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HIERARCHICAL MULTILEVEL OPTIMIZATION WITH MULTIPLE-LEADERS
MULTIPLE-FOLLOWERS SETTING AND NONSEPARABLE OBJECTIVES

ADDIS BELETE ZEWDE! AND SEMU MITIKU KASSAZ*

Abstract. Hierarchical multilevel multi-leader multi-follower problems are non-cooperative decision
problems in which multiple decision-makers of equal status in the upper-level and multiple decision-
makers of equal status are involved at each of the lower-levels of the hierarchy. Much of solution methods
proposed so far on the topic are either model specific which may work only for a particular sub-class of
problems or are based on some strong assumptions and only for two level cases. In this paper, we have
considered hierarchical multilevel multi-leader multi-follower problems in which the objective functions
contain separable and non-separable terms (but the non-separable terms can be written as a factor
of two functions, a function which depends on other level decision variables and a function which is
common to all objectives across the same level) and shared constraint. We have proposed a solution
algorithm to such problems by equivalent reformulation as a hierarchical multilevel problem involving
single decision maker at all levels of the hierarchy. Then, we applied a multi-parametric algorithm to
solve the resulting single leader single followers problem.
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1. INTRODUCTION

Multilevel multi-leader multi-follower (MLMF) game is a non-cooperative decision system in which there
are multiple higher-level decision-makers (who are referred to as leaders) and many lower-level decision-makers
(who are referred to as followers). In this formulation, the role of leaders and followers may not refer to the level
of management hierarchy, rather it indicates the sequence of actions in the decision process among themselves.
The leaders compete in a Nash game constrained by the equilibrium conditions of another Nash game among the
followers. In the sequential part of the game Stackelberg behavior is assumed, from which the leaders make their
decision first by competing in a Nash game constrained by the equilibrium conditions of another Nash game
among the followers and the followers react by optimizing their objective functions conditioned on the leaders’
decision. Since originally appeared in a 1973 paper by Bracken and McGill [1] multilevel decision-making (some
authors designated it as multilevel programming or multilevel optimization) often appears in many decentralized
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management problems in the real world and has motivated a number of researches on decision models, solution
approaches and applications.

One of the solution approaches in solving multilevel- MLMF games uses a reformulation that replaces the
lower-level problems by their optimality conditions which results in a mathematical problem classified as an
equilibrium problem with equilibrium constraints (EPECs). Although there are several EPECs which have been
shown to admit an equilibrium, there are also fairly simple EPECs which admit no equilibrium as shown in [18].
Under this approach, Okuguchi [17] presented models for multi-leader-follower games in a Cournot regime. With
the assumption that each leader can exactly anticipate the aggregate reaction curve of the followers, Okuguchi
proved existence of an equilibrium solution for such problems. Moreover, uniqueness of such a solution is asserted
for a special case of the problem where all leaders share an identical cost function and make identical decisions.
Sherali [21] also studied a multi-leader-follower game, referring it as a Stackelberg model, by associating it with
EPECs. In forward market equilibrium model, Su [22] extended the existence result of [17] and [21] under some
weaker conditions. The works of Pang and Fukushima [19] and Leyffer and Munson [16] are also categorized
under this reformulation.

Replacing the lower-level problems by their optimality conditions requires convexity of the problems and
some strict regularity conditions on the constraints. Under such condition it can be shown that the reformulated
problem is equivalent to the original one. However, if the level of decision hierarchy is more than two then the
equilibrium problem of the lower levels become highly non-convex and it will be difficult to establish continuity
of the set-valued solution (equilibrium) function. Moreover, for problems with more than three hierarchical
levels with multiple leaders and multiple followers at each level, it is not possible also to apply the principle of
variational inequality to solve them.

An alternative solution approach in solving multilevel-MLMF problems is reformulation of the problem as
an equivalent hierarchical multilevel problem involving a single decision maker at all levels of the hierarchy. In
such a case, once it is equivalently reformulated as a hierarchical multilevel problem, one can apply existing
solution approaches for multilevel optimization models to solve the problem, though such methods themselves
are limited. Wang et al. [24] used this reformulation for a convex bilevel problem with multiple followers and
separable second-level objective functions. Under some weaker conditions, this reformulation is also employed
in the works of Kulkarni and Shanbhag [15], Kassa and Kassa [14], and Kassa [12]. The type of multilevel-
MLMF games considered in [15] is a problem in which the objective function of each player consists of separable
terms and common non-separable terms across all the followers. Extending this result, Kassa and Kassa [14]
reformulated a class of multilevel single-leader multiple-follower games, that consist of separable terms and non-
separable terms across all the followers parameterized by constant positive weights. Motivated by this latest
method, the authors have proposed in [25,26] an equivalent reformulation procedure to solve multiple-leaders
multiple-followers problems with any finite level of hierarchy. However, this procedure increases the level of the
hierarchy by one level and requires all the assumption in [14] to be satisfied.

Recently, multilevel-MLMF decision problems have been increasingly appearing in decentralized management
situations in the current age of integrated economic developments where business firms work in a decentralized
manner in a complex commercial networks comprised of suppliers, manufacturers, sales and logistics companies,
customers and other specialized service functions [8]. Therefore, this paper considers a hierarchical multi-leader
multi-follower problems in which multiple leaders of equal status in the upper-level and multiple followers of
equal status are involved at each lower-level of the hierarchy. We assume that the objective at all levels have
separable and non-separable terms (but the non-separable terms can be written as a factor of two functions
where the first one is a function of other level decision variables and the second factor is common to all objectives
across the same level), at each level there is a shared constraint common to all problems of same level, the leader
and followers have their own decision variables and objective functions, and the leader can only influence the
reactions of followers through their decision variables, while the followers optimize their objective functions in
view of the decisions of the leader and other middle level decision agents. Due to its computational difficulties
and mathematical complexities such as non-convexity and NP-hardness such optimization problems are lacking
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efficient algorithms. The main objective of this paper is to propose a solution approach for a more general class
of multilevel MLMF problems.

The remainder of the paper is organized into six sections. The next section presents the mathematical for-
mulation of general multilevel-MLMF games. Section 3 describes the proposed equivalent reformulations of
bilevel-MLMF problems into a hierarchical bilevel problem involving a single decision maker at each level of
the hierarchy. In Section 4, a multi-parametric programming problems are described. Section 5 presents an
algorithm to solve multilevel-MLMF problems using equivalent reformulation and multi-parametric approach.
Numerical examples are provided in Section 6 to illustrate the procedures of the algorithms and the paper ends
with concluding remarks in Section 7.

2. GENERAL FORMULATIONS OF MULTILEVEL-MLMF GAMES

Consider a k-level hierarchical multi-leader multi-follower game involving N7 decision makers at the first-level,
N, decision makers at the second-level, ..., and Nj, decision makers at the k'*-level. Under the assumptions
that (i) there is a shared constraint common to all problems at the same level, (ii) the reaction of all followers
are consistent across all the leaders at all hierarchical levels, and (iii) leaders and followers at all levels have their
own decision variables, objective functions and constraints, the problem can be formulated mathematically as
follows.

For n=1,..., Ny, the vector (y},y2,...,yx) solves an optimization problem,

min Fi"(y1,y2,. -, Yk)

yr ey
GT (vt y2, .-, yk) <0,
Hi(y1,y2,...,9%) <0, and for all i = 1,..., Na,

mln fé(yhy?: SRR yk)
Y3 €Y
95(y1, 92, y) <0,
ha(y1, 92, -, yx) < 0, and (2.1)
s.t. .
(y%,v3,...,yk) solves )
s.t. foralll=1,..., Ny,
Illlinl f/lc(ylvy27 SRR yk)
. yh ey}
Y solves ot d Lz <0,
o hk(ylay27"',yk)§07
where y; = (yi,.. .,y{v ') is a decision vector for the leaders’ optimization and (¥Vn) y7 € Y;" is a decision
vector of the nt*-leader and y; " = (y1,...,y" 1,47, ..., y") is a vector of the decision variables for all leaders
without y'; note that as customary we may write y; = (y7';y; ). The shared constraint H; is common to all
leaders whereas, the constraint G7 is only for the nth-leader. Similarly, at the second-level, yo = (y3,. .. ,yév 2)
is a decision vector for the second-level problem and Vi € {1,2,...,No}, yb € YJ is a decision vector of the
ith-player at the second-level optimization problem and y, i = (Y3, ... ,ygfl, y%“, .. ,yév 2) is a vector of the

decision variables of all second-level players without the vector y4; and ya = (y4;y5 *). The shared constraint hsy
is common to all second-level players whereas, the constraint G% affects only the ith player of the second-level
problem.

Continuing the same way as above, finally, at kth-level, yx, = (y4, ..., y,iv *) is a decision vector for the k'"-level
problem and VI € {1,2,..., Ny}, yff € Ykl is a decision vector of the [th-player at the kth-level problem and
yk_l =(y},..., yfc_l, yfjl, e ,y,iv *) is a vector of the decision variables of all kth-level players without the vector

yfv; and y = (y,l€7 y;l). The shared constraint hg is common to all kth-level players whereas, the constraint G%C
is assumed to affect only the [th-player of the kth-level problem.

In problem (2.1), if k¥ = 2 the problem is called a bileve MLMF game. As a bilevel problem, all leaders
in the upper-level compete with each other in a non-cooperative Nash game and make their decisions first
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by anticipating the responses of all the followers. Upon receipt of the leaders’ decisions, all followers compete
with each other in a parametric non-cooperative Nash game in the lower level with the strategies of leaders as
exogenous parameters [10]. This makes the problem of solving a multilevel problem having multiple decision
makers at each decision level quite difficult and complex, particularly when there is information exchange
between followers. In many applications, for instance in supply chain management models, however there are
more than two decision agents, like manufacturers, distributers, retailers (or vendors), etc. If we follow the
traditional approach, there will appear non-convex terms and shared variables across the followers at the (k —
1)th-level due to complementarity conditions from the kth-level followers. This may result in challenging task
in the process of solving multilevel-MLMF problem having shared resources and information.

At each levels of decision hierarchy in multilevel-MLMF problems, one need to solve parametric generalized
Nash Equilibrium problems, where the variables from upper levels are considered as parameters. It is well
known that solving such problems can be a tedious and error-prone task [23]. Many of the solution approaches
for solving problems with MLMF nature apply a reformulation of the Nash equilibrium problem and Stackelberg
equilibrium problem as an ‘equivalent’ variational inequality (VI) problems and mathematical problems with
equilibrium constraints (MPECs), respectively. But such reformulations have several limitations as mentioned
in [16]. In addition, a standard approach in MPECSs requires ascertaining when the reaction map admits fixed
points. But this is difficult due to the lack of continuity in the solution set associated with the equilibrium
constraints capturing the follower equilibrium. Due to these challenges most of the solution methods work
only for particular subclasses of multilevel- MLMF games which satisfy some strict conditions (such as, strict
convexity, separability, etc.) for two levels. In the next section, we present a reformulation of a class of multiple
leaders and multiple followers problems into an equivalent bilevel problem involving only a single decision maker
at both levels of the hierarchy, which can be extended later to any finite hierarchical levels.

3. EQUIVALENT REFORMULATION OF BILEVEL-MLMF GAMES

Consider the following bileve- MLMF game in which N leaders compete in a non-cooperative game subject
to the equilibrium conditions of M followers competing in a lower-level game given leaders’ level decisions. If
we denote z¢, i € {1,..., N}, the decision variables vector for leader i and y7, j € {1,..., M}, the decision
variables for follower j. The leaders’ and followers’ variables are abbreviated, respectively by = = (z*,...,z")
and y = (y',...,yM). For each of the leaders, i = 1,..., N, the Stackelberg game played by leader i is given

by:

nin Fi(z, y)
Gl(xz7y) < 07
H(z,y) <0, and for all j =1,..., M, )
subject to y?g)l}j fi(z,y) :
y? solves _ iy <
subject to 9i(x,y") <0,
h(z,y) <O0.

Let us assume that, for all ¢ and for each j, the functions F;, G;, H, h, f;, g; in (3.1) are twice continuously
differentiable, and that the followers’ constraint functions satisfy the Guignard constraint qualifications condi-
tions [7]. Let us define the following sets that can be used in the preceding sections to characterize solutions of
the problem (3.1).

(i) The feasible set of problem (3.1) is given by
F=A{(z,y) : H(z,y) <0, h(z,y) <0, (Vi) Gi(a',y) <0, (V]) gj(z,y°) <0}.
(ii) For any given leaders’ strategy x, the feasible set for the j!"-follower is defined as

Fi(z,y ) ={y €Y7 : gj(x,y) <0, h(z,y) <0}.
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(iii) The Nash rational reaction set for the jth-follower, is defined by,
Rj(x,yfj) = {gﬂ' €Y7 : g € argmin {fj(:zr,y) subject to y’ € Fi(z, yj)}} .
I

(iv) The feasible set for the ith-leader, is defined as

Filz™ = {(z',y) : (z,9) € F, (V4) v € Ry(a,y™)}.

(v) The Nash rational reaction set for the ith-leader is given by

Ri(x*i) = {(:Ei,y) (T e argmin {Fi(x,y) subject to (x’,y) € fl(xz)}}

(vi) The set of Stackelberg-Nash equilibrium points of problem (3.1) is given by
E={(z,y) € F: (vi)(a',y) € Ri(z™"), (V) ¥’ € Ry(a,y" )}
Remark 3.1. If (z*,y*) € &, for V(z,y) € F, (Vi) and (Vj) we have

Fi(z%,y") < Fi(z,y") < Fi(z,y) and f;(z",y") < f;(27,y) < f;(2,9).
Using the reaction sets, the leaders Nash problem of (3.1) is given by

argmin F;(z,y)

Vi (2%, y) € { o , _ (3.2)

subject to (z",y) € R;(x™").

Definition 3.2. A tuple (z*,y) = (%% 2%~ y) is called an optimal Nash equilibrium solution to the problem
(3.2), if it satisfies the following conditions:

(e, a™ 7 y) < Fi(a',a™7y), (Vi)(a',y) € Ri(x™ 7).
Given a strategy z of the leaders, each of the M followers play the Nash game:

 (argmin fi(z,)
i)yl eq v _ _ (3.3)
subject to ¥ € R;(x,y 7).

Definition 3.3. A tuple y* = (y*7,y*~7) is called an optimal Nash equilibrium solution to the problem (3.3),
if it satisfies the following conditions:

fil@, g™, yo70) < file,y?,y™ ), (V) v € Ry, y™ 7).

When the Nash problem (3.2) has objective functions with separable terms and a non-separable term which is
common to all leaders (i.e., for each i if the objective functions are written as Fj(z%, 2%, y) = F;(2") + F(z %) +

F(z,y)), by defining a quasi-potential function

F(z,y) = +F(z,y),

N ~ .
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Kulkarni and Shanbhag [15] equivalently reformulated problem (3.2) as a single optimization problem
N

subject to (z° ) Ri(x™") (Vi).

mlnF;Uy —|—Facy)

(3.4)

And they have shown that, the global minimizers of problem (3.4) are global equilibria of the problem (3.2). In
general, it has been shown in [15] that if the objectives of the leaders and the followers admit a quasi-potential
function formulation, then the global minimizers of this quasi-potential function problem are global equilibria
of the MLMF game.

The quasi-potential function problem of Kulkarni and Shanbhag considered in [15] covers only a class of
games whose objective functions are written as separable terms and a non-separable term which is common
to all decision makers at that level. In this work we have considered a game in which the objective functions
contain a separable and non-separable terms; but the non-separable terms can be written as a factor of two
functions where the first one is a function of other level decision variables and the second factor is common to
all objectives across the same level.

We make the following assumptions on the structure of the objective functions of the multi-leader multi-
follower game that will enable us to reformulate a bilevel- MLMF game as a hierarchical bilevel game involving
a single decision maker at both levels:

(A1) The leaders objective can be written as
Fylw,y) = Fy(a',y) + Fila ™, y) + piy) Fla,y) = Fia', 27" y) + piy) F(e,y),

where, for any y € Y, (Vi)(0 < p;(y) < o0).
(A2) The followers objective can be written as

Filwy) = filay’) + fila,y™) + 65() e, y) = fi(e, g’ y™7) + 65(2) f(2,y),

where, for any z € X, (V4)(0 < §;(x) < 00).
(A3) pi(-) and §,(-) are twice continuously differentiable functions and uniformly bounded away from zero.

Lemma 3.4. If assumptions (A1) and (A2) hold for any (x,y) € X XY, then there exist functions np(x,y)
and m¢(x,y) such that

v . v

F (.’L‘ ’ JJ ’ lay) - Fi(xivx*7_iay) = pl(y) [TrF(x*’ivx*’_i?y) - WF(xi7x*’_iay)} ’ (VZ),
Filw, g™y ) = fia, )y 7) = 65(@) [ y™yo ) = mp(a,yd yt )] (7).
Proof. For (z,y) € X x Y and 0 < p;(y) < oo, define the function

23

— ri(y) )

Note that, because of Assumption (A1), the function 7g is well defined. Then, for any i we have
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Implying that
Fi(x*7i7x*77i7y) - Fi(xiax*77i7y) = pl(y) [WF(:E*’Z‘) x*’iivy) - WF(xiax*77i7y)] ) (Vl)

Similarly, for (z,y) € X x Y and 0 < §;(x) < oo by defining

M . 4
nr(a) = 3 5y i),

we will have
fj(x7 y*,ja y*’ij) - fj (33, yja y*’ij) = 5j (J?) [ﬂ'f(ﬂf, y*ﬁja y*’ij) —Tf (J}, yj7 y*’ij)] 5 (\V/j)
Hence, the conclusion of the Lemma follows. O
For a given strategy y, define the following optimization problem,
N

minF(z,y) = [z; @E(wi, Y)

subject to (z%,y) € R;(z™7) (Vi).

+ F(z,y)

(3.5)

Equivalence between optimal solution of (3.5) and equilibrium point of the Nash problem (3.2) can be established
based on the following theorem.

Theorem 3.5. Suppose that problem (3.2) satisfy Assumption (A1). If (z*,y) is a global optimal solution of
(3.5), then (x*,y) is a global Nash equilibrium point of (3.2).

Proof. Let (z*,y) = (2%, 2% ) be an optimal solution to (3.5), then

1 .~ . o . .
Fi(a',y) + Fa', 27" y), V(2" y) € Ri(z™").

If we let wp(z,y) = Zfil pi}y) Ey(z',y), it will follow that

WF(m*7i7x*7_iay) + F(m*7i7x*7_iay) < WF(xi7x_i>y) + F(xiax_i7y)a V(QTZ’Z» € Rz(x_z)
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Particularly for 7% = 2*~% and V(2%,y) € R;(z*~%), we have
wr(ath )+ F(at el y) < mpl(ad, ot y) + B, et y).
By rearranging the above expression, we have
mp(a™t s y) — mp(at, 2T y) + Fa® 2T y) < F(ab, 257 y).
Multiplying both sides of the last inequality by p;(y) > 0, results in V(z%,y) € R;(x* %)
pily) [rr(@™! 2™ y) = wp(a’, 2™ y)] + piy) Fa™ a™ 7" y) < pily) F',a™ " y).

Using the results from Lemma 3.4,

v

pily) [mp(a™, 2" y) — mp(at, 2™ )] = (e o y) — By(a, 2 ).
That means, in the above inequality, V(z%,y) € R;(z*~%) we have
i@ et y) = (et et y) + pi(y) F (a2t y) < pily) Fat 27 y).
Implying, V(2% y) € R;(z* %)
Ei(x™, 257 ) + pi(y) F(a™ 27 ly) < Fy(ab, 270 y) 4+ pa(y) F(at, 257 ).

This is equivalent to ‘ 4 4 4 4 '
Fi(z™' 2" " y) < Fi(z*, 25" y), (Vi)(2',y) € Ri(z™7"). (3.6)

From inequality (3.6) we can see that the tuple (z*,y), satisfies Definition 3.2. Therefore, (z*,y) is a global
Nash equilibrium point of (3.2). O

For a given strategy z, define the following optimization problem,

mlnfxy Zé Fi@, ) | + f(z,y) (3.7)

subject to 1y’ € Rj(x,y 7Y (Y9).
Then the relation between (3.7) and (3.3) can be established as follows.

Theorem 3.6. Suppose that problem (3.3) satisfies Assumption (A2). If y* is an optimal solution of (3.7),
then y* is a Nash reaction point of (3.3).

Proof. Let y* = (y*7,y*~7) be an optimal solution for (3.7), then

M

(2, 97) + flaz, v,y ™), Yy’ € Rj(z,y™7).

Mo , )
Zéj(x)fj(xvyvj)—’—f(xayd ]

j=1 j=1

M ; ; . .
If we let my(z,y) = ijl 6,~%x)fj (z,97), the above inequality becomes
wp(e,y ™y ) A ey yt ) Smp(e gty ) + fla g’y ), VY € Ryay ).
Particularly for y=7 = y* =7 and Yy’ € R;(z,y*7), we have

mp(z, ™y ) 4 fla g™yt ) < mp(ey? yt ) + flay yt ).
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By rearranging the last inequality, we have an expression,
(g™ g T =gy y )+ eyt gt ) < flay gt ), VY € Ry yt ). (38)
Multiply both sides of (3.8) by d,(x) > 0 to get,
8(a) [mp (g™ y= ) = mp(a g’y )] o+ 05 (@) flay™y™ ) < 85(2) flasy? g™ ).
Using the results from Lemma 3.4,
05(x) [ms(a,y™7) = wp(a,y?)] = filw,y™ 9" 77) = fulw,y?,y™77);

and using this in the last inequality, Yy’ € R;(z,y* /) we have

Fie g™y ) = filesy? y™ ) + 850 g™y ) < 850 f ey y™ ).
Which implies, Vy/ € R;(z,y*7)

Fie, g 5 9) 4 63 (@) e,y 5 ) < il )+ 63 (@) )
Or equivalently,

Fileoy™? ™) < fi(a,y? yt ), Yy € Ry(a,y™ ). (3.9)
From inequality (3.9) we can see that the tuple y*, satisfies Definition 3.3. Therefore, y* is a global Nash reaction
point of problem (3.3). O

Under the assumptions (A1)—(A3), an equivalent reformulation of bilevel- MLMF game (3.1) as a bilevel game
with single decision maker at both levels of the hierarchy is given by

+ F(z,y)

N
: Loa i
min F(z,y) = [Z TFZ(QC +Y)

H((E,y) < 07 and
M (3.10)
subject to min f(z,y) = Z ! fi@ )| + f(z.y)

ey — §(z)"

y solves i=1
J) < ; —
subject to 4 91 Y )<0,j=1,...,M,
h(z,y) <0

Proposition 3.7. Suppose that (3.1) satisfies the assumptions (A1)-(A3). If (z*,y*) is a Stackelberg equilib-
rium point of (3.10), then (x*,y*) is a Stackelberg-Nash equilibrium point of (3.1).

Proof. Follows from Theorems 3.5 and 3.6. O

Note that when all the functions p;(y) and ¢;(z) are always equal to a constant 1, then problem (3.1) reduces
to the quasi-potential game considered in [15]. Therefore, our result improves the one given in [15].

Remark 3.8. The idea described above can be extended to any finite k-level multi-leader multi-follower game
by reformulating the problems on the same level with a single objective as stated above. That is, any multilevel
multi-leader multi-follower game which satisfies assumptions (A1)-(A3) can be equivalently reformulated as a
multilevel single-leader single-follower problem without increasing the vertical hierarchical levels. However the
resulting multilevel optimization problem requires a solution approach that is different from the traditional
Karush—-Kuhn—Tucker (KKT) reformulation to avoid the effect of the complementarity conditions in the middle
level problems.
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4. MULTI-PARAMETRIC PROGRAMMING FORMULATIONS AND METHODS

A multi-parametric solution approach for multilevel optimization is a global solution strategy that works
by rewriting the most inner level optimization problem as a multi-parametric problem, where the upper level
optimization variables are considered as parameters. The resulting problem can be solved globally and the para-
metric solutions can be substituted into the most nearby upper level optimization problem. The key advantage
of multi-parametric programming approach is that it provides a complete map of the optimal solution in the
space of the varying parameters [20].

Multi-parametric programming techniques systematically subdivide the parameter space into characteristic
regions where the optimal value and an optimizer are given as explicit functions of the parameters. A typical
multi-parametric nonlinear program (mp-NLP) is generally defined as [5]:

min f(x, 0)
(NLP(0)): o Jewoy <o i=1 0 p, (4.1)
Ry, 0) =0, 5 =1,...,q,

where § € ©® C R™ is the parameters vector, z € X C R" is the vector of the decision variables, and
f19i,hj: R® x R™ — R are parametric nonlinear functions.
The Lagrangian function associated with (NLP(6)) is defined by:

P q
L(x, A\, p,0) = f(z,0)+ Z AXigi(z,0) + Z,ufhj(x, 9), (4.2)
i=1 j=1

where A = (A1,..., )T and g = (p1,...,uy)" are the Lagrange multiplier vectors associated with inequality
and equality constraints g; and hj, respectively.

If 6 = 6y is fixed, we will have a classical nonlinear problem,

min f(xv 90)

(NLP(6h)): gi(2,00) <0, i=1,....p, (4.3)
hj(gc,GO) :0, j: 1,...7(].

The first-order sensitivity results for a parametric nonlinear programming problem (NLP(6)) was presented by
Fiacco [5], based on the following assumptions:

(C1) The functions defining problem (NLP(6)) are twice continuously differentiable in (x,#) in a neighborhood
of (zg, 6p).

(C2) The second order sufficient conditions for a local minimum of problem (NLP(6y)) hold at x¢ with associated
Lagrange multipliers A\ and pyg.

(C3) The gradients V,g;(xo,0), for all ¢ such that g;(zo,0) = 0 and V,h;(zo,00), j = 1,...,¢ are linearly
independent.

(C4) Strict complementary slackness(SCS) holds at (xq,6p), i.e. (A;)o > 0 for all ¢ such that g;(zo,809) = 0.

Theorem 4.1 (Fiacco [5]). If assumptions (C1)-(C4) hold for problem (NLP(0)) at (xo,60), then:

(a) xo is a local isolated minimizing point of problem (NLP(6y)) and the associated multipliers Ao and pgy are
unique.

(b) For 0 in a neighborhood of 0y, there exists a unique, once continuously differentiable vector function z(0) =
[2(0), \(0), u(0)]T satisfying the second order sufficient conditions for a local minimum of problem (NLP(6))
such that z(0y) = 2o = [w0, Ao, tto]T and hence, x(0) is a locally unique local minimum of problem (NLP(0))
with associated unique multipliers X\(0) and p(6).
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(c) For 0 near 0y, the set of active inequalities is unchanged, strict complementary slackness holds for X\;(0) for
i such that g;(x(0),0) =0, and the active constraint gradients are linearly independent at ().

The derivative of z(6) = [x(6), \(6), 1(0)]T can be calculated near 6y by the expression
Voz(0) = [M(0)]"'N(0),

where M (9) is the Jacobian with respect to (z, A, 1) of the following Karush-Kuhn—Tucker system (satisfied by
z(0) near 6 = 6y):
Vo L[x(8), \(0), 1u(6),6] =0
hjlxz(0),0] =0, j=1,...,q,
and N(0) is the negative of the Jacobian of the Karush-Kuhn-Tucker system with respect to 6.

Corollary 4.2 (Fiacco [5]). Under the assumptions (C1)-(C4) a first-order estimation of the optimal solution
[2(6), A(0), u(0)] in a neighborhood of 6y is

x(0) Zo
AO) | = | Do | = Mg No- (0 - 60) + o 6], (1.4)
1(0) Ho

where [To, Ao, po] = [2(60), A(6o), 1(00)], Mg = M (0y), No = N(6p), and M(0) and N(0) are defined as

M(0) = | =AVZ1g| diag(—g:)] 0 |,
VTh 0 0
N@O)=[V2.L,~\VEg,...,~\VEg,, VEhy, ..., VEIn,T

and ¢(0) = o(||0||) means that #(0)/||0|| — 0 as 6 — 6.

The assumptions (C1)—(C4) ensure that the inverse of My exists and hence for problems involving convex f, g
and h, the parametric solutions within the corresponding critical regions, are necessary and sufficient.

The main question here is how to find a parametric solution z(6) which remains stable in some subregion of
the parameter space. We will consider this in the following two subsections.

4.1. Multi-parametric problems with linear constraints

Based on Corollary 4.2, Dua et al. [3] proposed an algorithm to solve (4.1) in the entire range of the varying
parameters for general convex problems. The space of § where solution (4.4) remains optimal to (4.1) is defined
as the critical region, CR, and can be obtained by using feasibility and optimality conditions [3]. Each piecewise
linear approximation is confined to regions defined by feasibility and optimality conditions. If § corresponds
to the inactive polyhedral constraints and A to the Lagrangian multipliers of the active constraints, then the
critical regions can be defined as,

CR — g(2(0),0) <0, Feasibility conditions,

A(0) >0, Optimality conditions.
After defining the critical region CR on which the parametric solution is valid, if CR has not covered the para-
metric region, we repeat again the same mathematical procedure as in above with any new feasible parameter
(0 = 6p) taken from the rest of parametric regions until the parametric region has been explored successfully as
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TABLE 1. Definition of the rest regions.

Region Inequalities
CRY™ ¢ >0, 01 > 05,05 < 67
CRE™ 1 <0,¢2 >0, 01 > 65,0, < 65

CRE™" €1 <0,c20<0,e5>0, 05 <6, >07,05 <0,

described in [13]. To define the rest of the parametric region, consider CR; = [#¥,0Y] to be the overall parametric
region (where 07 and 0V represent the lower and upper bounds of the parametric region) and let the inequal-
ities, labeled by ¢; < 0,c < 0,c3 <0 define CR. Now the rest of the parameter region CRRest = CR; —CR
can be characterized by considering each of the inequalities which comprise CR, reversing their signs one by
one and removing redundant constraints [4]. For example, consider inequality ¢; < 0, the rest of the region can
be addressed by reversing the sign of inequality ¢; < 0 and removing redundant constraints in CRy, which is
CRES = ¢ > 0,6, > 0%,0, < 6Y where, 6 = (0y,05). Thus by considering the rest of the inequalities, the total
of the rest region is given by, CRR*" = cRE*" y crE*" U CR?E“, where CRE®" CRE*" and CRgRESt are given
in Table 1.
Finally, the optimal solution z(6) can be expressed explicitly as a conditional piecewise linear function [3]:

r=C+ K0, if §eCR!
z=Cs+ Ky0, if 6eCR>

r=Cp+ Ky, if §cCR”?

where C; are column vectors and K; are real matrices, whereas CR' C R™ are critical regions and note that
CR' denotes the ith critical region. For multi-parametric linear and quadratic problems, exact solutions can be
computed using the first-order estimation.

4.2. Multi-parametric problems with nonlinear constraints

When a multi-parametric problem involves non-linear constraints, Fiacco [5] used penalty functions to esti-
mate the first-order sensitivity results for a parametric nonlinear programming problem (NLP(6)) by means of
penalty function, define the following logarithmic-quadratic-barrier-penalty function for problem (NLP(9)),

W(z,0,t) = f(z,0) — tZln(—gi(z,G)) + 2% Z hi(,0).

Under assumptions (C1)-(C4), and from penalty function theory (see Fiacco and McCormick [6]), we have the
following results for problem (NLP(6y)):

(1) For ¢t > 0 and small, there exists a unique once continuously differentiable vector function x (6o, ¢) such that
x(6o,t) is a locally unique minimizing point of W (x, 6y, t) in

K#(QO) :{‘T gl(x790) <O7 1= 177p7 and h](m790) :O7 .7: lvaq}

and such that z(0g,t) — (0p,0) = z*, and z* is a locally isolated minimizer of (NLP(6p)).
(2) thH(l) W(.’L'(e(), t)? 907 t) = f(fﬂ, 90)
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Theorem 4.3 (Fiacco (1976) [5]). If assumptions (C1)-(C4) hold for (NLP()) then in a neighborhood
about (0,t) = (6o,0) there exists a unique once continuously differentiable vector function z(0,t) =
[2(0,1), \(0,), u(0,)]" satisfying

VL[, A, 6] =0
Nigilz, 0] =t,  i=1,...,p
hilz(0),0] = uit, j=1,...,q,

with z(60,0) = (z*,\*, u*)T and such that (0,t) near (6y,0) and t > 0, x(6,t) is a locally unique unconstrained
local minimizing point of W (x,0,t), g:(z(0,t),0) <0, i =1,...,m, and VW (x(0,t),0,t) is positive definite.

The derivative of 2(0,t) = [2(0), \(0), u(0)]T can be calculated near (6p,0) by the expression
Voz(0,t) = [M(0,t)] " N(0,1),
where M and —N are the Jacobians of the perturbed KKT system with respect to (x, A, ;1) and 6, respectively.

Corollary 4.4 (Fiacco (1976) [5]). If assumptions (C1)-(C4) hold for (NLP(0)), then for any 0 near 0y, then
we have

() Jim =(0,1) = =(0),
(b) tl_i)rgl+ Voz(0,t) = Vgz(0).

Continuity of f(x, ) and Corollary 4.4 imply that lim+ W*(6,t) = f*(0).
t—0

From the above arguments we can observe that whenever nonlinear convex constraints appear in the para-
metric problem (4.1), we apply the barrier method procedure to transform the nonlinear functional expression
into the objective part and apply the procedure in Section 4.1 to obtain the required parametric solutions.

5. ALGORITHM TO SOLVE MULTILEVEL-MLMF PROBLEMS USING EQUIVALENT
REFORMULATION AND MULTI-PARAMETRIC APPROACH

In this section we propose an appropriate solution approach to solve a classes of multilevel-MLMF games with
a property that every objective function in the problem consists of separable terms and non-separable terms
(but each of the non-separable terms can be written as a factor of two functions one of the factor being common
across all players of the same level) and with non-degenerate polyhedral constraints in addition to possible
convex non-linear ones. For the sake of clarity in presentation, the methodology is described using a general
trilevel- MLMF game. However, the same approach can be extended to a general k-level case with appropriate
adjustments.

5.1. Equivalent reformulation of multilevel-MLMF games

Consider a trilevel- MLMF game involving N decision makers at the first-level, M decision makers at the
second-level and L decision makers at the third-level which can be formulated mathematically as follows. For
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n=1,..., N, the vector (y7,y2, ys) solves an optimization problem,
ynggn FT'(y1, 92, 93)
G?(y?7y2ay3) < 07
Hi(y1,y2,y3) <0, and for all i = 1,..., M,
HllIl fé(yhy%yfﬁ)
yéEYZL . .
. 95(y1, ¥5,y3) < 0, (5.1)
St (4 ) sol ha(y1,y2,y3) <0, and foralll =1,..., L,
,y3) solves .
Yo ¥s ot min f5(y1,2,y3)
L l yLeYd
(y3) SO]VeS st gé(y17y27yé) S Oa
h3(y1,y2,y3) < 0.

Assume that each of the objective functions of the third and second level followers is convex with respect to its
own decision variable vector and the Guignard constraint qualifications [7] hold for the followers constraints.
We make the following assumptions on the structure of the objective functions of (5.1):

(B1) The objective functions at the first-level can be written as

F'(y1,92,93) = FP (YT, y2. y3) + FP(yr ™, y2,93) + A5 (Y2, y3) i (y1, 92, ¥3),

where (V) (0 < pf(ya,ys) < o0)-
(B2) The objective functions at the second-level can be written as

Fay,y2,y3) = Fa(yr, ¥o,y3) + fa(yi, vz ', ys) + pa(y1, y3) Fa(y1, vz, y3),

where (Vi) (0 < pb(y1,ys) < 00).
(B3) The objective functions at the third-level can be written as

i y2,93) = FA(y1,y2,93) + Fa (w1, y2,u37) + 05y, y2) F3 (u1, Yo, 3),

where (V]) (0< pf);(yhyg) < 00).
(B4) pi(-), p4(-) and pl(-) are twice continuously differentiable functions and uniformly bounded away from
Zero.
If (5.1) satisfies the assumptions (B1)—(B4), then it can be equivalently formulated as a trilevel optimization
problem having a single decision maker at all levels as follows. The vector (y1,¥y2,ys) solves an optimization
problem,

v1 < p1(y2,y3)
Ty, y2,y3) <0,n=1,...,N,
Hi(y1,y2,y3) <0, and

= Aé yl,yz,ys
i [Zl 3 (Y1, ys)
Sy, vh,ys) <0 Li=1,..., M,

+ Fi(y1,2,93)

Ln=

+ fa(y1,y2,93)

s

(5.2)

92
s.t.
ha(y1,y2,y3) <0, and
(y2,y3) solves A fJ( j)
s:t. min M + f3(y1,y2,¥s)
vs T p3(y1,y2)

ys3 solves Jz l
g5 (y1,y2,95) <0,0=1,...,L,
ha(y1,y2,y3) < 0.

Then the following statement is a direct consequence of Proposition 3.7. Hence we state it here without proof.
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Proposition 5.1. Suppose that (5.1) satisfies the assumptions (B1)-(B4). If (i, y3,ya) is a Stackelberg equi-
librium point of (5.2), then (yT,ys,y3) is a Stackelberg-Nash equilibrium point of (5.1).

Note that the approach by Kulkarni and Shanbhag [15] leads to an MPEC for two level problems whose
global solution provides an equilibrium to a bileve- MLMF game. When we have more than two hierarchical
levels, the nonconvex expression resulted from the lower-level problems makes it difficult to solve. For example,
in tri-level programs the complementarity condition of the third-level KKT conditions makes the second-level
problem nonconvex. Therefore, using the same transformation will result in a problem which is very difficult to
solve (if it is tractable at all). To avoid this situation, we apply multi-parametric procedures for transforming
the lower level problems. In this procedure, instead of embedding lower level problems into the middle level
through the KKT conditions, we will equivalently transform the tri-level problem into a single-level problem by
sequentially substituting the parametric solutions in problems of the middle and upper levels.

5.2. Multi-parametric based algorithm to solve multilevel-MLMF

The algorithm starts by reformulating the hierarchical multi-leader multi-follower problem as a multilevel
optimization problem involving a single decision maker over the hierarchy as discussed in Sections 3 and 5.1.
Then, each of the optimization problems in lower levels can be recast as multi-parametric programming problem
where the variables from upper level problems are considered as parameters, and hence obtain an analytical
parametric solution for the rational reaction set for each of the sub problems in the corresponding critical
(stability) region of the parameter space. The basic steps of the proposed algorithm for tri-level MLMF problem
(5.1) are described as follows.

Algorithm 1. Multi-parametric based algorithm to solve a tri-level MLMF problem (5.1).

STEP 1. Reformulate the hierarchical multi-leader multi-follower problem (5.1) as a multilevel optimization problem as
discussed in Subsection 5.1 to obtain (5.2).

STEP 2. The third-level problem of (5.2) is treated as a multi-parametric problem with ys being the optimization
variable and the first-level and second-level decision variables (i.e. y1,y2) the parameters; and solved by a
multi-parametric approach discussed in Section 4.

STEP 3. Substitute the parametric solution from STEP 2 in the second-level optimization problem of (5.2) and solve the
resulting multiparametric problem with y> being the optimization variable and the first-level decision variable
(y1) the parameters.

STEP 4. Substitute the parametric solution from STEP 3 in the first-level optimization problem of (5.2) and use a
standard nonlinear optimization algorithms to solve the resulting optimization problem with decision variable

Y1.

Remark 5.2. Since the number of partitions of the critical regions are finite as shown in [3,13], the algorithmic
procedures described in Steps 2 and 3 terminate after a finite number of iterations. Hence, the above algorithm
requires only a finite number of iterative procedures to arrive at the required solution.

Moreover, if all the involved functions are linear or quadratically convex, the solutions obtained through the
above algorithm will be an exact global solution to the original problem.

6. ILLUSTRATIVE EXAMPLES

To apply the proposed solution algorithm, it is to be noted that each of the transformed problems at the
lower levels must satisfy the required four conditions (C1)—(C4). These conditions seem to be very strong and
restrictive. However, many practical application problems satisfy these conditions.
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For example, the oligopoly market problem with divisible homogeneous products, that is described and
analyzed in [11], satisfies all of the assumptions in our reformulation in Section 3. Therefore, it can be considered
as a particular example of our proposed formulation.

The second example is the supply chain management problem. Supply chains are systems with multiple
components such as supplier, manufacturer, distributer, retailer and customer, that exchange information with
one another [2]. Mathematical models formulated to analyse the overall economic process of the supply chain
management are usually described by MLMF games with at least three hierarchical levels (see for instance [9],
where all the involved functions are assumed to be linear). Most of the deterministic versions of such problems
satisfy the conditions required in our model formulation and solution algorithm.

Here below, we will illustrate the proposed method using selectively constructed numerical examples.

Example 6.1. Consider the following bilevel two-leader two-follower game:

- 2 2 .
min Fi(z,y) = —xy; — x2y; + z1%2e¥,
1

min Fy(z,y) = 1 — 3z2y1 + (y2 + 1)z1e™?
T2
0 S T1,T2 S 27
min f1(2,y) = yi + (1= 21)y> = (25 + 2) In(y1 + 92+ 4), 6.1)
. )
rr;ian(:r,y) =—y3+ (1 —a2)y1 — (27 +3)In(y1 +y2 +4)
Y2
x1+2y1_y2_2§07
st. qz1—z2—y1+y2—1<0,
0<y,y2 <2.

S.t.

As it was discussed in Section 3 problem (6.1) can be equivalently reformulated as a bilevel single-leader single-
follower problem,

. _ 3y1T2
min F(z,y) = x(e** — yae Y1) —
in Pz, y) = a1(e —ype ) = 27
0< @,z <2,
yi Y3

myin f(z,y) = —In(y1 +y2 +4) (6.2)

w2+2 22+3
T1+2y1 —y2 —2 <0,
st.qdr1 —x2—y1 +y2—1 <0,

0<y,y2 <2.

s.t.

By treating the leaders decision variable, x = (x1,x2) as a parameter, the inner problem in (6.2) can be
considered as a multi-parametric problem:

yi Y3
| - - ~1 4
mylnf(x,y) o R n(y; +y2 +4)
T1+2y1 —y2 —2 <0, (6.3)
st.qx1 —22—y1 +y2 — 1 <0,
0<y1,y2 <2

So we use multi-parametric approach discussed in Section 4 to solve (6.3). The Lagrangian of (6.3) is given by,
L(z,y,A) = f(2,9)+ 1g1(z, y)+A2g2(x, y), where g1(z,y) = 21+2y1 —y2—2 and ga(z,y) = 21 —T2—y1+y2— 1.
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FIGURE 1. Critical regions for parametric problem (6.3).

Vil |[Vyg1|Vyge
M(z)=|-MVig|-g| 0 and N(z) = [V7,L,— MV, g1, — X2V, ga].
—A2Vigal 0 | —g2

Then, [y(z) A(z) N(i’?)]T = [0 o MO]T — Mg Ny (z— x0) where [yo Ao po] = [y(w0) Mxo) p(xo)], Mo =
M (z9) and Ny = N(xp).

After exploring all the parameter spaces, the optimal solution to the problem (6.3) with their corresponding
critical regions (see Fig. 1) are

—4.8630x) + 4.63937 + 2.2237
0.7881z1 — 0.61562, < 0.3224,
—0.5767; + 0.8170z5 < 0.5498,
2120, 0< 23 <2

. —6.5148; +4.5813x5 + 3.3640] ,
y(z) = , with

751482 + 5.581315 + 4.3640

—0.7881z; + 0.61565 < —0.3224,
r1 <2, 0 <79 <2

@) = l0.2870m2 —0.1114

N —3.8630x1 + 3.6393x5 + 1.2237 .
y*(z) = , with

CR1

CRy =

0.0107z2 + 1.9786

0.6167x, — 0.7872x5 < —0.6723,
2120, 22 <2;

] , with
CR3 =
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o [—14.77582) +10.1658z, — 2.4725
V) = | s 7758 4 11.16581 — 14725
Ry — d ~0-812521 + 058205 < 0.3480,

—0.616721 + 0.7872z5 < 0.6723,
0.576721 — 0.817025 < —0.5498,
9 < 2;
J (@) = l—1.6379m1 +1.0111z, +2.2657] -

—2.6379212.011 125 + 3.2657 |
and CRs — J 0812521 — 0582025 < —0.3480,
—0.616721 + 0.787222 < 0.6723,

0.576721 — 0.817025 < —0.5498,
x1 > 0.

] , with

This can be incorporated into the upper-level problem of (6.2) and the resulting nonlinear problems
are solved in each critical regions. The following are the optimal solutions:In CRi, (z1,Z2,y1,%2) =

(0.5157,0.4923,1.0234, 2.0000) and objective value F' = —0.4014.

In CRa: (21, 2,41, y2) = (0.5035,0.1208, 0.6372, 1.2545) and objective value F = 0.0467.
In CRa: (1, 2,41, 12) = (0.2610, 1.0586,0.1924, 1.9899) and objective value F = —0.3047.
In CR4: (x1,x2,y1,y2) = (0.5121,1.0345,0.4776,2.0000) and objective value F' = —0.3238.
In CR5: (21, x2,y1,y2) = (0.3773,0.4820,2.1349, 3.2395) and objective value F' = —0.5854.

Now, comparing all the values of the objective of the leader in each of the critical regions, we can see that
the objective value obtained in CRs5 gives a better result. Hence we take (0.3773,0.4820,2.1349, 3.2395) as an
optimal solution to the upper-problem of (6.2).

Therefore, the optimal solution to the bilevel multi-leader multi-follower problem (6.1) is (z*, y*) =
(0.3773, 0.4820, 2.1349, 3.2395) with optimal leaders objective F; = —0.9899 and F» = —0.1191; and optimal
followers objective f; = 1.5792 and fy = —16.4213.

Example 6.2. Consider the following nonlinear tri-level multi-follower programming problem:

min Fy (z,y,z) = (x1 — 21)° — (y1 + 4) cos (g(fm - fEl)) )

@y
min F{ (z,y, z) = (z2 — 1)® — (—y2 + 23 + 3) cos (g(acz — xl))
T2

0<zx1,z2 <1, and
{H;in fo(@,y,2) = (= 1)° + (y2 — 2)° + (w2 + 22 + 5) (¥ +12)°,
1

) 1
min F(wy,2) = —5vs —yrzn + (21 — 21+ 6) (U7 +12)°,
2
0<91,y2 <1, and (6.4)
. 1 2 2 2 2 2 .
min f3(x,y,2) = 21 + 21 + (y1 + 1)(y221 — 21 — 22),
21

s.t. 2

min f3 (,y, 2) = 25 — ya22 + (2 — y2) (y227 — 27 — 23),
z3

ot min f3(z,y, 2) = —23 +x2(21 — 22) + (1 +22) (oa] — 21 — 23),
—y1+2y2 — 221 — 23 —2 <0,

1 —T2+Yy1 —22+23—5<0,

dx1 —2y2 — 21+ 22+ 23 —3 <0,

0<21,22,23 <2.

s.t.
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Problem (6.4) is equivalently reformulated as tri-level problem having a single decision maker at each levels
of the hierarchy:

(21— 21)° (zg — 1)
Wh+4)  (p-zm+3) (§(y2 - Zl))

0<uz,z5 <1, and

min Fy(x,y,2) =
x

min folay2) =~ By
y (2 4+ 20+5) 2(x1 —21+6)
0 S Y1,Y2 S 17 and
. in £ ) 22+ N 23 — ya2o z3 4 oyaa? 22— 2 (6.5)
min f3(z,y, z) = - x5 — 27 — 25,
i 2 IREY yi +1 2-ys Tty 1 P AT

s.t. —y1+2y2 — 221 — 23 —2 <0,
1 — X2+ y1 — 22+ 23 —5 <0,
dxy —2Yys — 21 + 20 + 23 — 3 <0,
OS21,22,23S2.

s.t.

By treating the first and second level decision variables, (x,y) as parameters, the third-level problem in (6.5)
can be considered as a multi-parametric problem (with the parameter vector (z,y)):

22+ 2 22 — Yoz 22

mzinfg(a:,y,z): ylfj—llJr 22_yy2227m2+;1+1+y2x%fz%fz§
—y1 +2y2 — 221 — 23 —2 <0,

T1—T2+Yr —22+23—5<0,

dx1 —2ys — 21 + 20+ 23 —3 <0,

0 é 21,224 %3 é 2.

The Lagrangian of (6.6) is given by L(z,y, 2z, \) = f3(z,y, 2) + A1g1 + Aaga + Asgs, where g1 = —y1 +2y2 — 221 —
23—2,90=x1 — X2+ Y1 — 22+ 23 — 5 and g3 = 4z — 2ys — 21 + 22 + z3 — 3. After exploring all the parameter
spaces, the optimal solution to the problem (6.6) with their corresponding critical regions (see Fig. 2) are:

—0.7111y; — 0.9028y- + 1.7361x1 — 0.0611
(z,y) = | —0.3556y; + 0.7361ys — 1.56942, + 2.5944 | , with
CRy = —0.3556y;1 + 0.3611y, — 0.6944x, + 0.3444
0.1731y; + 0.7667y, — 0.6183z; — 0.4946 < 0,
0<y1,y2<1, 0< >, 220 < 1

—1.2255y; + 0.7353
2*(z,y) = | 1.6071ys — 2.8571x1 + 1.2857 | , with
and CR, = 0
—0.1731y; — 0.7667ys + 0.6183z1 + 0.4946 < 0,
0<y1,y2<1, 0<z,20 < 1.

Using these solutions into the second-level problem of (6.5) results in a multi-parametric problems of param-
eter z. Again by employing a multi-parametric approach, in CR; we have,

gy | 0056101 — 003580, 03433 | L
Y= 0.04242, + 0.027025 + 0.0077 |

0<z,22 <1
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Cut through x2=0.00

0.4

Y, 0 0 ’ y1

FIGURE 2. Critical regions for parametric problem (6.3).

and in CRo we have,

() = —0.0838z1 — 0.010522 + 0.1864
V= 0.82542 + 0.002425 4 0.6030 |
0<m,ze <L

with

Incorporating these solutions into the leader problem of (6.5) and solving the resulting problem, we obtain:
In CRy, (z,y,2) = (0.3230,0.4720, 0.3446, 0.0068, 0.2486, 1.9699, 0) and objective value F; = —0.8782. In CRoq,
(x,y,2) = (0.4792,0.6299, 0.1397, 1.0000, 0.5641, 1.5237,0) and objective value F; = —0.9022. Since the objec-
tive value obtained in CRy is better we can take it as an optimal solution to the upper-problem of (6.5).

Therefore, the optimal solution to the tri-level multi-leader multi-follower problem (6.4) is (z*,y*, z*) =
(0.4792,0.6299, 0.1397,1.0000, 0.5641, 1.5237,0) with optimal leaders objective F} = —4.8533 and F? =
—1.8072; optimal second-level objectives fi = 9.1757 and f7 = 5.0693; and optimal third-level objectives
fi=—1.5750, f2 = —1.6124 and f3 = —4.5332.

Example 6.3. Consider the following bilevel two-leader two-follower problem with nonlinear constraints:

n%inFl(x,y) = x% + xoy1 + y% + x179,
1

rr;inFQ(x,y) =25 —4xo + 27—y + 2120
2

(-3 <ay,25 <3,
n;infl(mvy) =yl +z1y2 +4(y1 — 12)°,
1
rr;in f2(2,y) = y3 — Bya + zay1 + 2(y1 — y2)?
2
Y3 + Bys — 10z, — 15 < 0,
Y1 —y2 — 21 + 229 <0,
Y1+ y2 + 520 — 12 <0,
=5 <y1,y2 < 5.

s.t.

s.t.
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Problem (6.7) can be equivalently reformulated as a bilevel single-leader single-follower problem,

min F(z,y) = x% + woy1 — 4o + 2122
xr

-3 S T1,T2 S 3,
rnyinf(x, y) = 0.25y% + 0.5y2 — 2.5y5 + (y1 — y2)?
. Y3 + 5ys — 102y — 15 < 0, (68)
ot Y1 — Y2 — 21 + 222 <0,
o y1+y2+5172712§0,
=5 <1y1,y2 < 5.
By treating the leaders decision variable, = (z1,x2) as a parameter, the inner problem in (6.8) can be
considered as a multi-parametric problem:
myin f(z,y) = 0.25y% + 0.5y2 — 2.5y2 + (y1 — y2)*
Y3 + byz — 101 — 15 <0,
(6.9)

Y1 — Y2 — 1 + 212 <0,
Y1 +y2 + 512 — 12 <0,
=5 < y1,y2 < 5.

s.t.

So we use multi-parametric approach discussed in Section 4 to solve (6.9). Here, G(x,y) = y2 + 5yz — 102y — 15
and g(z,y) = [y1 — y2 — 1 + 222, Y1 + Y2 + bxg — 12]. So for x € X* the barrier function, 1 (x,y), is define as
Y(z,y) = —In(—G(z,y)) with domain {y : G(z,y) < 0}.

Assuming the intersection of the domain of the logarithmic barrier and the polyhedral sets is nonempty, i.e.,
Ye(z) ={y: G(z,y) <0, glz,y) <0,-3 < z1,293 < 3,-5 < y1,y2 < 5} # 0, and for ¢ > 0 we can define the
barrier approximation for (6.9) as

W (z,1) :m?}n{0~25yf +0.5y5 — 2.5y + (y1 — y2)* + ty(w,y)}

Y1 —y2 — 21 + 222 <0, (6.10)
st. ¢y +y2 + 50 —12 <0,
=5 < y1,y2 < 5.

Problem (6.10) is a MPP with parameter = (x1,22) and its Lagrangian becomes,

ijﬁ ‘ Vyg
—AV] g|diag(—g)

M(z,t) = [ } , N(z,t) = [V2,L,~AV.g]",

W’iﬂ _ [gﬂ — (Mo (&))" - No(t) - [ — o],

)

where (yo, Ao) = (y(x0), A(x0)), Mo(t) = M(zo,t) and Ny(t) = N(zo,1).
By solving the barrier problem (6.10), as ¢ — 07, the solutions and the critical regions will be,

[ 0.668121 — 1.3340z5 + 1.6663
on CRq
—0.33192, + 0.6660z5 + 1.6663
ylx) =4
0.52x1 — 3.522+ 6
CR
052, — 1.525 + 6 on b2
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CR

FIcure 3. Critical regions for the problem (6.10).

CRy = { —0.0774z1 + 0.9970z2 — 1.9948 < 0,

—3 < <3, 22 > —3;
CR., — 0.0774x, — 0.9970x4 + 1.9948 < 0,
27 _3§$1§3,$2§3,

where CR, and CR, are as shown in Figure 3.
Then, the critical regions of (6.9) is determined as follows:

CRY = {CR} N {z: G(y(x),z) <0},

[ 0.668121 — 1.334022 + 1.6663 .
on CRj

~0.331921 + 0.6660z2 + 1.6663
[ 0.521 — 3.520 + 6

CRY
—052; — 1520 + 6 on bt

0.0774x1 4+ 0.9970x2 — 1.9948 < 0,
CRE = { 0110222 — 04421225 — 12.7660z1 + 0.443522 + 5.5491z5 — 3.8917 < 0,
—3< 21 <3, 12 > —3;

—0.077421 — 0.997025 + 1.9948 < 0,
CREL = 0.2522 + 1.52129 — 18.521 + 2.2522 — 25.525 4+ 51 < 0,
—3§l'1§3, fEQSS,

where CRY and CRE are as shown in Figure 4.
The rest of the spaces will be,

0.0774x7 4+ 0.9970x5 — 1.9948 < 0,
CRVE = { 0110227 — 0.4421 225 — 12.7660z1 + 0.443503 + 5.5491z, — 3.8917 > 0,
—3< 21 <3, 22 > —3;
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NL
CR)

L
CR}

FIGURE 4. Critical regions for the problem (6.10).

—0.0774z1 — 0.9970z2 + 1.9948 < 0,
CRYE =< 0.2522 + 1.5x129 — 18.521 + 2.2523 — 25.529 + 51 > 0,
—3<x; <3, z2 <3.
Next we will determine the nonlinear solution as follows:
In CRYY the solution is determined from Yy (z) = arg{G(z,y) = 0, ga(z,y) < 0}
yni(z) = arg{y3 + 5y2 — 1021 — 15 = 0,y1 + y2 + 5oz — 12 < 0},
which is infeasible.
In CRY™ the solution is determined from Yy (z) = arg{G(z,y) = 0, ga(z,y) = 0}
yni(z) = arg{ys + 5yz — 1021 — 15 = 0,51 + y2 + bxy — 12 = 0},
which results in
Yy (x) = [;0.5\/m — 5z + 14.5} .

+0.51/5(821 + 17) — 2.5

Since y = (—0.5120,2.7547) at = = (0.6362, 1.9515) which is a common point for CRY, CRY and CRY, the only
nonlinear parametric solution is

Y (x) [—0.5,/5(8;51 +17) — 5y + 14.5} ’

0.5y/5(8x1 + 17) — 2.5

which is valid in CRéVL.
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Therefore, the optimal solution is given by,

[ 0.668121 — 1.334020 + 1.6663 .
on CRj
~0.33192; + 0.6660z2 + 1.6663
[ 0.521 — 3.520 + 6 .
CR
—0.521 — 1.5z + 6 on &z
y) =4t
Infeasible on CRYF
—0.51/5(821 + 17) — 5as + 14.5 VL
CR
[ 0.51/5(821 + 17) — 2.5 on b

where CRT,CREY, CRYY and CRY'* are as indicated in Figure 4.

Incorporating the solution y(x) into the upper-level problem of (6.8) and solving the resulting nonlinear
problems in each critical regions, we get following optimal solutions:

In CRlL, (21, 22,91,y2) = (—0.4365, 1.0305, —0.0000, 2.4975) and objective value F = —2.2574.
In CRE: (x1,x2,y1,12) = (1.2998,1.9000, —0.0000, 2.5002) and objective value F = 3.7788.
In CRYE: (21,20, y1,92) = (—0.5710, 1.1428, 4.8437,1.4421) and objective value F = —2.2857.

Now, comparing all the values of the objective of the leader in each of the critical regions, we can see that
the objective value obtained in CRéV L gives a better result. Hence we take the solution in CRév L as an optimal
solution to the upper-problem of (6.8).

Therefore, the optimal solution to the bilevel multi-leader multi-follower problem (6.7) is (z*, y*) =
(—0.5710, 1.1428, 4.8437, 1.4421) with optimal leaders objective F; = 7.2880 and F» = —8.4355; and optimal
followers objective f; = 68.9219 and fo = 41.1532.

7. CONCLUSION

This work proposes a solution procedure for a class of hierarchical multi-leader multi-follower games whose
objective functions at each level have non-separable terms and some polyhedral constraints. The solution pro-
cedure transforms the given problem into an equivalent multilevel hierarchical problems having single decision
maker at each level of the hierarchy and without increasing the level of hierarchy in the problem. The equiv-
alent reformulation maintains the equilibrium points of the original problem, so that we can use any of the
existing methods to solve the resulting multilevel problem with one player at each level. In this article the
multi-parametric approach is employed to solve the resulting multilevel optimization problem. The proposed
equivalence reformulation does not require the smoothness of the involved functions. However, due to the require-
ments of the multi-parametric solution methods (that is used to solve multilevel hierarchical problems in this
article), we additionally imposed second order smoothness conditions as well as convexity of the lower level
problems. These conditions may not be necessary if one uses other methods (like the heuristic methods) to solve
the resulting equivalent multilevel hierarchical optimization problems.
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