ¢, does not belong to C*. Thus, 4, is not selected by the follower for the following
reason: the follower selects a, only if p*(a.) <1. But, if p*(a.) <1, the follower could improve by switching to
C\ {d., be} U {c.,a.}. Therefore, the leader receives no profit from a, for every edge e € E;.

Let U C V[E’'] C S* be a subset of vertices of size at most |E’| such that each edge of E’ contains at least one end-
vertex in U. Note that such a cover can easily be constructed by selecting one endvertex of each edge in E’ arbi-
trarily. We derive the desired contradiction by observing that the leader can improve the revenue as follows: the
leader raises the prices on the vertices in {a, | v € U} to infinity, sets the prices on all vertices in {a, |v € V[E'] \ U}
to one, and raises the prices on all vertices in {a, |e € E'} to five. Under the new price vector, an optimal vertex
cover for the follower is C*\ {{a, |v e U} U {d,,b. |e€ E{}} U {b, |v e U} U {c,,a. |e € E}}.

Let’s have a closer look at the change in the leader’s revenue under this new pricing strategy: Because
ZveV[E’]p*(aU) <|V[E’]| +2 |E}|, the leader’s revenue obtained from vertices in {a, |v € V} might decrease but at



Jungnitsch, Peis, and Schroder: Stackelberg Max Closure with Multiple Followers
12 Mathematics of Operations Research, Articles in Advance, pp. 1-15, © 2022 INFORMS

most by |V[E’]| + 2 |E{| = |[V[E']\ U| = |U| + 2 |[E}| . However, the leader’s revenue obtained from vertices in {a, |
e € E} increases by the amount 2 |E}| + 5 |E}| . Because |U| < |E’| = [E{| + |E,|, it follows that the leader’s revenue
increases by the positive amount of at least 2- |E}| + 5 |[E7| — |U| — 2 |E{| > |E’| > 0: a contradiction to the optimality
of p*.

Summarizing, for each maximum independent set S* in G exists a price vector p* of revenue 5 |E| + |S*|. Con-
versely, for each optimal pricing strategy p* with corresponding vertex cover C* in G/, the set S* := {a, |v € C'}
forms an independent set in G, and the revenue of the leader is 5 |E| + |S*|. Hence, the price vector maximizes the
leader’s revenue if and only if S* is a maximum independent set. [J

APX is the class of optimization problems in NP that admit a constant-factor polynomial-time approximation
algorithm. A polynomial-time approximation scheme (PTAS) is an approximation algorithm that, with a given
parameter € > 0, produces in polynomial time a solution whose objective value is at most a multiplicative factor of
1—¢€ away from the objective value of an optimal solution. A problem is said to be APX-hard if there is a PTAS
reduction from all problems in APX to that problem. APX-hard problems that belong to class APX are called APX-
complete. We strengthen the result of Theorem 3 by showing that Stackelberg vertex cover in a bipartite graph with
a single follower is APX-complete. The following definition is due to Papadimitriou and Yannakakis [17].

Definition 2. Let IT; and I'l; be two optimization problems. We say I'ly L-reduces to I, if there exists polynomial-
time computable functions f, g, and constants a, § > 0 such that, for each instance I € Il;, the following holds:

1. f(I) e I1; such that OPT(f(I)) < a- OPT(I).

2. Given any solution s to f{I), g(s) is a feasible solution to I such that |cost(g(s)) — OPT(I)| < B- |cost(s) — OPT(f(I))|.

Theorem 4. StackBipartiteVC with a single follower is APX-complete.

Proof. Notice that Stackelberg vertex cover in bipartite graphs is in APX. We can compute the optimal prices for
each side of the bipartition independently while pricing the priceable nodes on the other side at co by using the
algorithm of Briest et al. [7], and by selecting the better of these two solutions, we obtain a 1/2-approximation
algorithm.

We use an L-reduction from maximum independent set with degree at most three. Let [y denote the maximum
independent set problem with degree at most three, I, denote the Stackelberg vertex cover problem in bipartite
graphs, and I € I'T;. The maximum independent set problem with degree at most three is shown to be APX-hard by
Alimonti and Kann [1]. The polynomial-time transformation f from I'l; to I, is the same function as we used in the
proof of Theorem 3. We show that this transformation satisfies the first property of an L-reduction.

From the proof of Theorem 3, it follows that OPT(f(I)) = OPTsyc = 5 |E| + OPTpys = 5 |E| + OPT(I). This implies
that

OPT(f(I)) =5 |E| + OPT(I) < 15 |V| + OPT(I) < 61 - OPT(I),

where the first inequality follows from |E| <3 |V] as the degree of each vertex is at most three and the second
inequality from OPTyys > |V| /4 as the greedy algorithm already yields an independent set of size |V| /4 (for
every vertex that is greedily selected, at most three other vertices are deleted). Hence, a = 61.

Let s be a feasible solution of f{I) with corresponding chosen vertex cover C* and profit n(s). We define the
independent set g(s) of IT; as follows. For all v €s, v € g(s) if a, € C', p,, =1and a, ¢ C" for all {u,v} € E. By the
proof of Theorem 3, OPT(f(I)) = 5|E| + OPT(I) and 7t(s) <5 |E| + |g(s)|- This implies that

OPT(I) - Ig(s)] = OPT(f(I)) = 5 |E| = |g(s)| < OPT(f(I)) — 7(s),

and hence, f=1. O

3.2. StackMaxClosure with Two Followers and Unlimited Supply

We now study the Stackelberg max closure problem with two followers and unlimited supply. That is, for each
project, there are sufficiently many copies available so that the leader, in principle, could sell a copy of each proj-
ect to each follower who is interested in that particular project. However, any two copies of the same project
need to be sold for the same price.

Briest et al. [7] show that StackBipartiteVC with priceable vertices on one side, three followers, and unlimited
supply is weakly NP-complete implying hardness for StackMaxClosure with three followers. We strengthen this
result by showing that StackMaxClosure with two followers and unlimited supply is NP-hard as well and even
APX-hard.

Theorem 5. StackMaxClosure with two followers and unlimited supply is NP-hard.
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Figure 6. (Color online) Gadget created for edge e = {1, v} € E.

Proof. We show that the decision variant of StackMaxClosure with two followers and unlimited supply is
NP-complete. Clearly, the problem is in NP because, for any given target revenue r, closures C;,C; € V, and price
vector p: R — Ry, we can check in polynomial time whether 3., rP() + S ~rP(@) = 1. To see that the problem
is NP-complete, consider any instance G = (V,E) of Maxmum INDEPENDENT SET. Define an instance of StackMax-
Closure with two followers and unlimited supply consisting of two digraphs D; = (B; UR;, A;) with B; N B, =0
and weights w : B; U B, — R as follows (see Figure 6 in which follower D, is the blue-red subgraph and D; is the
green—red subgraph).

a. For each vertex v € V, create a priceable vertex a, € Ry N Ry, a fixed-weight vertex b, € By with w(b,) =1, and
add an arc (b, a,) to A;.

b. For each edge e = {u,v} € E, create a fixed-weight vertex b, € B, with w(b.) =5 and add two arcs (b,, 4,) and
(be, a,) to As.

We show that, for every optimal pricing strategy p* of the leader with associated max closure C; = Cj(p*) in
D, the vertices in §* := {v € V| 4, € C}} form a maximum independent set in G and vice versa.

We start by showing that, for any independent set SC V in G, there exists a price strategy p° for the leader
such that the follower selects among the vertices in {4, | v € V} exactly those corresponding to S, and such that
the leader receives a revenue of 5- |E| +|S|. Consider an arbitrary independent set S C V in G and set prices as fol-
lows: prices on the vertices in {a,|v € S} are set to one, and prices on all vertices in {4, |v e V'\ S} are set to
SueN@)\s2- + Duenwns (8 IN(@)| —1)/ IN(u)|, where N(v) denotes the set of neighbors of v in G. This way, the
leader forces follower 1 to select all vertices corresponding to the independent set S into the closure (assuming
that the follower breaks ties in favor of the leader) and follower 2 to select all priceable vertices into the closure.
To see this latter observation, notice that, for all E’ C E, we have that

_ ’ 5IN(u)| -1
> P =IVIE'IN S|+ > ( > 25+ > W)

veV[E’] veV[E']\S\ueN(v)\S ueN(v)NS

, 5|N(u) N V[E']| -1
>|VIE'INS|+ > ( 2.5+ NGO A VIE]
veVIE'N\S\ue(N@)NV[E)\S ueN@NVIE'NS
=51F,

where the inequality follows because (5x — 1)/x is increasing in x. In particular, the closure that contains all fixed-
price and priceable vertices yields a value of zero. This implies p° yields a revenue of |S| + 5 |E].

Conversely, let p* denote an arbitrary optimal price vector of the leader and Cj, C; be the corresponding max
closure chosen by follower 1, 2, respectively, with ties broken in favor of the leader. Suppose, for the sake of con-
tradiction, that S* := {v e V' |4, € C}} is not an independent set. Let E’ C E be the subset of edges for which both
endpoints are in S*. The set E” is not empty because of our assumption of S* being not an independent set. For
each e = {u,v} € E’, the optimal price on a,, a, is p*(a,),p*(a,) < 1. This implies that the optimal profit is at most
|S*|+2|E'|+5|E\ E'|.

Let U C V[E’] C S* be a subset of vertices of size at most |[E’| such that each edge of E’ contains at least one end
vertex in U. Note that such a closure can easily be constructed by selecting one end vertex of each edge in E” arbi-
trarily. Then, S*\ U is an independent set, and by setting prices according to price strategy p° ‘! as described, the



Jungnitsch, Peis, and Schroder: Stackelberg Max Closure with Multiple Followers
14 Mathematics of Operations Research, Articles in Advance, pp. 1-15, © 2022 INFORMS

leader obtains a profit of |S*\ U| +5 |E| > |S*| +4 |E’'| +5|E\ E’'| > |S*| + 2 |E’| + 5 |E \ E’|, where the first inequality
follows because | U |<| E’ |. This is a contradiction to the assumption that p* is optimal.

Summarizing, for each maximum independent set S* in G exists a price vector p* of revenue 5 |E| + |S*|. Con-
versely, for each optimal pricing strategy p* with corresponding vertex cover C* in G’, the set S* := {a, |v € C'}
forms an independent set in G, and the revenue of the leader is 5 |E| + |S*|. Hence, the price vector maximizes the
leader’s revenue if and only if S* is a maximum independent set. O

Theorem 6. StackMaxClosure with two followers and unlimited supply is APX-hard.

Proof. The proof follows the same lines as the proof of Theorem 4. O

3.3. StackMaxClosure with Three Followers and Limited Supply

Whereas StackMaxClosure with two followers is hard in the case of unlimited supply but efficiently solvable in
the case only one copy per project is available, the question remains whether StackMaxClosure for more than
two followers is efficiently solvable in the setting in which only one copy per project is available. We answer this
question negatively. Note that, for three followers, even in the easy case without any fixed-cost project, the prob-
lem boils down to finding a maximum independent set in a tripartite graph, which is NP-hard. We can, therefore,
conclude that StackMaxClosure with at least three followers and limited supply is NP-hard as well.

Theorem 7. StackMaxClosure with three followers in the setting in which only one copy of each project is available is NP-
hard.

Proof. We use a reduction from the MAXIMUM INDEPENDENT SET PROBLEM IN A TRIPARTITE GRAPH. Phillips and Warnow
[18] show that this problem is NP-hard. Given the tripartite graph G = (U; U U, U U3, E) for the maximum inde-
pendent set, we create a StackMaxClosure problem with three followers as follows. We treat the original vertices
as benefit projects of the followers with a value of one. For every edge {u,v} € E, we create a priceable project
T(w)- We define three bipartite digraphs D; = (V;, A;) with V; = U; U {r(,,) | u € U; or v € U;} for every follower i =
1, 2, 3. We create an arc for every u € U; to all r(,,) and r,, in D; for i = 1, 2, 3. This can be done in polynomial
time.

Now, we need to show that the optimal solution of the StackMaxClosure problem gives us an optimal solution
for the Maximum Independent Set. Observe that a benefit project can only be selected if all priceable projects
connected to it are assigned to that follower. Given that priceable projects correspond to edges, a benefit project
can only be selected if all edges incident to that vertex are assigned to that follower. So an assignment x in the
StackMaxClosure problem induces an independent set. Because, in the StackMaxClosure problem, the number
of selected benefit projects is maximized, the size of the independent set is maximized and, hence, the
correspondence. O

Theorem 8. There is a 2 /k-approximation algorithm for StackMaxClosure with k > 2 followers and limited supply.

Proof. By Theorem 2, we can solve the problem with two followers. Observe that there are (’;) =k(k—1)/2 pairs

of players. We can compute the optimal prices for each pair of players by using the algorithm in the proof of The-
orem 2 and setting all other prices equal to infinity. By selecting the best of these solutions, we obtain a
2 /k-approximation algorithm. O

4. Open Problems

We have solved the complexity status of StackMaxClosure with limited and unlimited supply, but several inter-
esting classes of problems remain open. First, we assume that the digraphs of the followers are not allowed to
intersect in cost projects. Can the algorithm for two followers with limited supply be extended in case we relax
this assumption? Second, Briest et al. [7] show that StackBipartiteVC with priceable vertices on one side and a
single follower can be solved in polynomial time. We prove that StackBipartiteVC is NP-hard. This raises the
question whether the Stackelberg vertex cover can be solved in polynomial time in simpler classes of networks
such as trees. Third, are there any better approximation algorithms for the NP-hard problems discussed in this

paper?
Appendix. Proof of Theorem 1

Proof of Theorem 1. The proof basically goes along the same lines as the proof in Briest et al. [7] for StackBipartiteVC
with a single follower and with priceable vertices on one side of the partition.
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Claim 1. In every iteration of Algorithm 1 with current maximum flow f°, all priceable vertices v € R belong to the current cut
C(f)U{s} = {ve V|3 no v-t-path in ﬁf»}.

Proof of Claim 1. Clearly, at the beginning of the algorithm with initial max-flow f*, all priceable vertices belong to
C(f") because c(v,t) =0 for all v e R. For the sake of contradiction, suppose there is a first iteration of the while loop, in
which at the end of the while loop the statement of the claim is false. Let v € R be the vertex selected for augmentation,
f* be the optimal flow at the beginning of the while loop, and f be the optimal flow at the end of the while loop, that is,
after the capacity on arc (v, t) has been increased by the amount f (v,t) = f*(v,t) through augmentation along the path P
chosen for augmentation. Note that arc (v, t) remains saturated and so does not enter the new residual network D;. To
prove the claim, it remains to show that C(f*)\ C(f) = 0. Suppose there is some w € C(f*)\ C(f). Thus, there exists a w-t
path Q in D; that was not present in Df It follows that Q contains at least one arc (i, j) that was created by augmenta-
tion along P. Consider the last such arc (i, j) in Q. Because the arc was created through augmentation along P, it follows
that P contains the arc (j, i) in the opposite direction. Thus, there must have been an s—t path consisting of the subpath
of P from s to j and the subpath of Q from j to ¢ prior to the augmentation along P. This is the desired contradiction to
the optimality of f* and finishes the proof of the claim. O

Let co denote the value of the maximum flow in D if c(v,t) = oo for all v € R, and let ¢y denote the value of the maxi-
mum flow in D if c(v,t) =0 for all v € R. Notice that the difference c., — ¢y is an upper bound on the revenue of the leader
because c., —¢p is exactly the maximal gain in the objective for the follower that can be achieved by using projects in R.
To show that Algorithm 1 terminates with optimal prices p*, we show that the induced revenue n*(D) is equal to this
upper bound ce — ¢o.

By our claim, all priceable vertices are selected by the follower. This implies that the revenue of the leader is the differ-
ence between the value of the minimum cut after Algorithm 1 terminated and the value of the minimum cut with p, = 0.
Therefore, we only need to show that c is the value of a minimum cut after the termination of Algorithm 1.

Assume we take the solution of the algorithm and increase the price on all priceable vertices by some arbitrarily small
€>0. Because the algorithm has terminated, increasing the prices does not yield an augmenting path. If there exists an
augmenting path, then this path uses only one (v, t) edge, and thus, this path also exists if only the price of v is
increased, which cannot be. This implies that the maximum flow remains the same. Moreover, all priceable vertices leave
the minimum cut. This proves that, after the algorithm terminates, the value of the minimum cut must be c¢. O
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