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1 Introduction

Multilevel, or hierarchical, programming problems (MLP) are constrained opti-
mization programs in which subsets of the solution set are themselves solution
sets of other, lower-level optimization programs. Several general MLP problem
statements exist. They differ from one another in the specifics of optimization
variable distribution among the levels, as well as the definition of the objectives
and constraints at particular levels.

Given a set of objectives {f;}i=1,.. m with f;: R® —R and a vector of vari-
ables z € R", partitioned into subsets z = (z1, ..., z)) for some integer M
denoting the number of subsystems, a prototypical form of MLP may be stated
as follows:

min$1651 fl(x)

s.t. xo € argmin,, g {f2(x)}

TMm € argmianESM{fM(m)}’

where the optimization problem at each level i controls its own subset of vari-
ables z;, while the other subsets of variables z1, ..., ;_1, 41, T serve as
parameters. The constraint set for each level is S; = {z: hi(z) = 0, g;(z) > 0}
with h;: R™ — R™ and g;: R™ — R™¢ for some integers my,, my,.

This form of MLP, inspired by the work of H. Stackelberg [94] can be viewed
as an M-player Stackelberg game [18,85]. Its interpretation is that of M au-
tonomous players or decision makers seeking to minimize their (possibly con-
strained) objective functions while manipulating subsets of decision or design
variables disjoint from those of other decision makers. The higher-level problems
are implicit in the variables of the lower-level problems. This formulation has
been studied widely in the bilevel case. See, for example, [15] and the refer-
ences therein. In general, all problem levels, but the outermost one, may contain
a number of concurrent optimization problems.

A related variant of the problem, known as the generalized bilevel program-
ming problem, represents the reaction of the lower-level problem to decisions
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made by the upper-level problem via a solution of an equilibrium problem stated
as a variational inequality:

min cex, fi(z,y)
yEY ()

s.t. (fo(z,y),y —2) <0 forall z € Y(x),

where the upper-level feasibility domain X is such that the lower-level feasibility
domain Y (z) is not empty. This formulation was introduced by P. Marcotte in
[63] and studied in [45,64], and [71].

Multilevel problems may be partitioned into two classes with respect to an-
other criterion [103]. In one of the classes, upper-level optimization problems
depend on the corresponding lower-level ones through the optimal value func-
tions (or the marginal functions) of the lower-level problems. An optimal value
function represents the value of a lower-level objective function at a solution of
that lower-level problem. In the other class, upper-level problems depend on the
corresponding lower-level problems through the actual optimal solutions of the
latter. An example illustrating such formulations in engineering design optimiza-
tion will be given further in the paper.

General MLP are very difficult to solve, due to the nature of constraints rep-
resented as general nonlinear programming problems. The problem has received
recent attention in the machine learning community; see, e.g., [80] and references
therein.

Despite the inherent solution difficulty, multilevel problems arise in numerous
applications where the structure of the application involves hierarchical decision
making or where the sheer size and complexity of the problem necessitates par-
titioning of the system and processing the subsystems in a hierarchical fashion.
Information about early applications of multilevel optimization in such varied
areas as power systems, water resource systems, urban traffic systems, and river
pollution control can be found in [36,50,51,52,62,69,70,86], and many other refer-
ences. The use of multilevel algorithms in engineering control is well documented,
for instance, in [46] and [57].

The area of multidisciplinary design optimization(MDO)—a term that de-
notes a broad set of engineering disciplinary analyses that govern the behaviour
of various system aspects, combined with design optimization formulations and
solution methodologies for the design of complex coupled engineering systems—is
particularly amenable to the use of multilevel methods, due to the extreme com-
putational expense and the organizational complexity of the field. For instance,
the design of aircraft involves aerodynamics, structural analysis, control, weights,
propulsion, and cost, to list a few disciplines. The complexity and expense of
each discipline have assured that most disciplines have developed into vast, au-
tonomous fields of study, so that practically feasible optimization methods that
involve the contributing disciplines must take into account such disciplinary au-
tonomy and the hierarchical organization. Maintaining disciplinary autonomy
while accounting for interdisciplinary subsystem couplings and allowing for in-
tegrated system optimization with respect to system and interdisciplinary ob-
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jectives is one of the tasks of MDO methodology. Overviews of multidisciplinary
optimization may be found in [4], [91], and more recently in [93].

Practitioners of engineering design have been using multilevel methods in
some form since optimization algorithms made their appearance in engineer-
ing problems. The seminal works [60,65], and [101] contributed to a systematic
development and understanding of hierarchical optimization. Multilevel meth-
ods have been studied extensively in application to multidisciplinary design
([16,17,22,99,100]) and single-discipline design areas that give rise to large prob-
lems, such as structural optimization (e.g., [74,88,92]). Engineering multilevel
optimization has always had a strong connection with multi-objective optimiza-
tion (e.g., [53]).

Problem Formulation

Systematic formulation of an engineering design problem as a multilevel or
a bilevel problem amenable to tractable computation is effort-intensive and de-
pends on the complexity and size of the problem. The general components in
formulating a multilevel optimization problem are as follows.

e The original problem is studied to determine its structure. Structure is of
paramount importance in deciding to adopt a particular formulation. For
instance, most formulations assume that the problem subsystems share only
a relatively small number of variables, i. e., that the bandwidth of interdis-
ciplinary coupling is relatively small.

e The problem is partitioned into a system (or upper-level) problem and sub-
system (or lower-level) problems. Decisions are made on inclusions of par-
ticular variables and constraints into the system and subsystems. Decisions
are also made on the form of the system and subsystem objectives.

e Finally, algorithms are selected for solving the system and subsystem opti-
mization problems. One must distinguish a formulation of the problem from
the algorithm used to solve that formulation. While some of the multilevel
formulations can be easily shown to be mathematically equivalent to the
original problem with respect to solution sets, they may not be equivalent
with respect to other attributes, such as constraint qualifications and opti-
mality conditions. Hence the numerical properties of algorithms applied to
different formulations vary widely [6,7,8].

Problem decomposition constitutes a special area of study. In general, decom-
position techniques take advantage of the problem structure and depend on the
strength and bandwidth of couplings among the subsystems. Separable and par-
tially separable problems are particularly amenable to decomposition. Two types
of decomposition may be considered in design optimization. Coarse-grained de-
composition with respect to disciplines presents no conceptual difficulty, because
the design problem initially consists of autonomous areas. The difficulty at this
level of problem formulation is in integration or synthesis. However, in realistic
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applications, even though the coarse-grained decomposition is frequently obvi-
ous, the complexity of the problem requires that a dependence analysis be per-
formed in order to determine the most advantageous arrangement or sequencing
of the disciplinary subsystems in the optimization procedure. Automatic tech-
niques based on graph-theoretic foundations may be found in [78] and [79], for
instance.

Finer-grained decomposition within a particular discipline may be addressed
by a multitude of techniques for decomposition of mathematical programs. Ex-
tensive references on decomposition in general mathematical programming, be-
ginning with [19] and [31], and extended in [49] and many others, can be found in
[42] and [43]. Further references to decomposition techniques aimed specifically
at design problems can be found in [98].

As general MLP is difficult to solve, many multilevel formulations and algo-
rithms in engineering design rely on heuristics rather than on theoretically sub-
stantiated foundations. There are exceptions, however, such as those in [11,29,68],
and [75]. While many engineering multilevel approaches have enjoyed success
when applied to specific problems, insufficient analytical foundation and the dif-
ficulty of the problem usually mean that the approaches are not robust, and
extensive ‘fine-tuning’ of heuristic parameters is required for each new problem
or instance of a problem. Hence, since the 1990’s, there has been renewed inter-
est in systematic, analytically substantiated approaches to MLP that continues
to this day. Many such developments have taken place in bilevel optimization.

Bilevel Optimization

Although bilevel optimization problems (BLP) form the simplest case of multi-
level optimization, they are very difficult to solve and constitute a fertile research
area. A survey of the field can be found in [13] and [28]. A large bibliography
with an emphasis on theoretical developments is also provided in [97], and a
more recent summary with examples is in [10].

The prototypical general bilevel problem may be posed as follows.

mingex  fi(,y)
s.t. hi(z,y) =0

gi(z,y) >0,

where y solves for fixed z:

mingey  fo(z,y)
s.t. ho(z,y) =0

ga(x,y) > 0.

The cases of linear and convex problem functions have been studied widely.
A popular class of methods for the linear bilevel problem—extreme point algorithms—
computes global solutions by enumerating extreme points of the lower-level fea-
sible set (e.g., [27]). Convex bilevel problems are often solved by branch and
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bound methods (e.g., [15]). A survey of methods for linear and convex bilevel
programming can be found in [9]. The considerably more difficult case of non-
linear and nonconvex problem functions has inspired much research activity as
well. Major approaches to nonlinear bilevel optimization can be classified into
several categories.

Penalty-Based Methods

In one set of algorithms (e.g., [1]), a barrier function penalizes the lower-level
objective. In double-penalty methods, both the lower-level problem and the
upper-level problem are approximated by sequences of unconstrained optimiza-
tion problems [56,61,64]. Single or double-penalty methods are, in general, ex-
pected to converge slowly, especially for highly nonlinear problems. Thus using
these methods for the usually large and nonlinear engineering design optimiza-
tion problems may be difficult.

KKT-Based Methods

The algorithms of this category convert the bilevel problem into a nonconvex,
single-level optimization problem by using the Karush-Kuhn-Tucker conditions
(KKT conditions) of the lower-level problem as constraints on the upper-level
problem [14,15,20,37,44]. If the lower-level problem is convex, the KKT formu-
lation is equivalent to the original formulation [14]. However, even in this case,
the KKT conditions on the lower-level problem include the complementarity
slackness condition as a constraint. The form of the complementarity condition
makes the single-level problem difficult to solve. The KKT formulation suffers
from an additional difficulty. Namely, it is well known from the study of the
sensitivity and stability of nonlinear programming (e.g., [40]) that even if the
lower-level problem behaves exceedingly well in that it satisfies such stringent
assumptions as strong second order sufficiency and regularity as a constraint
qualification, the feasible set of the single-level problem will generally not be dif-
ferentiable with respect to x. Hence, the performance of gradient-based solvers
on the transformed problem may be adversely affected.

Descent-Based Methods

Another category of algorithms is based on solving subproblems that result in
descent for the upper-level problem with gradient information of the lower-level
problem used in a number of ways [34,39,59,85]. The remainder of the article
will be devoted to a more detailed description of two specific approaches to
nonlinear, nonconvex problems that arose from the need to solve engineering
design problems. One approach is a bilevel formulation, the other is an algorithm
for solving multilevel formulations.
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Machine Leaning

Recently, in the area of machine learning, Franceschi et al. [38] proposed a
method for solving bilevel optimization problems by replacing the lower-level
problems with steepest descent update equations given a pre-selected number
of iterations. Sato et al. [80] have extended the approach to multilevel opti-
mization with an arbitrary number of levels. The extension includes a proof of
asymptotic convergence to the original multilevel problem and a demonstration
in the context of machine learning.

Example: Collaborative Optimization for Engineering
Design

Collaborative optimization (CO) is a general approach to solving multidisci-
plinary design optimization problems by formulating them as nonlinear bilevel
programs of special structure. CO comprises a number of methods. Its an-
tecedents can be traced to earlier hierarchical approaches, as in [60] and [101].
The underlying idea of CO appeared in [12,81,82,83,89] and [99,100]. In the
1990’s, the approach and its variants have received attention under the name of
collaborative optimization [22,23,87,95].

Given that MDO problems are naturally partitioned into subsystems along
disciplinary lines, CO suggests an intuitively attractive way to formulate the
optimization problem so that the autonomy of the disciplinary subsystem com-
putations is preserved. However, the approach presents a problem that is difficult
to solve by means of conventional nonlinear programming software [7,58]. The
analytical and computational aspects of CO were addressed in [7], of which the
following discussion is an abstract. As a complete description of CO is lengthy,
only an abbreviated version is considered here.

Let the original system be composed of a number, say M, of interdependent
but autonomous systems, each of which is described by a disciplinary analysis
A;, i =1, ..., M, expressed in the form

Ai(wi, yi(xi)) =0,

where, given a vector of disciplinary design variables x;, the analysis, frequently
represented by a numerical differential equation solver or simulator, is performed
to yield the vector of state variables or responses y;(z;). The sets of disciplinary
variables z; are not necessarily disjoint. The disciplinary constraints are usually
represented by inequalities

ci(wi,yi(zi)) > 0.

Once the system objective and variables and the subsystem constraints and
variables are identified, the bilevel problem is formed as follows: The constraints
of the system problem comprise the ”consistency” (or ”coupling” or ”matching”)
conditions that are used to drive the discrepancy among the inputs and outputs
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shared by the subsystems to zero. The values of the constraints are computed
by solving the subsystem optimization problems, and the number of consistency
constraints is related to the number of subsystems and variables shared among
the subsystems. The form of the consistency constraints determines a particular
implementation of CO.

Let £ and n represent system-level variables corresponding to inputs and out-
puts of the subsystems, respectively. Then, given M subsystems, the abbreviated
system program is

{mnF@m O

st G(&n) =0,
where
g1 (67 77)
G(&n) = :

is the set of system consistency constraints obtained by solving lower-level sub-
problems, each of which is of the form

min 4 (1§ — @il + ln: — y(@)IF]
sit. iz, y(x)) >0,

(2)

where ¢ is the number of the subsystem.

Thus, the objective of a subsystem optimization problem is always to min-
imize the discrepancy between the shared variables of the subsystems, in the
least squares sense, subject to satisfying the disciplinary constraints, which do
not depend explicitly on the system variables passed down to the subsystems as
parameters. The subsystems remain feasible during optimization, while interdis-
ciplinary feasibility is gradually attained at the system level via the consistency
constraints. Maintaining disciplinary feasibility is extremely important from the
design perspective, to ensure physical realizability of a design if the process can-
not continue to an optimum.

The problem now consists of a set of decoupled subproblems that can be
solved independently and in parallel. One instance of the system-level consistency
conditions gives rise to the form in which CO is usually presented: namely,
the consistency condition is intended to drive to zero the value function of the
subproblem (2). That is,

1
gi(&:m) = 511§ = zll” + lln =y, 3)

where z_ solves the subsystem optimization problem. Another instance of system-
level consistency conditions matches the system-level variables with their sub-
system counterparts computed in subproblem

gi(&,n) = (€ — ze,n — y(zs)). (4)
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The behavior of optimization algorithms applied to the all-in-one MDO for-
mulation, where the disciplinary analyses and constraints are united into a single
nonlinear program, and CO formulations differ greatly, as the formulations are
not equivalent with respect to constraint qualifications or optimality conditions.

In general, value functions are not differentiable, and this may cause difficul-
ties for optimization algorithms applied to the system-level problem. However,
under a number of strong assumptions, the constraints are locally differentiable
and can usually be computed. Derivatives of the system-level constraints with
respect to the system-level design variables are the sensitivities of the minima
or the solutions of the subsystem-level optimization problems to parameters.
The area of sensitivity in nonlinear programming has been studied extensively.
Relevant results can be found in [40] and [41]. In particular, under the assump-
tions of sufficient smoothness, second order sufficiency, regularity as constraint
qualification, and strict complementarity slackness, the basic sensitivity theo-
rem (BST) proves the existence of a unique, local, continuously differentiable
solution-multiplier triple for the perturbed problem. Moreover, locally, the set of
active constraints remains unchanged and regularity and strict complementarity
hold, allowing one to compute derivatives locally. In fact, under a number of
assumptions, stronger statements can be made about the differentiability of the
value function [30,77].

Under the conditions of BST, local first order derivatives of the consistency
constraints (3) have a particularly simple form because, in the case of CO, the
constraints of the lower-level problems do not depend on parameters. On the
other hand, the first order sensitivities of solutions of the lower-level problem
that form the derivatives of the consistency constraints (4), while of closed form,
are expensive to compute and involve second order derivatives of the subsystem
Lagrangians.

There is another feature of the CO formulation with compatibility constraints
(3) that will cause difficulties for nonlinear programming algorithms applied to
the system-level problem: Lagrange multipliers will almost never exist for the
equality constrained system level problem. The nonexistence of Lagrange mul-
tipliers is due to the description of the feasible region that causes the Jacobian
of the system-level constraints to vanish at a solution. The formulation with
compatibility constraints (4) aims to address this problem. However, the com-
putation of derivatives for this formulation is clearly expensive, as it not only
involves solving a system of equations, but also requires the computation of sec-
ond order information for the subsystems. The difficulties are addressed in detail
in [7].

In summary, CO is an appealing approach to design optimization; however,
the bilevel nature of the problem formulation will cause difficulties for conven-
tional nonlinear programming algorithms applied to the system-level problem.
Variations, special algorithms for solution, and alternatives can be found in, e.g.,
[33,54,55] and continue to appear in later publications [96].
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Summary

Multilevel optimization has been an active research field, both in applied mathe-
matics and in engineering design. Many open questions remain, in particular, in
the area of practical computational algorithms for bilevel and multilevel prob-
lems.

Understanding the behavior of specific, nonlinear programming algorithms
applied to the system-level problem of the bilevel or multilevel formulations will
present an interesting and difficult area of inquiry, and would benefit from the
techniques of nonsmooth analysis and optimization [32,36,47], unconventional
notions of constraint qualifications [24,25], and optimality [102,103]. To facilitate
research and testing in the area of algorithms, one may find automatic bilevel and
multilevel problem generators, as well as other sources of multilevel problems,
described in [26,72,73].
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