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Abstract

Existing algorithms for generalized semi-infinite programs can only handle lower-level
constraints containing equality constraints depending on upper-level variables (so-called
coupling equality constraints) under limiting assumptions. More specifically, discretization-
based algorithms require that the coupling equality constraints result in some lower-level
variables being determined uniquely as implicit functions of the other lower-level and
upper-level variables. We propose an adaptation of the discretization-based algorithm of
Blankenship & Falk and demonstrate it can handle coupling equality constraints under the
weaker assumption of stability of the solution set for these constraints in the sense of Lips-
chitz lower semi-continuity. The key idea is to allow a perturbation of the lower-level variable
values from discretization points in connection with changes in the upper-level variables in
the discretized upper-level problem. We enforce that these perturbed values satisfy the cou-
pling equality constraints while remaining close to the discretization point, provided we can
guarantee the stability of the solution in the sense that a nearby solution exists for small
changes of the upper-level variables. We provide concrete realizations of the algorithm for
three different situations: /) when knowledge about a certain Lipschitz constant is available,
ii) when the coupling equality constraints are assumed to have full rank, and iii) when the
coupling equality constraints are additionally linear in the lower-level variables. Numerical
experiments on small test problems and a physically motivated problem related to power flow
illustrate that the approach can be successfully applied to solve the challenging problems,
but is currently limited in terms of scalability.
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1 Introduction

We are concerned with the generalized semi-infinite optimization program (GSIP)
min  f(x)
reX (GSIP-eq)

s.t. g(x,y) <0, VyelV(x)

where the description of the feasible region of the lower level Y (x) contains coupling con-
straints, both equality #°? and inequality h'"°? as

V) :={yeY CRY A" (x, y) <0, h(x, y) = 0}. (1

We call X the host set of the upper-level variables x and ) the host set of the lower-level
variables y. Throughout, we make the following standard assumption of compactness and
continuity:

Assumption 1 The hosts sets X’ and ) are compact and the functions f, g, h""*? and h°? are
continuous on the hosts sets X’ and ).

Solving GSIPs and the related problem classes of (standard) semi-infinite problems (SIP)
and bilevel-optimization problems (BLP) has many applications such as design centering,
robust optimization, Chebyshev approximation and parameter estimation in thermodynamics
of mixtures (see [1, 2] and references therein). Accordingly, a multitude of approaches for
handling this problem have been discussed in the literature under different assumptions on
the lower-level problem:

yglf& g(x,y). (LLP)
If problem (LLP) is convex, duality or stationarity can be used to formulate (GSIP-eq) as
a single-level optimization problem. For example, in [3], the KKT conditions of the lower-
level problem are embedded, leading to a problem with equilibrium constraints that must be
smoothed. In this case, the inclusion of coupling equality constraints is straightforward [3].
However, convexity of the lower level is a strong assumption that is often violated in practice.
Therefore, methods allowing for nonconvex lower-level problems are of interest.

In this work, we specifically focus on the class of adaptive discretization-based algorithms
that are applicable to the case of nonconvex lower-level problems and aim for a global
solution. This requires the global solution of the subproblems, which can be done using
existing numerical solvers in a black-box fashion. Other approaches for solving SIPs such as
approaches based on convexification of the lower-level [4, 5], based on interval arithmetic [6,
7] or the lower-bounding approach of [8] could potentially be extended to find global optima
of GSIP with nonconvex lower-level. However, discussions of the required extensions, as well
as additional ones that would enable the incorporation of coupling equality constraints in these
approaches, appear to be absent from the existing literature. As a result, a detailed comparison
of solution approaches for GSIP is outside the scope of our work. Interested readers are instead
referred to [1, 2, 9] for an overview. Outside of algorithms directly targeted for the solution
of GSIPs, existing algorithms for the solution of BLPs are of interest because the problem
classes of GSIP and BLP are heavily connected [10]. Therefore, an approach for BLP with
coupling equality constraints could give insights into handling coupling equality constraints
in the context of GSIP. However, while many different algorithms for BLP with nonconvex
lower-level exist [11-13], they are not applicable for coupling equality constraints.

The solution of GSIP with coupling equalities is not straightforward in adaptive discretiza-
tion methods. For example, the approaches by Mitsos and Tsoukalas [14] or Tsoukalas et al.
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[15, 16] can be applied to solve GSIP globally without assuming convexity; however, they
rely on a critical assumption that restricts their applicability in the context of coupling equal-
ity constraints. Specifically, one of the necessary assumptions (see Assumption 2) requires,
roughly speaking, that it is safe to ignore lower-level points on the boundary of the set defined
by the coupling lower-level constraints. Notably, this means no coupling equality constraints,
even when linear, are allowed, which can be limiting.

To address this limitation, two discretization-based methods that allow coupling equal-
ity constraints under certain circumstances have been presented in the open literature. In
the approach of Djelassi et al. [17], we assumed that the lower-level variables are a priori
divided into dependent and independent variables in such a way that the dependent variables
are uniquely defined by the values of the upper- and independent lower-level variables and
possibly by so-called selection constraints inherent to the problem. Because of this unique-
ness, only the independent variables have to be fixed by the discretization points, while the
dependent variables are added as additional variables to the upper-level problems, together
with the coupling equality constraints. Previously, Stuber et al. [18] had proposed a different
approach under a similar assumption. Instead of adding additional variables to the upper-level
problems, they use a parametric interval-Newton method to bound the range of the implicit
variables and then employ a global optimization algorithm that uses a similar method inter-
nally to handle the implicit functions directly. A first step in extending this approach to a finite
number of solutions for the dependent lower-level variables is found in [19], again based on
parametric interval-Newton methods, for enclosing finitely many real solution branches of
parameter-dependent nonlinear systems of equations. However, it remains unclear how these
results can be used to solve the problem problem (GSIP-eq). In summary, existing algorithms
for solving GSIPs with nonconvex lower levels and coupling equality constraints rely on an a
priori given partition into dependent and independent lower-level variables and the assump-
tion that the dependent lower-level variables can be defined as an (implicit) function that is
unique for given values of the upper- and independent lower-level variables.

In this work, we identify additional situations under which coupling equality constraints
can be handled by modifying the existing discretization approach for generalized semi-infinite
programming. More specifically, we propose a modification of the discretized upper-level
problem. The key idea is to allow a perturbation of the lower-level variable values from
the discretization points in response to changes in the upper-level variables. The perturbed
values are selected to satisfy the coupling equality constraints while ensuring they remain
close to the original discretization points, provided we can guarantee stability in the sense of
the existence of a nearby solution as the upper-level variables change. In this way, we avoid
an a priori partition into dependent and independent variables by considering the coupling
equality constraints as underdetermined systems of equations. As we will see, this allows us
to solve problems where a constant partition is invalid.

In the remainder of this section, we introduce our notation. In Section 2, we first discuss
existing discretization-based approaches for solving generalized semi-infinite optimization
problems that do not consider coupling equality constraints and analyze the shortcomings of
these approaches when coupling equalities are introduced. We also illustrate that assuming
some lower-level variables can be interpreted as (implicit) functions can be limiting. We then
present our idea to amend these shortcomings in Section 3. Afterward, we formalize our
approach under the assumption that the solution set of the coupling equality constraints is
locally lower Lipschitz semi-continuous. In Section 4, we identify special cases where this
assumption holds and specialize our proposed method. Numerical experiments and imple-
mentation remarks are presented in Section 5.
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Throughout, we use bold letters to denote vectors and matrices and calligraphic font
for sets. We use the convention that the size of a vector x is denoted by n, and that the
elements of the vector x are denoted by x;,i € {1, ..., n,}. Further, we use || - || to denote
an arbitrary vector norm or its induced matrix norm and denote a ball with radius » around
the point X with B, (%) := {x eRY™ | ||x — x| < r}. Considering a vector-valued function
with &k vector-valued arguments f: R™ x R" x ... x R%* — R™, we use the notation
Dif:R" x R x ... x R%* — R"™ x R"% fori € {l,...,k} to denote the Jacobian
of f with respect to its i-th argument. We use Df instead if the function has only a single
argument. For second-order derivatives, we analogously use D; ; f : R"! x R™ x ... xR —
R™ x R" x R".

2 Existing Discretization-based algorithms for (G)SIP

The general idea in the discretization-based algorithms for (G)SIPs in [14, 17, 18, 20, 21]
goes back to a procedure by [22]. Therein, the standard semi-infinite optimization problem

min  f(x)
xeX (SIP)
st.  G(x,y) <0, Vye)

is solved by adaptive discretization, resulting in outer approximation, i.e., the lower bounding
problem
min  f(x)
reX (SIP-LBP)
s.t. G(x,yd) <0, Vyd € yD

is solved for a finite set of discretization points y,? C Y. This constitutes a relaxation of

problem (SIP) and provides a lower-bound and an iterate X for the upper-level variable x.

Then a solution y* of the lower-level problem maj);( G(x,y) is calculated. If G(x, y*) < 0,
ye

the iterate ¥ is feasible and thus optimal. Otherwise, y* is added to P, which guarantees
that x is no longer feasible in the next iteration of problem (SIP-LBP). Convergence to a
feasible point is only guaranteed in the limit. Several authors [16, 20, 23] have extended this
approach to generate feasible iterates in finite iterations.

2.1 Discretization based algorithms for GSIP without coupling equality constraints

In [14, 21], problem (GSIP-eq) is considered without coupling equality constraints and is
reformulated to

;gi/g f(x)

Nineq ) (GSIP-REF)
st g y) <0 \/ 1" x. ) >0, Vyey
i=1

and then relaxed to
min fx)
Mineq (GSIP-REL)
st g, y) <0 \/ A" x.y) >0, Vye.

i=1
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It is further assumed that the infimum of problem (GSIP-REF) is equal to the minimum of
problem (GSIP-REL) (see [14, Assumption 2] and [17, Assumption 5]). Given this assump-
tion, the lower-bounding approach of [22] can be used with

=1...lineq

G(x,y) = min{g(x,y),‘ 1min —hﬁ"e’f(x,y)} )
1
in problem (SIP). The resulting lower-bounding problem can be written as
min  f(x)
xeX (LBP)
st. G, yH <0, vyleyt.
In [14, 17, 21], a so-called lower-level Slater point is searched and used as the discretization

point to be added to Y in problem (SIP-LBP). In [17, 21] this is achieved by solving the
problem

myax G(x,y)st.yeY(x). (GSIP-LLP)

In [14], we show that the assumption of equivalence of problem (GSIP-REL) and problem
(GSIP-REF) is slightly weaker than the following assumption on the existence of such a
lower-level Slater point:

Assumption 2 Let f* be the infimum of problem (GSIP-REF). Each infeasible upper-level
point ¥ € X with f(x) < f* can be excluded by a lower-level Slater point with respect to
the inequality constraints, i.e,

Iy ey g®. 5 >0Ah"4E, §) <0.

It is paramount that the discretization point is chosen as a Slater point with respect to
the lower-level constraints because this ensures that the discretization point remains lower-
level feasible in the neighborhood of the last upper-level iterate. This is not possible in the
context of coupling equality constraints. As the following example shows, this prohibits a
naive application of the idea of [22].

Example 1 ( [24]) Consider the GSIP

min X1
x€[0,1]? (3)
s.t. x121, Vyel0,1]:y=1x;

and any upper-level point X with x; = 0. The only solution to the lower-level problem
is y! = X,. When we consider the discretization point y' fixed, the resulting discretized
problem is

min X1
xe[0,1]2 (4)
d .. d _
S.t. x1 =1, VWel{y}:y"=x;.

In this problem all upper-level points x € [0, 1]*> with x; # ¥, are feasible. Thus, ¥ with
an arbitrarily small change in x; is feasible in the discretized problem. In other words, no
neighborhood of x is rendered infeasible by the discretization point. As a consequence,
x1 = 0 is feasible for all finite discretizations, while the optimal value is 1. This means
that an improvement of the resulting lower-bound will not occur in finite steps even when
ignoring the numerical difficulties of representing the constraint x, # y<.
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2.2 Discretization based algorithms for GSIP with coupling equality constraints

When considering coupling equality constraints, it becomes evident that treating discretiza-
tion points is problematic, as illustrated in Example 1. An alternative approach would be to
consider some lower-level variables as a function of the upper-level variables. For example,
in Example 1, the coupling equality constraint uniquely determines y as a function of x; and
can thus be used to eliminate the lower-level variable y as a degree of freedom. This is the
key idea of the approaches in [17, 18].

These approaches rely on a decomposition of the lower-level variables into dependent and
independent variables y = [y9eP-T | yinder.-T| where the coupling equality constraints 77
uniquely determine the dependent lower-level variables y?¢” as a function j}d"’l’ (x, yinder)
of upper-level variables x and independent lower-level variables y"?¢” _In other words, only
the independent lower-level variables constitute degrees of freedom. Consequently, only
the independent lower-level variables are fixed to discretization points in the discretized
upper-level problem, i.e., in the lower bounding subproblem problem (SIP-LBP), while the
dependent variables are adjusted such that the coupling equality constraints are satisfied.
Such a decomposition does not always exist, as the following example shows:

Example 2 The GSIP with coupling equality constraints

min — X1
xe€[—0.75,0.75] (5)
s.t. 1 —xD)(1+y2) +x1 <0, YyeYx)
with
V) i={y e[-1,11* | i*(x, y) = (xi — y)(x1 — y2) = 0} (©6)

has the coupling equality constraint 72°?(x, y) = (x; — y1)(x; — y2) = 0 which does not
allow for a unique interpretation as an implicit function from x and parts of y to the rest of
y. Indeed for given x1, xp,all y € [—1, 112 with y1 = x1 or y, = x are lower-level feasible.
Choosing one of the lower-level variables as the dependent variable would ignore one of the
two solution branches, constituting a lower-level restriction. Indeed, fixing y; as a function
of y» and x would lead to (1 + y2)(x — x) = 0 < 0, which changes the solution drastically.

In conclusion, expressing some lower-level variables in terms of others, such that the
equality constraint is fulfilled, is not always possible. Further, finding such a decomposition
can be difficult, and it is unclear how to find such a decomposition in general, even if it exists.

3 Handling coupling equality constraints with Lipschitz lower
semi-continuous solution set

Example 1 shows that we must find a modification to problem (SIP-LBP) so that at least an
open neighborhood of x*© will be rendered infeasible. As long as the resulting problem
is still a relaxation of problem (GSIP-eq), we can expect to obtain convergence in the limit
(this will be shown for our approach in the upcoming Theorem Theorem 1).

The key idea under the assumption of a unique solution discussed in Section 2.2 is to fix
some lower-level variables by discretization and vary the others to fulfill the coupling equality
constraints. If the solution to the coupling equality constraints is not unique, it is unclear how
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exactly the variables should be varied. In this case, we propose to select solutions close to
the past discretization point, assuming the solution set of the coupling equality constraints
is sufficiently stable so that such a solution exists after small changes in the upper-level
variables. Conceptually, we would like to emulate embedding a local solver for systems of
equations that converges to a nearby solution when started at the discretization point. A
similar idea is used in [25], where the equivalent to our upper-level variable x is fixed in
a sampling scheme. Instead of embedding such a local solver into the global optimization
procedures, we would like to utilize the existing capability of optimizers to fulfill equality
constraints. Thus, similar to [17], we propose to add a variable vector yd’/ to the relaxation
of the upper level with the constraint that it fulfills the coupling equality constraints. So far,
the approach is similar to so-called high-point relaxation in bilevel optimization [26]. On its
own, this modification will not be advantageous. The following two problems will arise.

Firstly, allowing the added copy of the lower-level variables y¢- € ) to be freely chosen
without considering the corresponding discretization point y? will not guarantee that the
current iterate X will be rendered infeasible, let alone a neighborhood. This is because a
second solution to the coupling equality constraints for the current iterate X could be a less
restrictive choice for the lower-level variables y¢-'. To address this problem, we aim to force
a selection of yd'/ close to y¢ when x has not moved far from %. To this end, we limit the
distance of y? " from y¢ proportionally to the distance of x from %.

Secondly, adding the coupling equality constraints might make points x € X infeasible
for which there exists no solution y*" € ) which fulfills the coupling equality constraints
h(x, yd*/) = 0. This is even more likely after we add the proportionality constraint of the
last paragraph. To avoid this, we need the following assumption regarding the local stability
of the solution set of the coupling equality constraints. The overall idea of our approach and
Assumption 3 are visualized in Fig. 1.

Assumption 3 For each infeasible upper-level point x € X and lower-level feasible point ye
Y(X), the solution set of the lower-level equality constraints S(x) :={y € Y | h°I(x, y) =
0} fulfills the following Lipschitz lower semi-continuity condition [27]

B, L; >0:Vx € By (B [(SG) N B e -2y (M) # 9], (7
and the radii §; in problem (7) are bounded from below with a positive number §,.

Assumption 3 allows for the solution to be nonunique. It requires local stability of the
solution set in the sense that at least one solution does not suddenly vanish when the upper-
level variables are changed. Indeed, if a unique solution exists, Assumption 3 is implied by
the Lipschitz continuity of this solution in regard to the upper-level variables.

In the following, we will additionally make the following assumption, which is identical
to Assumption 4 in the absence of coupling equality constraints but requires that the Slater
point also fulfills the equality constraints.

Assumption 4 Let f* be the infimum of problem (GSIP-REF). Each infeasible upper-level
point ¥ € X with f(x) < f* can be excluded by a lower-level Slater point with respect to
the inequality constraints of the lower-level problem, i.e.,

VEEX: f®) < f*Iy e V@) : [g(f, ¥) > 0 ARI(%, y) < 0] ®)

In the next section, we formalize the sketched solution idea. We first state and discuss
the modified lower-bounding problem, followed by the resulting algorithm, and show that
the latter converges under the preceding assumptions. We present the algorithm and the
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() —4+——————+—F—>
012345678 012345678 T
Fig.1 Effectof constraining the deviation from the discretization point by the deviation from the corresponding
upper-level iterate. The thick curves show two solution branches for the coupling equality constraints h¢9.
Only points on the solid magenta branch show a violation of the SIP constraint. On the left: We allow a
deviation from the discretization point yd, but limit the change to the set 7 (represented by the gray area).
In this example, the allowed deviation grows proportionally to the distance in the upper-level variables. Thus,
the second (blue, square-dotted) solution branch can only be selected after x has moved at least Ax. Since
Assumption 3 holds, this is possible without cutting off the solution branch the discretization point was on.
Without limiting the deviation from the deviation point, the optimizer could select w‘ll without changing

from x. On the right: If the allowed change of the lower-level variable from yd is too restrictive, we might
artificially introduce infeasibility; thus the need for Assumption 3

associated proofs in terms of a set-valued function 7. Intuitively, the role of this function
is to restrict the deviation of lower-level variables values from the discretization points in
the discretized upper-level problem, see Fig. 1. We will require 7 to fulfill the following
properties for any x¢ € X and y? with y? € Y(x9):

P1 T(x4, x4, yd) = {yd} (consistency)
P2 Vx € Ur (x4, y9) [(S(x) NT(x,x, yd)) # @] (satisfiability)

P3 Vs, > 0 35 > 0 : Vx? ¢ X|:||x—xd|| <86 = VYw e T(x, x4 y9)

[Ilw — y4|| < (Sw]i|(continuity).

where Uz (x?, y¢) denotes a validity neighborhood for property P.2 which we assume
includes at least a ball around x? with fixed radius 87, i.e., Us (x9, yd) 2 Bs, (x?) for
each infeasible upper-level point x¢ € X. The set 7 can be seen as a generalization of the
ball B Lgllx—xd| (y%) in Assumption 3. Indeed, note that as a result of Assumption 3, the

choice
T, x?, y?) o= By ey (0

always fulfills all the listed properties. However, in this case, knowledge of the Lipschitz
constant L« would be needed to implement our proposed procedure in practice. We later
discuss different choices for 7 where this knowledge is not required. Therefore, we will
present the results regarding the lower-bounding problem and the resulting algorithm for
arbitrary 7 with properties P.1, P.2 and P.3.
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3.1 Lower-bounding problem
As in the reformulation of GSIP to SIP discussed in the introduction, we utilize
G(x, y) := min {g(x, »). min{—h"(x, y>}}
to combine the objective and inequality constraints of the lower level into a single function G

and shorten the notation. To handle coupling equality constraints, we propose the following
lower-bounding problem instead of problem (LBP)

xeX,wz?;iRgay’dED fx)
s.L. {G(x, w!) <OA (wd € (S(x) NT(x, x4, yd)))} (LBP-cq)

v {x ¢UT(xd,yd)} . VdeD.

Therein, the additional variables w?,d € D replace fixed values of the discretization variables
in G compared to problem (LBP). They are constrained to fulfill the coupling equality
constraints (w? € S(x))andto stay within a controlled distance from the discretization points
yd, d e D, (wd e T(x, x4, yd), unless the upper variables x are outside the neighborhood
U7 . We obtain the following results regarding problem (LBP-eq).

Lemma 1 Given Assumption 1, and a SIP-infeasible upper-level point x? € X, a Slater point
y? with respect to the inequalities of the lower-level, i.e., " (x?, y?) < 0, that proves the
SIP-infeasiblity of the upper-level point x4, i.e., y? € Y(x%) and g(x?, y¢) > 0, renders all
points in a neighborhood Bs(x?) of that upper-level point with radius § > 0 infeasible in
problem (LBP-eq).

Proof Note that the constraint in problem (LBP-eq) is a disjunction. For the second part of
the disjunction, i.e., x ¢ Ur (x4, y9), the claim follows trivially.
For the first part of the disjunction, we show that

38> 0:Vx € Bs(x?)), Vw € T(x, x?, y) [G(x, w) > 0].
Since the function G is uniformly continuous (continuous on a compact set), we obtain:

V81 > 038 > 0:Vw,x: |w— y!| <& and |x — x| <&

©)
[16G,w) - Gyl <a1].

Since the discretization point y¢ is a lower-level Slater point with respect to the inequal-
ities, we have G(x?, y?) = €? > 0 (otherwise g(xd, y%) < 0 means that the upper-level
point x? was SIP-feasible). Set d; in problem (9) to % From problem (9), we obtain the
existence of a > such that

d
€
Vw, x : Jw— y¢| <& and ||x —x¢| < 8 : |:G(x, w) > >o].

Since we enforce w € 7 (x, x9, yd),the property P.3 of 7 means that thereis a §;, > O such
that |x — x?|| <87 = ||lw — y¢| < 8. Asaresult, the claim holds with § = min{55, &;}.
O
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Lemma 2 Given a convergent sequence {xk} ey Of an SIP-infeasible upper-level points

. - . k k—ooo  _ . .
converging to X, i.e., x* —— X, and a corresponding sequence of lower-level points

{yk }keN as in Theorem 1. If there exists a fixed lower bound € > 0 for the function values
G(xk, y) for all k, there exists a fixed lower bound § for the radius 8 in Theorem 1 for all
k. In other words

[EIE ~0:VkeN [G(xk, yh) > e]] —
[33 > 0:Vx € B;(xb), vw € T(x, x*, y) [G(x, w) > 0]] (10)

Proof Follows from the proof of Theorem 1 after replacing €? with € and noting that the
uniform continuity of G and the corresponding property P.3 of 7" guarantee the existence of
87 and 87 that are independent of x4 and yd. ]

Lemma 3 Given Assumption 3, the problem (LBP-eq) is a relaxation of the original GSIP in
problem (GSIP-eq).

Proof First, denote the feasible set of problem (GSIP-eq) as Fs7p and the neighborhood
around the point x¢ € X and its complement with B¢ := {x € X | x € Ur(x¢, y¥)} and
Bl :={xeX|x¢Urix?, yb))}, respectively.

Further, denote with F¥P the projection of the feasible region of the constructed
lower-bounding problem (LBP-eq) into the x-coordinate. The set F/¥ is obtained by the
intersection of the feasible sets of upper-level variables for each discretization point index d,
ie.,

FAP = () [P u B (1n)
deD
with
FHPA {x e B | Tw! € (Sx)NT(x, x%, 1) : Glx, w?) < o} .
Since the objective functions of problem (GSIP-eq) and problem (LBP-eq) are identical,
we need to show that replacing the feasible region of the original problem Fgsip with the set

FHP constitutes a relaxation, i.e., Fgsip € F2 2. For each discretization pointindex d € D,
define the set of points feasible in the neighborhood around a given point x?, d € D as

FMd .~ {x eBY| max G(x,w)< 0}.
weS(x)

If we combine these sets with the complement of the neighborhood 3¢, where we ignore the
semi-infinite constraint, we obtain a relaxation:

Fesip S ﬂ []—'M’d UBdl
deD

This follows from the fact that this combination is a relaxation for each discretization index
d

FGsip = (-7:GSIP N Bd) U (]—"GSIP N Bd)
C BU (.7:(;5113 N Bd) (12)

c BluyFMd
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and that the intersection of relaxations is also a relaxation.

We note that the sets ¥4 can be relaxed to the feasible set for a relaxed SIP constraint,
where the lower-level variable is restricted to a small area around the discretization point,
ie., FM:d C FMM.d yith

FMMd . — Yy ep? | max Gx,w) <0} .
weYNS(@)NT (x,xd,yd)

Because of Assumption 3, we know that ) N S(x) N 7 (x, x4, yd ) does not become empty
and thus FMM.d ¢ FHP.d

The inclusion FM-4 ¢ FHP.d jg sufficient to prove the claim of the theorem Fgspp C
FHP because the inclusion relationship in preserved after taking the union of F7#-¢ and
FMM.d wwith B4, respectively, and taking the intersection over all d € D:

Fesip € ﬂ I}'M'd UBd]
deD

FMA MM MM.d || j3d
== FGsSip gdrl {.7: uB } (13)
€

Fosip © m [J,,_-HP,d UBd] _ pHP
deD

FMM.dc pHP.d

3.2 Lower-bounding algorithm

We use the lower-bounding problem in the adaptive discretization algorithm listed in Algo-
rithm 1. The following theorem discusses the convergence of this algorithm.

Theorem 1 Given Assumptions 3, 4 and 1, the lower bounding procedure in Algorithm 1
either finitely proves the problem to be infeasible, finitely returns a global solution or produces
a sequence of iterates {xi }i such that each accumulation point is a global solution of
problem (GSIP-eq).

eN

Proof (similar to Lemma 4.3 in [24]) Assume that the algorithm terminates finitely. Denote
with i the final iteration. Then, either G' < 0 problem (GSIP-LLP) was infeasible or problem
(LBP-eq) was infeasible. In the latter case, since problem (LBP-eq) is a relaxation according
to Theorem 3, the original problem (GSIP-eq) must be infeasible. In the former two cases,
the current iterate x’ is SIP-feasible according to Assumption 4.

If Algorithm 1 does not terminate finitely, there is an infinite sequence of iterates. Because
of the compactness of X, there is at least one converging subsequence. Without loss of
generality, pick a single subsequence denoted by {x"*}, .y with ny € N and ny + 1 > ny for

k > 0 that converges to a point x. If G"* IH—OO> 0, the accumulation point x is SIP-feasible.
Otherwise, there must exist an € > 0 such that G"* > € (since the algorithm does not
terminate, we must have G > 0 for all k € N). According to Theorem 1, this would mean
that in each step of the subsequence k a neighborhood Bs (x"*) of the last iterate x* becomes
infeasible in problem (LBP-eq). Accordmg to Theorem 2 the radius of this neighborhood §
does not fall below the fixed value § := min{8, 8,}. Since X is compact, problem (LBP-eq)
would become infeasible after a finite number of steps k, which leads to a contradiction. O
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// Initialize
D<—{k
i < 0;
LBD <« —o0;
while true do
Solve problem (LBP-eq);
if Infeasible then
‘ Problem (GSIP-eq) is infeasible. return Infeasible;
else
‘ Save the solution x! and the objective value f (xh;
end
// Update lower bound
LBD:=f (xh);
Solve problem (GSIP-LLP) given x! saving the solution yi and the objective value G,
if Infeasible or G < 0 then
‘ Found a feasible point. return x! R
end
// Update index set with index of new discretization point y’ and
upper-level iterate x!
D:=DU{i};
i=i+1;
end
Algorithm 1: The proposed algorithm for the solution of generalized semi-infinite programs

(GSIPs) with coupling equality constraints.

3.3 Sufficient conditions for Stability of the lower-level solution set

We are interested in sufficient conditions for the stability of the lower-level solution set, more
specifically for Assumption 3 to hold. The following example shows that without further
assumptions, a problem with arbitrary coupling equality constraints £°? can be reformulated
such that the characteristics of h? are essentially hidden within the host set ).

Example 3 Consider X =[x, xY] and Y1 = [y%, yY] and define the lower-level feasible
set as V1 (x) = {y € V1 | h®(x,y) = 0}. Using a more complicated host set, we can
reformulate this as a problem where all coupling equality constraints are linear.

Indeed, combine the old lower-level variables y with the new variables z according to
w! = [yT, z7]. Then, we can use the more complicated host set W = {w € J; x X |
h%(z, y) = 0} to formulate the feasible set of the lower-level as J»(x) = {w e W | z—x =
0} which has a simple linear coupling equality constraint. More concretely, the problem

max g(x,y)
yelyt.yY] (14)

s.t. h(x,y) =0

can also be written as

max_ g(x,y)
(y.2)eW (15)

s.t. x—z=0

with W = {(3,2) € [y, yY] x X | k% (z, y) = 0}. The case where inequalities defining
Y become active is similarly problematic.
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In order to simplify the theoretical analysis and the statement of the algorithm, we consider
a formulation of the problem where all relevant details are explicitly stated in terms of the
lower-level constraints. To formalize this, we introduce the following assumption that asserts
the redundancy of the host set ).

Assumption 5 The host set ) is redundant in the following sense: For any (visited) infeasible
upper-level point X, any solution y* to problem (GSIP-LLP) is strictly in the interior of the
host-set:
It > 0:Vy* € argminG(x, y) [B: (y*) C V].
YEV ()

If the original host set was defined by a combination of bound constraints and continuous
constraints, Assumption 5 can easily be satisfied with a simple reformulation. Indeed, let the
original host set be defined as

Vi ={y eyt yY11v9(y) =0 A v"(y) < 0}

then we can add v°? to the coupling equality constraints, add v*?(y) := y — yY, 0P (y) :=
—y + y&, as well as v"¢? to the coupling inequality constraints h"¢7. As a result, the new
host set with any 7 > 0

M= -y +1]

will satisfy Assumption 5.

Assuming that the coupling equality constraints #°? are continuously differentiable, the
rank of the Jacobian with respect to the lower-level variables y can potentially be used to
validate Assumption 3. Indeed, given Assumption 5, the constant rank of the Jacobian of
the coupling equality constraints in the neighborhood of x and y* as defined in Assumption
5 is a sufficient condition [28, 29] for Assumption 3. Because of the lower semi-continuity
of the rank of a matrix, full rank at ¥ and y* also suffices. Most constraint qualifications
for the lower-level problem, such as MFCQ, imply full rank of the Jacobian of the coupling
equality constraints. Thus, one might consider this full-rank condition a weak assumption.
According to [30], we can usually expect this condition to hold for most upper-level variables
x. However, this assumption is not trivial since we would need the condition to hold for all
superoptimal upper-level variables. The following example illustrates that Assumption 3 can
fail to hold, even for relatively simple examples.

Example 4 Define q(y) = (y1 +0.75)(y1 + 0.6)(y1 — 0.3) and h¢?(x, y) = q(y) — x1. As
illustrated in Fig. 2, ¢(y) has a local minimum near 0. Let the discretization point y? be
chosen as the local minimizer and take xf = q(yd). Then 7% (x4, yd) = 0, but for x| < xi’,
there exist no solution y to #°7 (x, y) = 0 that is close. Clearly, Assumption 3 does not hold.

Although the rank of the Jacobian can provide valuable insights into the validity of
Assumption 3, it does not provide a complete understanding of the applicability of Algorithm
1. Specifically, although full or constant rank of the Jacobian is a sufficient condition, it is not
necessary for Assumption 3. Indeed, the coupling equality 7Y (x, y) = (x; — y1)(x1 — ¥2)
from Example 2 has a singular Jacobian for any r € R and x; = ¢, y; =, y» = t, but there
clearly always exist a solution w with ||y — w|| < 1|x; —¢| and 2 (x, w) = 0. Furthermore,
while full rank of the Jacobian of the coupling equality constraint is sufficient for Assumption
3, to implement the presented algorithm we still need a way to calculate the corresponding
Lipschitz constant L or find an alternative way to construct a restrictive set 7 satisfying
properties P.1 through P.3. We discuss this in the next section.
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Fig. 2 Illustration of Example 4 where Assumption 3 does not hold. Here, h°? (x, y) = g(x) — x;. When
reducing x1 further, no solutions exist close to the marked point

4 Specializations under full-rank assumption

In practice, we cannot always expect the knowledge of a valid approximation for the Lipschitz
constant of the set S(x) that is reasonably tight. In the following, we specialize the approach
to cases where knowledge of the Lipschitz constant is not explicitly required. Since it involves
derivatives of the coupling equality constraints, we make the following assumption for the
remainder of this section:

Assumption 6 The coupling equality constraints £°? are Lipschitz continuously differen-
tiable on X' x ) with respect to their second argument.

4.1 Specialization to Linear coupling equality constraints by Euclidean projection

In certain situations, we might have a way to directly express our preference for choos-
ing a nearby solution to the coupling equality constraints directly by using the Euclidean
projection to the solution set S(x). Assume that we can, for a given upper-level point x4,
easily compute one of the closest lower-level feasible points y to a given discretization point
y¢ in the Euclidean norm. If such a projection is available, we can solve the problem by
choosing 7 (x, x4, yd) = argmin ||y — yd ||% since properties P.1 and P.2 hold trivially, and
eS(x)

property P.3 holds under Asysumption 3 or if the Jacobian of the coupling equality constraints
D>h*1 (xd, yd) has full rank [31]. In the following, we discuss how to use the Euclidean
projection for the particular case of linear coupling equality constraints, i.e.,

hl(x,y) :=Ax)y —b(x)=0. (16)

The mapping to the closest solution of problem (16) to the previous solution y¢ in the
Euclidean norm is given by

. 1
min Enw" — 13

wd Ry (17)
s.t. A(x)wd =b(x).
This problem can be embedded using its KKT conditions
Iw? —yH+ Ax)"A=0
d (s)

Ax)w? = b(x)
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which only constitutes linear equality constraints without any equilibrium constraints. If the
matrix A(x) has full rank for all x € X, our lower-bounding problem for this case can be
stated as

min fx)
xeX, wleR™ A9eR"4q deD
d d Tyd __
s.t. I(w® —y)+A(x)'A“ =0, VdeD (LBP-lin)
A@)w? =b(x), Vd € D
G(x’ wd) < O’ Vd € D.

Remark 1 This formulation is especially efficient in the case where the linear coupling equal-
ity constraints take on the form Ay = b(x), meaning that the coefficients of the coupling
equality constraint are constant. In this case, we only introduce linear equality constraints.

Remark 2 Note that we cannot constrain the copy of the lower-level variables w?, d € Dtothe
lower-level host-set ) in problem (LBP-lin). When numerically solving problem (LBP-lin)
with solvers requiring bounded domains, one needs to be careful that bounds on w¢ and A
are chosen without causing an unwanted restriction.

Note that this corresponds to applying the approach of [17] to the problem
min  f(x)
xeX (19)
st Glr,w) <0, Y(w, A, y) e Vx)

with

V) ={w,y. ) eRY x Y x R" | Iw? — y) + Ax)"A! =0, Ax)w! = b(x))

where w and A are considered as the dependent variables. As a result, the algorithm presented
in [17] and implemented as RRHS in our framework for discretization-based hierarchical
optimization 1ibDIPS [32] can be applied. The algorithm uses the steps in Algorithm 1 to
find a lower bound but also introduces an upper-bounding procedure.

Alternatively, if the matrix A is constant and has full rank, a decomposition of y into a linear
combination of dependent and independent variables is possible using a QR decomposition
or a (pivoted) reduced row echelon form. Thus, it is possible to apply the approaches from
Section 2.2 directly in this case. This is not necessarily true if the matrix A depends on the
upper-level variables x. Even if A(x) has full rank, an iterative re-assignment of entries of y
to dependent and independent variables can be necessary. The following example shows that
there are indeed such cases where the approach from [17] is not applicable, but the introduced
projection is.

Example 5 Consider the lower-level problem

max glx,y)

yel=5.5 (LLP)
s.t. h®d(x, y) = max{0, x + 1}y; + max{0, 1 —x}y, —1 =0
Where coupling equality constraints might also be written as
1=x)y»—1 forx < —1
R, ) =10 4+x)y —1 forx > 1

A+x)y1+0—=x)y2 else .
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The resulting matrix
A(x) = [max{0, x + 1}, max{0, 1 — x}]
has full rank for any x. Since for x > 1 it has the form
Alx) =[x+ 1,0]

and for x < —1 the form
A(x) =[0,1—x],

no constant partition of lower-level variables will be valid.

As mentioned in Section 4.1, we need Assumption 3 (which is implied by full rank of the
matrix A) for the projection to fulfill property P.3. We want to motivate this assumption for
linear coupling equality constraints: Assume that the functions A(x) and b(x) are locally
Lipschitz continuous on X. Consider any iterate X, where we have obtained a solution to
the lower level. Since the lower-level problem was not infeasible for that iterate X, we can
in general assume that A(X) had full rank (otherwise b(x) is chosen very precisely, this is
unlikely enough to declare this a degenerate case). Then, the full rank assumption will hold
locally (due to the lower semi-continuity of the rank).

4.2 Specialization with error bound from an extension of the Kantorovich theorem

Assume that we can obtain a so-called error bound, i.e., we find ¢; and ¢ so that we can
guarantee: if ||h?(x, y)|| < c; then there exists a solution y* around y' with || y* — y*| <
1k (x, y)|lc2. Previously, we used the relation

d d
lw—y“lIl < Lyllx — x|

However, we can also use
d . d
lw— yll < callh®(x, y9)I.

The new relation is easily integrated into the lower-bounding problem problem (LBP-eq) as

T, x, y) = {w e V1 1y — wll < callhie, y)1 |

and
Uz, y') = {x e R™ | 10 e, yHl <}

It may be easier to obtain the parameters c¢; and ¢ than L, assuming that the coupling
equality constraints ¢ are continuously differentiable and that their Jacobian has full rank
at (x?, y?). We discuss how an existence theorem for solutions to nonlinear equations can
be used in the described manner.

4.2.1 Obtaining the parameters

For square systems, a possible way to generate such error bounds and thus obtain the parame-
ters mentioned in the last section is by the Kantorovich theorem (see, e.g., [33, Theorem 2.1]).
In [34], the authors used a similar idea in the context of robust robotics. An extension to the
Kantorovich theorem to the underdetermined case is given in [35] but involves pseudoin-
verses. The similar result given in [36, 37] is used in the following because it is easier to
implement within a formulation suitable for deterministic global optimization.
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Theorem 2 [36] Define f: R" — R™ as f:y + h®l(x,y) for fixed, but arbitrary x.
Assume f(y) is differentiable in the ball B,,(yo) and D f (y) satisfies the following Lipschitz
condition in B, (yo):

IDf(y1) = Df(y2)Il < Kllyr — y2ll, VYyi, y2 € By(yo)-

Let
[pron’e| = wolgh, veer o)
hold for some o > O where |ic||, := sup " b is the dual norm. Denote r* = min{p, %2}
and p* = po — Kr*. If bllbll=1
ILf o)l < p*r* on

then there exists a solution y* with f(y*) = 0, and ||y* — yo| < Hflaiy*")”
Proof The theorem is a restatement of [36, Theorem 2] using the estimates ©* and r* in [36,
Collary 3]. O

Note how p*r* and % play the role of ¢ and ¢, respectively. For their computation, we
need three quantities: the Lipschitz constant K, 1o (which in the Euclidean norm corresponds
to the smallest singular value of D,h°?) and the minimal radius p. The radius p can easily
be calculated as the distance of y¢ to the boundary of ) (which is at least T according to
assumption Assumption 5). Assuming the coupling equality constraints are twice continu-
ously differentiable in their second argument, K can be estimated [38] by any lower bound

to the optimization problem

min _ — [[D22h% (x, y)llv (22)
xeX,yey
where || - ||y is any norm compatible with the operator norm || - || which is applied to matrices

in Theorem 2.
For 110, we suggest two alternatives: Firstly, we can compute a value that is valid for all
possible pairs of upper- and resulting feasible lower-level variables with

Ho = min ) | D2k (x, y) ||+
xeX,yeY(x),scR"heq (23)
s.t. Isll« = 1.

Secondly, we can compute g as a function of the discretization point y¢ and the upper-level
variables x by embedding

poe) = min Ko (24a)
110=>0,s€R"heq

s.t. Islls =1 (24b)

D2k (x, y")s |, = 110 (24c)

into the lower-bounding optimization problem. Fortunately, we can avoid forming a bilevel
optimization problem. This is because we will use to (x)? in the constraint

1R (x, y)li

== S VR, y D = (o) D (o)) (25)
w*(po(x)?)

d d
[w® — ¥l <
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which is less restrictive for smaller values of 1. We can observe that both * and r* increase
as a function of p¢ and can thus embed problem (24b) and problem (24c) instead of problem
(24). This is formalized in Lemma 4.

The following proposition states that problem (25) can be used in Algorithm 1 according
to Theorem 1.

Proposition 1 Denote with (i, (x) a valid value of 1o i ln Theorem 2f0r the upper-level point
x and the dmcrenzanon point y obtained either as i (x) = g (x) according to problem
(24) or as i (x) = o according to problem (23). Assume that the full rank assumption holds
for each infeasible upper-level point x* € X and corresponding feasible lower-level point
y¢ € Y(x). Further, assume that h®d is Lipschitz continuously differentiable in its second
argument. Then the lower bounding procedure in Algorithm 1 finitely proves the problem to
be infeasible, returns a global solution or each accumulation point of the sequence of iterates
{x } ey converges to a global solution of problem (GSIP-eq) if

147 ey
T, x4, y?) = wd -y <
£xty = et =y < )
with
Uz, 31y = {x € R |09 Ge, y < 07 Gl o () |

is used in Algorithm 1.

Proof We show that 7 fulfills properties P.1 through P.3 and thus Algorithm 1 converges
according to Theorem 1. Note that K is bounded by assumption, and further that assuming
full rank of the Jacobian Dyh¢? (x, y) forx € X,y € YV(x) implies ,&g(x) = o > 0. From
W (o) = and p = t > 0one can in turn derive that there exist with u* > 0 and r* > 0
with 1" (T4 (e) > " and (i) >

Concerning 7, property P.1 holds, since as discussed above i (Mo (x)) > pu* > 0and

hed (x4, y?) = 0. Property P.2 holds according to Theorem 2. Finally, property P.3 follows
from uniform continuity of #°¢ on X’ x ) as follows: Property P.3 requires the existence of
87 > 0 such that ||x —x¢|| < 8r andw € T (x, x%, yd) imply |lw — yd|| < 8y, for arbitrary
small 8, > 0. Uniform continuity of #°¢ on X’ x ) guarantees the existence of 87 > 0 with

Pu—xn b = WGy — B < },wdex

Forw € 7 (x, x4, yd) and ||x — x?|| < 87, we note that

179 (x, y9) | M”uy%n‘i
*wwm)\ wr w

d
[w—yll <

Thus, property P.3 follows from choosing §,, = %. The condition U7 (x?, y?) 2 Bs, (x?)

for some constant §7 > 0 follows analogously from k¢4 (x?, y¢) = 0 and uniform continuity
of h“on X x ). O

Theorem 2 directly handles underdetermined systems of equations. Many theoretical
results only cover the square case. In the next section, we briefly discuss a possible approach
for using these results instead of Theorem 2, as well as disadvantages compared to using
Theorem 2.
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4.2.2 Avoiding an underdetermined equation system

Instead of using Theorem 2, we can extend the system of equations £°Y (x, y) = 0 to apply
theoretical results for square systems: Taking inspiration from the linear case, we form the
extended system

(26)

d T
Flx.w.A) = [I(W—y )+ Ax) x} L

hél(x, w)

where A(x) = Dyh®Y(x, yd)T. This is identical to the KKT system of the Euclidean pro-
jection to the discretization point y? for fixed x, except that the Jacobian of the coupling
equality constraints D,h¢ is evaluated at the discretization point y¢ instead of w. A related
idea is used in [39], where the Jacobian is used to find a coordinate transformation to enable
the use of a theorem for square systems. For brevity, denote the extended lower-level variable
vector with z7 := [wT, AT], the extended discretization point with 20l = yd’T, 077 and
F (x,z) := F(x,w, ). Computing the Jacobian with respect to the extended lower-level
variables at 9 we get:

€2))

~ eq d\T
D, F(x, zp) =|: ! D2k (x, y%) ] .

Dyh* (x, y?) 0

If we assume full rank of D,h? (x, y?), this matrix has also full rank for all x € X. The
extension of the implicit-function theorem in [40, Theorem 3.1] validates Assumption 3 with
explicit expressions for L; and &; and can theoretically be used to compute the constants
from Assumption 3.

Alternatively, results for quantitative results on the inverse and implicit function theorems
in [41], results from homotopy continuation [25, Prop. 6.2] or variants of the Newton-
Kantorovich theorem as in [33, Theorem 2.1] can be applied to the extended system. However,
an implementation in the Algorithm 1 faces the following difficulties: Firstly, one has to con-
tend with additional variables to represent A. Secondly, we expect increased conservatism in
these results, making a smaller neighborhood of x¢ infeasible in the lower-bounding prob-
lem. This expectation is based on estimations made during the derivation of such results,
which are often based on matrix norms and use a single radius for the function inputs z while
the scaling of A and w could differ significantly.

Instead of using the extended system, one could also eliminate w and consider the function
ﬁ(x, A) = h%(x, yd +A(x)TL). However, in this case, computing p such that yd +AMX)TA
remains in ) is difficult without again introducing large conservatism. We believe that further
research could overcome these challenges and use the extended system to utilize results for
the more intensively studied square case, but we do not pursue these ideas further in this
manuscript.

5 Numerical implementation and examples

In this section, we discuss challenges in the numerical implementation and present numerical
experiments on small-scale problems for the nonlinear case and an application to robust
optimal power flow, for which we apply the approach presented in Section 4.1 for the case
of linear coupling equations.
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5.1 Implementation

There are several challenges in implementing Algorithm 1 with the different specializations.
We highlight the most important considerations:

Firstly, we formulated many subproblems that contain logical disjunctions. Especially
with nonlinear terms, most global solvers cannot handle such disjunctions directly. In our
experiments, we formulate them using the big-M reformulation, i.e., using binary variables
(see [42] for details). Other reformulations or methods that directly handle the disjunctions
could be used [43]. However, in the tests conducted in [44], for nonconvex problems, employ-
ing a big-M formulation alongside a general MINLP solver proved to be competitive with
more sophisticated methods. Similarly, we use binary variables v € {0, 1}"nea ! to formulate

Gx,y) <0

as

Nineq

(1= Vg4 1), Y) = Y v (x, y) <0
i=1

nim’q‘i‘l

Z Vi =1
i=1

except in Section 5.3, where we use a big-M formulation to avoid introducing nonconvex
bilinear terms.

Secondly, it was necessary to tighten the feasibility and integrality tolerances of the sub-
solvers to avoid cycling in later iterations. One reason for needing tight feasibility tolerances
is also present in other discretization-based algorithms: in the limit, the constraint viola-
tion Ien}g(x) G(x, y) tends to zero as the iterates for x approach the solution. Additionally,

y X

certain constraints used in the discussed formulations tend to be sensitive to tolerances.
For example, using the Euclidean norm in problem (25), we have a constraint of the form
1R (x, yd )ll2 = ¢ where ¢ > 0 is usually small. For this reason, we do not use the refor-
mulation to ||A% (x, y? )||§ > &, which is usually preferred because it avoids the use of a
square root, because it would necessitate even tighter tolerances.

5.2 Comparing approaches for nonlinear coupling equality constraints

Algorithm 1 employs problem (LBP-eq), which is parametric in 7 and /7. In this section,
we compare three approaches suitable for nonlinear coupling equality constraints resulting
from different choices for 7. Two use the parametrization introduced in Section 4.2, while
the other assumes knowledge of the Lipschitz constant and was introduced in Section 3. In
the following, we differentiate between:

Lipschitz-based: using 7 (x, x%, y?) = B Lix—xd y?) with known Lipschitz constant L;
Polyak-fixed: the approach from Section 4.2 with a fixed po computed via problem
(23);
Polyak-variable: the approach from Section 4.2 with embedding problem (24) for the
computation of pq.

We outline the details choices in the concrete testing of the proposed approaches for
nonlinear coupling equality constraints:
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We use the Euclidean norm throughout. For the latter two approaches, we calculate K by
solving the optimization problem problem (22) with a relative optimality tolerance of 0.01
where |[Ally =||All2 == /> L, ||A,-||% for A € R™ x R" x R" which is compatible with the
Euclidean norm [45]. Therein, we denote with A; the i-th n x n matrix component of A. An
alternative would be to use interval arithmetic and bound the 2-norm by || 4|2 < [|AillF,
but the expected overestimation would likely be detrimental to the approaches relying on
bounds on K.

For termination, we selected the criteria as follows: We test the algorithm as stated in
Algorithm 1 for each approach, but introduce a feasibility tolerance of 10™* so that the
algorithm terminates with status TOL in iteration i when G’ < 10™*. We also terminate
with TIME if the time limit of 30 minutes is exceeded, with ITER after 500 iterations,
and with STUCK if ||x! —x'~!|| < 107 and [LBD! — LBD!~'| < 107°. The latter signals
insufficient progress or looping, which can occur, for example, if Assumption 3 is not satisfied
or because the subsolver only enforces the constraints within a given numerical tolerance.

We also test the effect of reducing the number of discretization points by adding LBD —
f(x) < 0 to problem (LBP-eq) and filtering the discretization point according to D <«
{i e D fi + €filrer = LBD} with € 1o, > 0. This filtering does not interfere with the
convergence guarantees of Theorem 1. Intuitively, this is clear since similarly to the behavior
of G in Theorem 1, the constraint LBD — f (x') > €rilrer > 0 cuts of a neighborhood for all
discretization points discarded by this filter. Still, we prove this more rigorously in Theorem
1.

For the tests in this section, we implemented the algorithm in Julia 1.10 utilizing JuMP
[46] to formulate the optimization problems. We chose this approach for the prototype imple-
mentation instead of our library for discretization problems libDIPS [32], primarily because
it allows us to leverage Symbolics.jl [47] for flexible higher-order symbolic differentiation
and symbolic manipulation. This capability enables the automatic generation of expressions
needed in problem (23) and problem (24). The subproblems are solved globally using Gurobi
11. In order to access the nonlinear capabilities of Gurobi 11, which at the time of writing are
not directly available inside JuMP, we make use of the JuMP interface to GAMS: subprob-
lems are passed from JuMP to GAMS 47, which then calls Gurobi 11 to solve the problems.
An absolute optimality tolerance of 107, a relative optimality tolerance of 107, an integer
tolerance of 1072 and a feasibility tolerance of 10~8 and an aggressive filter tolerance € fjjzer
of 102 are used. The tests are run using an Intel i5-9500 CPU and 16GB of RAM.

We constructed several small test problems to compare the approaches. Details can be
found in the appendix under Examples 6 to 11. For Examples 6 to 9 Assumption 3 holds. We
also test the behavior of the algorithm under the failure of this assumption with Examples 10
and 11.

The results for the examples fulfilling Assumption 3 are presented in Table 1. Even for
these small test problems, each approach runs into the time limit for at least one test problem
when no filtering is used. This can be attributed to the fact that additional constraints and
variables are added for each discretization point, which makes the subproblems challenging
to solve globally.

As intended, the filtering reduces the computation times. One should note that the filtering
is especially effective in the test problems used. This is because it turns out that for these
problems (in the absence of numerical tolerances) frequently only the most recent discretiza-
tion point is binding in the sense that discarding every discretization point except the latest
would mostly yield the same solution to the subproblems. Even though the proposed filtering
will not be as effective for general problems, it allows us to estimate how many iterations
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Table 1 Results for the test problems fulfilling Assumption 3. TIME and ITER denote abortion due to time
and iteration limit, respectively. TOL denotes successful termination within tolerance, while STUCK signals
looping or insufficient progress. Note that in Example 8 the full rank assumption is violated. f: stuck, but
already close to the solution

Ex. 6 Ex.7 Ex. 8 Ex.9
Lipschitz-based time 14s 1800s 10s Is
iter 2 9 39 8
status TOL TIME STUCK' TOL
Lipschitz-based + filter time Is 2s 1s Is
iter 2 19 9 7
status TOL TOL TOL TOL
Polyak-fixed time 1800s 6s 1s 1800s
iter 117 6 0 74
status TIME TOL STUCK TIME
Polyak-fixed + filter time 20s 1s 1s 26s
iter 283 6 0 500
status TOL TOL STUCK ITER
Polyak-variable time 1800s 65 1s 37s
iter 5 5 2 60
status TIME stuck’ STUCK TOL
Polyak-variable + filter time Ss 1s 1s 3s
iter 15 5 2 60
status TOL TOL STUCK TOL

the different approaches would have needed, had we not set any time limit. Except for the
Lipschitz-based approach in Example 8, this estimation seems to hold in cases where the time
limit does not take effect. Examining the number of necessary iterations is interesting for
two reasons: Firstly, if an approach is efficient in that only a few iterations are required, but
the subproblems are hard to solve, it could be interesting to try to formulate the subproblem
in a way that allows for a faster solution. Secondly, it indicates how sensitive our results
are regarding the run-time limit. Most notably, the time limit is reached for Polyak-fixed for
Example 6 and Example 9, but still more than double the iterations would have been needed.

The results in these two problems also illustrate the trade-off between the different
approaches of computing ;1o in Polyak-fixed and Polyak-variable. If u is fixed, the sub-
problems tend to be solved faster. However, in these two problems, the adaptive value g (x)
is small in certain regions of the upper-level domain X. Thus, using a single value for 1¢¢ that
is valid for the whole domain X makes many iterations necessary. This can also be seen in
Example 9, where the computation of ;1o = 0 directly reveals that the full rank assumption
is violated, which is why Polyak-fixed directly terminates.

The Lipschitz-based approaches require knowledge of the constant L. In exchange, it is
the only approach capable of solving Example 8. Except for Example 7, which is linear and
thus allows K = 1078, it is also the fastest approach.

We also test the behavior of the approaches on two examples that violate Assumption 3.
The results for Examples 10 and 11 are shown in Table 2.

As mentioned, Polyak-fixed detects the violation of the full rank assumption and terminates
directly. Since Assumption 3 is violated, there exists no valid value for the Lipschitz constant
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Table2 Result for the test problems not fulfilling Assumption 3. TIME and ITER denote abortion due to time
and iteration limit, respectively. TOL denotes successful termination within tolerance, while STUCK signals
looping or insufficient progress. f: stuck, but already close to the solution

Ex. 10 Ex. 11

Lipschitz-based time 1800s 6s

iter 29 35

status TIME TOL
Lipschitz-based + filter time 4s 2s

iter 36 35

status TOL TOL
Polyak-fixed time Is Is

iter 0 0

status STUCK STUCK
Polyak-fixed + filter time Is 1s

iter 0 0

status STUCK STUCK
Polyak-variable time 1800s 128s

iter 41 156

status TIME" STUCK
Polyak-variable + filter time 8s 65

iter 58 110

status TOL STUCK

L. When using a large value of L = 100 heuristically with the Lipschitz-based approach, the
algorithm converges to the correct solution. However, we cannot guarantee that the iterates are
valid relaxations, so we cannot guarantee convergence to the global solution or any feasible
point in general.

In contrast to Example 8, in Examples 10 and 11 the full rank assumption is violated only
at isolated upper-level points. We conjecture that Polyak-variable will converge to a solution
or one of these isolated points. Indeed, in both problems, the iterates for the Polyak-variable
approach one of these isolated points but the rate of change between iterations diminishes
until it falls below our numerical tolerance or the time limit is reached. For Example 10, the
solution is one of these points, which is why Polyak-variable terminates close to it.

The experiments in this section considered toy problems with nonlinear coupling con-
straints. In the next section, we consider an application with linear coupling equality
constraints.

5.3 Robustness of relaxed power flow - an application with linear coupling equality
constraints

In Section 4.1, we discussed a specialization for linear coupling equality constraints. In this
section, we apply this specialization to a power-flow problem, focusing on robustness in a
power grid under load uncertainty. The robustness of power grids under uncertainty is an
important topic with many different formulations discussed in the literature (see [48] for
an overview). The considered problem exemplifies a scenario where coupling equality con-
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straints are essential for a practical application and decomposing dependent and independent
variables is not straightforward.

A power network consists of buses, connected by lines, as well as generators and loads
attached to buses. Given an initial set-point for the generators, called a dispatch point, we are
interested in the robustness of the grid to uncertainty in the loads, i.e., how much the loads can
change from a forecast so that the power network can operate from this dispatch point if the
loads change. We formulate this as a generalized semi-infinite optimization problem using
the power flow formulation based on the so-called SOCP power flow, which is a relaxation to
AC power flow. We give only a high-level overview of the problem, more details are provided
in Section A.2.

We consider the following optimization problem: Let G be the set of generators, N be the
set of buses, and £ be the set of lines in the power grid. Consider fixed values for the generator
set points P8 € RI9 and Q¢ e R!9!. Further, let P4 ¢ RIN1 and Q4" ¢ RWI be
the nominal values for the real and reactive loads at buses, n € N/, respectively. We search
for a minimal change of the real and reactive loads x = (P4, Qd] e R2WI from these
nominal values such that no safe grid state y = [v;¢;s; AP; AQ] € RV IH2IE1+2 exits,
where v, ¢ and s represent the complex voltages of the network and where AP and AQ
represent the overall deficit in real and reactive power. Concretely, the objective function is
given by £(x) = 5k Xenr(Pd = P2+ (04 — 042, Meanwhile, the coupling
equality constraints £°? are linear and have the form of an underdetermined system of linear
equations

Ay =x (28)

(see problem (29), problem (30)) where A € RZVNIXIWI+2I€1+2 g 3 gparse matrix, with
size and sparsity pattern depending on the grid instance. Thus, a general valid decompo-
sition into dependent and independent lower-level variables is unknown as it depends on
the concrete problem parameters. The coupling inequality constraints only depend on the
lower-level variables y, i.e., B/ (x, y) = q(y), and are linear or quadratic and concave
(see Egs. (32) and (35) to (34)). The semi-infinite constraint is linear and only depends on the
lower-level variables. Overall, the problem formulation leads to a GSIP with linear coupling
equality constraints and nonconvex lower level. When formulating disjunctions using big-M
as explained in Section 5, the discretized upper-level problem is a MIQCQP with convex
continuous relaxation.

We solve the resulting GSIP using the specialization for linear coupling equality con-
straints by using problem (LBP-lin) as the lower-bounding problem. In addition to the
lower bounding procedure detailed in Algorithm 1, we also search for an upper bound by
using the approach of restricting the right-hand side [23], i.e., replacing G(x, y) < 0 with
G(x,y) < —¢" in problem (LBP-lin), with an adaptively reduced restriction &¢”". While we
have not considered upper-bounding explicitly in this work, as discussed in Section 4.1 the
analysis of [17] is applicable in this case.

In contrast to the experiments in Section 5.2, where we required symbolic tools to formulate
some of the subproblems, we implemented Algorithm 1 with the upper-bounding procedure
using the existing solver RRHS in our software libDIPS [32] by specifying problem (LBP-lin)
as the lower-bounding program instead of the usual problem (SIP-LBP).

All tests are run on an Intel Xeon 8468 Sapphire CPU with 4GB of RAM. We use the
default parameters of initial restriction e = 0.1 and reduction factor £"¢¢ = 10, as well
as absolute and relative optimality tolerance of 0.1 and 10~ respectively. To solve the
subproblems, we use Gurobi 11.0.0 using a feasibility tolerance of 1077, a dual feasibility
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tolerance of 107, an integer tolerance of 10~7, and the NumericFocus and IntegralityFocus
parameters set to their highest values of 3 and 1, respectively. In the upper-level problems, we
use absolute and relative optimality tolerances of 10~* and set the MIPFocus parameter to
3. In the lower level problem, we use absolute and relative optimality tolerances of 10~ and
set the Presolve parameter to 0. The latter was necessary to avoid numerical problems caused
by presolve. We scale the objective function of both the upper and lower-level problems by
10°. While this should be equivalent to an unscaled version with correspondingly tighter
optimality tolerances, our experiments showed significantly increased run times without the
scaling due to the algorithm requiring many more iterations. We speculate that this may be
related to the unscaled objective function values being close to 0, causing numerical issues.

We apply the algorithm to the 5-bus power network instance “case5” established as a test
case by MATPOWER [49, 50]. Even though the problem formulation leads to MIQCQPs
with convex continuous relaxation, only small instances could be reliably solved within a
reasonable time. We computed two different dispatch points P8 and Q¥ that are feasible
for 13 samples for the loads P¢ and Qd. For the first one (dispatch point 1), we sample an
uncertainty of 5% around the nominal load and 10% uncertainty for the second one (dispatch
point 2). Ten of the samples are random. Two samples are obtained by setting all loads to
their upper and lower bounds, respectively. The last sample is the nominal load, as given
in the case file. We solve the GSIP resulting from two distinct dispatch points for different
maximum uncertainty levels, given as percentages of the nominal load.

Among multiple runs, we observed small deviations (up to 5 seconds) for some instances,
even though the iterations are identical. We therefore solve each instance five times to obtain
more representative CPU times. The resulting iteration counts and average CPU times are
shown in Table 3. We observe that instances involving dispatch point 1 generally required
higher computational effort to solve than those involving dispatch point 2. Overall, for non-
trivial instances, dispatch point 1 exhibits stronger variability in computational effort. In
particular, the closer to the sampling design of 5% an instance is, the more effort is required
to solve it. We observe a correlation between CPU times and iteration counts, though the
differences between instances are more pronounced regarding CPU times. This indicates the
expected result that subproblems in later iterations become more challenging to solve, due
to their increased problem size.

For both dispatch points, the instances corresponding to uncertainty ranges inside the
sampled uncertainty ranges used to generate the dispatch points terminated with infeasibility,
indicating that these dispatch points are indeed robust (under the relaxed power flow model)
against the load variations they were designed for. In all other instances, the returned objective
values indicate that loads with greater variation can cause grid insecurities, even under the
relaxed power flow model. The upper and lower bounds of all instances are shown in Table
3. As expected, dispatch point 2 can withstand greater load variations than dispatch point 1
without leaving a safe grid state. We observe that increasing the uncertainty set decreases the
objective value, i.e., as the search space is expanded, points closer to the nominal demand
(in the 2-norm) are added to the feasible region. This occurs until the uncertainty set is larger
than the dispatch point was designed for by around 1% of the nominal load. Beyond this,
increasing the uncertainty set further does not decrease the objective value.

We conclude that the proposed algorithm can be utilized to check the robustness of a
dispatch point. A feasible point provides a load scenario that leads to a constraint violation in
the grid. On the other hand, because the used model equations represent a relaxation compared
to the underlying physical constraints, the infeasibility of the problem is a necessary condition
for the robustness of the physical system. The results show that for this small instance, the
heuristic approach of choosing the dispatch point based on relatively few samples leads to
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Table 3 Upper and lower bounds on the objective value for all studied instances. Uncertainty range is the
maximal deviation from the nominal load in % of nominal load. Values for the objective are unscaled

Dispatch Point Uncertainty Range LBD UBD Iter Time

1 5.0% INF INF 27 51s
5.2% 84.1IMW? 84.2MW?2 26 455
6.0% 83.3MW? 83.3MW?2 22 30s
10.0% 83.3MW? 83.3MW? 22 30s

2 5.0% INF INF 5 Is
10.0% INF INF 21 31s
10.2% 338.2MW?2 338.2MW?2 22 31s
11.0% 333.4MW?2 333.4MW?2 22 32s
15.0% 333.3MW2 333.4MW?2 22 33s

a dispatch point that passes this additional check for the amount of uncertainty considered
during sampling. It would be interesting to investigate whether this holds for larger grid
instances, or if this would require many more samples due to the increased dimensionality
of the uncertainty space. Since the presented algorithm does not require a decomposition
into dependent and independent lower-level variables, it can, in theory, be applied to other
grid instances by changing the instance data without having to derive such a decomposition.
However, while the presented instance is solved robustly within a reasonable time, it is already
challenging numerically, requiring tightened tolerances. Preliminary tests on larger instances
revealed that in addition to the effort to solve the non-convex lower level, the MIQCQP in the
upper level cannot be solved in a reasonable time in later iterations. However, the problem
formulation can potentially be changed to improve performance, for example, by considering
power limits only on a critical subset of lines.

6 Conclusion

We extended the applicability of discretization-based methods for generalized semi-infinite
programming with coupling equality constraints. Our approach only requires local stability of
the lower-levels solution characterized by the existence of a solution and Lipschitz behavior
of the solution set instead of existence and uniqueness. It can be applied to underdetermined
systems of coupling equality constraints without declaring appropriate entries of the lower-
level variable y as dependent variables. We also show that a constant decomposition into
dependent and independent variables can be impossible.

For most cases, we only discuss lower-bounding. Additionally, in the linear case one can
transfer the results from [17]. Further, we conjecture that one can directly adapt existing
strategies for generating upper bounds in adaptive discretization algorithms, e.g., [20], but
this remains to be formally shown. Similarly, we only discussed continuous variables in
the upper and lower levels, but handling discrete variables is well-established for adaptive
discretization algorithms, and we conjecture that it does not cause any complications for the
proposed approach.

We do not assume the uniqueness of the solution to the coupling equality constraints. This
allows us to solve problems that do not satisfy this condition. However, the resulting subprob-
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lems are challenging. Despite this, we demonstrate that the algorithms can be implemented
in practice and discuss implementation issues and details.

The challenging nature of the employed subproblems shows in the computation times in
the numerical experiments. In the case of linear coupling equality constraints, we succeeded
in applying the specialization of the algorithm to linear coupling equality constraints to a
power-flow problem, determining robustness in a power grid under load uncertainty. While
the considered problem formulation is practically relevant, the considered instance size is
orders of magnitude smaller than that of realistic problem instances. With current solvers,
applying the algorithm to these instances seems intractable. In the case of nonlinear coupling
constraints, even for the small test problems used, none of the tested approaches can solve
all within 30min when no filtering is used. Especially with more discretization points, the
subproblems take a long time to solve. In other words, we are quite heavily limited by the
current status of global deterministic subsolvers used to solve the subproblems, both in the
nonlinear examples and for the application with linear coupling constraints. We see four
possible avenues beyond waiting for subsolver or hardware improvements.

Firstly, other existence proofs could be used to construct 7 with the required properties
and lead to a numerically more favorable formulation of the subproblems or be stronger
in the sense that fewer iterations are required. In the square case, the existence theorem of
Borsuk is quite strong and might be able to be implemented in the existing framework [33].
Similarly, an adaptation of [25, Proposition 6.2.] to the nonsquare case would give a way to
calculate L numerically. Further, we see potential in existence theorems that give component-
wise bounds instead of using a single vector norm [51]. While existence theorems for the
nonsquare case are less deeply studied and using existence theorems for the square case
comes with drawbacks, as discussed, further research could compare different choices and
combinations of existence theorems.

Secondly, we see a promise in investigating the required number of discretization points,
for example, by dropping some discretization points in a more sophisticated extension of
our simple filtering approach. This can benefit discretization algorithms in general, but par-
ticularly in our current context, since each discretization point adds variables both for the
lower-level variables and to formulate the logical disjunctions. Another way to avoid many
discretization points would be to generate better cuts in terms of the inequality constraints.
In our approach, we had to adjust the discretization points locally to handle the equality con-
straints. Transferring this idea of adjusting the discretization points in response to changes
in upper-level variables to the coupling inequality constraints could reduce the number of
iterations and thus the number of considered discretization points. A further extension of this
idea could look at enforcing the equality constraints of the KKT conditions of the lower-level
problem in this manner.

Thirdly, instead of reformulating the disjunctions so that they can be solved with estab-
lished mixed-integer solvers, further research could investigate if solution approaches for
solving the specific occurring disjunctions, similar to the work in [21], can improve effi-
ciency.

Lastly, beyond the presented framework, one could also find a way to avoid introducing
explicit copies of the lower-level variables. Perhaps the work in [19] to find boxes with a
unique solution to the coupling equality constraint could be extended in this way.
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A Appendix
A.1 Test problems
Here we give the details of the small test problems used. The small size allows us to compute

a concrete value for L in the cases where Assumption 3 holds.

Example 6 In this example, the number of coupling equality constraints equals the number
of lower-level variables, but there are two solutions for the coupling equality constraints.

1
X = {xl €[0.01,1.2] | x* > —}

100
Y=[-1.1,11] x[-1.1, 1.1]
xX)=—x
Fx) 1 1 Ex-1)
)= -1 - —
gl ) =01 +y2— D7 =0
R y) = (= 2% + (2 = x1)% — 1
W' (e,y) =yi+y5 — 1
here L = 1 is valid for the Euclidean norm and x = (1.0) is the analytical solution.
Example 7 This example uses the structure of the lower-level problem Example 5:
X =[-2,2]
Y=[-12]x[-1,2]
I
fx) = (1 — 1700)
gx,y)=y1—y2—1
h(x, y) = max{0, 1 + x;}y; + max{0, 1 — x;}y, — 1 (Ex-2)
B y) =y -1
Ry e, y) =y2—1
hy e, y) = —yi
Y9 (x, y) = =y
here L = 1 is valid for the Euclidean norm. We determined the solution graphically as

x ~ (0.1117).
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Example 8 This problem results from reformulating Example 5 to fulfill assumption Assump-

tion 5:
X =[-0.75,0.75]

Y =[-1.1,11] x [=1.1, 1.1]

fx) =—x
gx,y) = (1 —x)(1+y2) +x
heq(xs ) =1 —xD)(2 —x1) (Ex-3)

R, y) = y1 — 1
By, y) = y2 — 1
Wyl (x, y) = —y1 — 1
hy e, y) = —y2 — 1

Here, L = 1 is optimal, and the analytical solution is x* = (%(1 —V/5)) ~ (—0.618).

Example 9 The coupling equality constraint in this example was used as a test case in [19]
to find a collection of boxes with unique solutions.

X =1[0.25,20]
Y =[-6,6]
fx)=-x
gx,y)=01-09) (Ex-4)

he(x, y) = =y +xiy
R, y)y=y1—5
Wyl (x,y) = —y1 =5
Itis easy to see that there are three different solutions of the coupling equality constraint with

respect to the lower-level variable for each upper-level variable in the host set. Concretely,
yi(x) =0V yi(x) = £, /x1. Here, L = 1 is optimal and the solution is x*x = (0.81)

Example 10 This example is constructed using the coupling equality constraint from Example
4:

X =[-0.2,0.2]
y=1-22
@) = —x (Ex-5)

g(x,y)=(—=y1+0.5)
h(x,y) = (y1 +0.75)(y1 + 0.6)(y; — 0.3) — x;

In this example, no valid L exists (see Example 4). We will use this example to investigate

the behavior of the algorithms if the assumptions fail. We will use L = 100 heuristically.
The solution is approximately x* =&~ (—0.135).
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Example 11 This example is constructed similarly to Example 10, but with a slight modifi-
cation of the equality constraints.

X =[-02,02]
Y =1[-2,2]
@) = —xi (Ex-6)

gx,y)=(=y1+0.5)
hé(x, y) = (y1 +0.75)(y1 + 0.6)(x1 — 0.3)(y1 — 0.9) — x;

Here, Assumption 3 is violated. We will use L = 100 heuristically. The solution is roughly
xx ~ (—0.11).

A.2 Details on the power-flow problem

The considered problem deals with robustness in power grids under load uncertainty. It exem-
plifies a practical scenario where coupling equality constraints are essential and decomposing
dependent and independent variables is not straightforward. We summarize the required equa-
tions, but refer to [52, 53] for more details.

Let \V, &€, G, L be the sets of buses, lines, generators, and loads. Further, let n(e) and m (e)
denote originating and terminal bus for each line e € £ and conversely let e (n) and e~ (1)
denote the in- and outgoing edges from bus n € N. Each bus n € A has a (possibly empty)
set of attached generators g (n). The state of the grid is represented by the state variables v, ¢
and s, where v represents the square of the node voltage V. Following the usual formulation
of optimal power flow, we consider that the grid state can be chosen optimistically from
consistent grid states. Consistent grid states are those that fulfill the following constraints:

Given values for real and reactive loads P¢ and Q¢, as well as real and imaginary generator
set-points P& and Q¥, the real and imaginary power balance at each bus are given by

Pi+ Y Pi+afAP

gegt(n)
= Gpo, + Z GoCo + Bose + Z GoCo — Bose, VR € N (29)
ece™(n) ecet (n)
Qi+ Y Oi+alAQ
gegt(n)
=Guon+ Y GeSe—Bece+ . GoSe— Beco, Vn € N (30)
ece™(n) ecet (n)

where the injections at the generators can be adjusted proportionally from the setpoints
according to.th.e participat.ion f?.CtOI‘S ol a? with Y € o(g =y e aé’ = 1 based on the
overall deficit in real and imaginary power AP and A Q.

The state variables on each node are further interdependent. In SOCP power flow, the
originally trigonometric relationship between the state variables

cg + sz — Un(e)Um(e) = 0, Ve € &
1 1
= ||(ce, Se, E(Un(e) - Um(e)))”z - E(Un(e) + Um(e)) =0,Veef& (31)

tan(6,) = so/c., Ye € £
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is usually relaxed by changing the first equality to an inequality and discarding the second

[53, 54].
Here, we instead relax it to

cl 47— (Viinvming? > 0, Ve e & (32a)
1 1

[1(ces Ses E(vn(e) — Um0 — E(Un(e) + Vm(e) <0, Vec & (32b)
1 V3

[[(ce, Se, E(vn(e) - Um(e)))”] - T(Un(e) + Um(e)) <0, Ve e & (32¢)

— e + tan(—bax)ce <0, Vec & (32d)

— tan(@pnax)ce + 50 <0, Ve e & (32e)

where we take 64 = % and V™ are lower-limits on the allowed voltage magnitude.
Note that the approximation of cg + s€2 - (Vn”g;‘ Vr;"(ie';)2 < 01in Egs. (32b) and (32¢) can be
refined further using the approach in [55]. This relaxation yields convex MIQCQP for the
upper-level problem. We note that an alternative approximation is used in [54], leading to a
convex lower-level problem.
We further add the valid constraints
1—c./ ( iy min cos(@max)> <0, Vee& (33)

n(e) "m(e)

In addition to the constraints in Egs. (29), (30) and (32), which model the physical behavior,
the problem also contains engineering constraints that should not be violated for a stable
operation of the grid. Here, we consider the following constraints (see [53] for these and
further constraints). Note that we scaled all engineering constraints so that they are on similar
scales.

The absolute value of active power through a line e € £ should stay below a certain
maximum P}"*

(GeCe + Bese — Gepe))/ P™* — 1 <0, Ve € €

—(GeCe + Bese — Gevn(e)) /P — 1 <0, Yee & (34)
(GeCe — BeSe — GoUp(e))/PS — 1 <0, Ve e &

—(GeCe — Bese — GeUpe)) /P —1 <0, Ve € &

Each generator g € G should keep their output inside a prescribed range given by
[PGen,min PGen,max

; , Pg ] and [QF™™, QT ] for the active and passive power gener-
ation, respectively. This is formulated as
(P§ + oy AP)/PEm ™ — 1 <
(P — (P + ayy AP))/ P <
(QF +a2AQ)/ Q™™ —1<0, Vgeg
Qg™ — (O + a2 AQ))/ QT <
Lastly, the voltage at each bus n € B should be within prescribed bounds. This yields
U/ (V)2 —1 <0, Vne N
(VM2 = v,) /()2 <0, Vn e N

We consider fixed values for the nominal values for the real and imaginary loads at buses
pénom ¢ RINT and @@ ¢ RW! and for the generator set points P¢ € RI9 and Q¢ €

(35)

(36)
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RI9!. We search for a minimal change in real and imaginary loads x = [P?; Q7] € R2WVI
from these nominal values such that no safe grid state y = [v; ¢; 5; AP; AQ] € RV IH2IE1+2
exits, where v, ¢ and s represent the complex voltages of the network and where A P and
A Q represent the overall deficit in real and imaginary power.

In summary, the objective of the generalized semi-infinite optimization problemis f(x) =
ﬁ S en (P — pdnomy2 | (¢ — 0%"°™)2 the coupling equality constraints £ are
linear and given by problem (29) and problem (30). The coupling inequality constraints /"¢
are given by Eqs. (32) and (36) to (34). An arbitrary linear inequality is designated as the
semi-infinite constraint g to bring the problem into the format of problem (GSIP-eq) since
the lower level is essentially a feasibility problem. This does not have any impact on the
algorithm considering the symmetry between the semi-infinite constraint g and the coupling
inequality constraints £"*¢ in problem (2).

A.3 Additional proofs

Lemma4 Assume that g: X x R — R"™ is monotonic in each component with respect to its
second argument. Consider the optimization problem

xe)lf/’i,lz”zez f(x)
st glx, f1(2) <0 (A1)
% € argmin X (z*)
ze€Z(x)
with compact sets X and Z.
The solution set of problem (A.1) and

min f(x)

xeX,zeZ (A.Z)
st. g, ff@) <0

projected onto the x component are identical.

Proof A point X is feasible in problem (A.2) if and only if it is feasible in problem (A.1).

Assume X is feasible in problem (A.2). Thus, 3z € Z : g(x, fL(z) < 0. Since g is

monotonic in the second argument, this implies g (X, mig f L(z)) £ 0, in other words, % is
ze

feasible in problem (A.1).
Assume % is infeasible in problem (A.2). Thus, Az € Z : g(&, f%(z)) < 0. This implies
g(f,miélfL(Z)) >0 o
zZ€

Corollary 1 The convergence guarantees of Theorem 1 still hold when replacing D in problem
(LBP-eq) in any iteration of Algorithm 1 with the filtered discretization set D:={ieD|
Fh+ €filter < LBD} and adding the constraint f(x) > LBD for any valid lower bound
for the optimal value f* of problem (GSIP-eq), i.e., LBD < f*.

Proof First, consider the case where the filtering causes no discretization points to be dis-
carded. Clearly, Theorem 1 still holds for the modified algorithm. Next, consider the case
where the filtering causes discretization points to be discarded finitely often. Consider the
last iteration where this happens. All subsequent iterations are equivalent to applying prob-
lem (GSIP-eq) with the additional constraints introduced by the filtered discretization set

@ Springer



Journal of Global Optimization (2025) 93:27-61 59

D and the added constraint f(x) > LBD. These constraints are redundant in that they
do not change the feasible set compared to the original problem. Thus, convergence holds
under the same conditions as in Theorem 1. Lastly, assume that discretization points are
dropped for an infinite number of iterations. This leads to a contradiction since we enforce
f(x) = LBD in all iterations following the filtering but only discard discretization points
with f(x%) + € filrer < LBD. Thus, the lower bound LB D must have increased by at least
€rilrer between these iterations. Since the host-set X' is compact and f is continuous, this
can only occur finitely often. O

Acknowledgements We thank Susanne Saf for helpful discussions regarding notation and Daniel Jungen for
valuable feedback regarding the proofs.

Author Contributions All authors contributed to the study’s conception and design. Formal analysis and
investigation were conducted by Aron Zingler under the supervision of Alexander Mitsos. Adrian W. Lipow
conducted the experiments in Section 5.3 and contributed to the description and analysis of this case study
under the supervision of Aron Zingler. The first draft of the manuscript was written by Aron Zingler. The other
authors contributed to subsequent revisions. All authors read and approved the final manuscript.

Funding Open Access funding enabled and organized by Projekt DEAL. This project has received funding
from RTE within the project “Hierarchical Optimization for Worst-Case Analysis under Uncertainty with
Flexibility Analysis for Power Grids and its Extension to SOCP Formulation”.

Data Availability Julia code and libDIPS problem files used in the experiment are available on reasonable
request. libDIPS is available under https://git.rwth-aachen.de/avt-svt/public/libdips.

Declarations

Competing Interests The authors have no relevant financial or non-financial interests to disclose.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence,
and indicate if changes were made. The images or other third party material in this article are included in the
article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is
not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder.
To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Viazquez, F.G., Riickmann, J.-J., Stein, O., Still, G.: Generalized semi-infinite programming: a tutorial.
Journal of computational and applied mathematics 217(2), 394-419 (2008)

2. Dijelassi, H.,Mitsos, A., Stein, O.: Recent advances in nonconvex semi-infinite programming: Applications
and algorithms. EURO Journal on Computational Optimization 9, 100006 (2021)

3. Stein, O., Still, G.: Solving semi-infinite optimization problems with interior point techniques. SIAM
Journal on Control and Optimization 42(3), 769-788 (2003)

4. Floudas, C.A., Stein, O.: The adaptive convexification algorithm: a feasible point method for semi-infinite
programming. SIAM Journal on Optimization 18(4), 1187-1208 (2008)

5. Steuermann, H.-P.: Adaptive algorithms for semi-infinite programming with arbitrary index sets. PhD
thesis, Karlsruher Institut fiir Technologie (KIT) (2011). https://doi.org/10.5445/IR/1000023658

6. Marendet, A., Goldsztejn, A., Chabert, G., Jermann, C.: A standard branch-and-bound approach for
nonlinear semi-infinite problems. European Journal of Operational Research 282(2), 438-452 (2020)

7. Bhattacharjee, B., Green, W.H., Barton, P.I.: Interval methods for semi-infinite programs. Computational
Optimization and applications 30, 63-93 (2005)

@ Springer


https://git.rwth-aachen.de/avt-svt/public/libdips
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.5445/IR/1000023658

60

Journal of Global Optimization (2025) 93:27-61

20.

21.

22.

23.

24.

25.

26.
27.

28.

29.
30.

31.

32.

33.

35.

Mitsos, A., Lemonidis, P., Lee, C.K., Barton, PI.: Relaxation-based bounds for semi-infinite programs.
SIAM Journal on Optimization 19(1), 77-113 (2008)

Reemtsen, R., Gorner, S.: In: Reemtsen, R., Riickmann, J.-J. (eds.) Numerical Methods for Semi-Infinite
Programming: A Survey, pp. 195-275. Springer, Boston, MA (1998)

Stein, O., Still, G.: On generalized semi-infinite optimization and bilevel optimization. European Journal
of Operational Research 142(3), 444-462 (2002)

. Kleniati, P.-M., Adjiman, C.S.: A generalization of the branch-and-sandwich algorithm: from continuous

to mixed-integer nonlinear bilevel problems. Computers & Chemical Engineering 72, 373-386 (2015)
Wiesemann, W., Tsoukalas, A., Kleniati, P-M., Rustem, B.: Pessimistic bilevel optimization. SIAM
Journal on Optimization 23(1), 353-380 (2013)

Mitsos, A.: Global solution of nonlinear mixed-integer bilevel programs. Journal of Global Optimization
47, 557-582 (2010)

Mitsos, A., Tsoukalas, A.: Global optimization of generalized semi-infinite programs via restriction of
the right hand side. Journal of Global Optimization 61(1), 1-17 (2015). https://doi.org/10.1007/s10898-
014-0146-6

. Tsoukalas, A., Rustem, B., Pistikopoulos, E.N.: A global optimization algorithm for generalized

semi-infinite, continuous minimax with coupled constraints and bi-level problems. Journal of Global
Optimization 44, 235-250 (2009)

Tsoukalas, A., Rustem, B.: A feasible point adaptation of the Blankenship and Falk algorithm for semi-
infinite programming. Optimization Letters 5(4), 705-716 (2011). https://doi.org/10.1007/s11590-010-
0236-4

Djelassi, H., Glass, M., Mitsos, A.: Discretization-based algorithms for generalized semi-infinite and
bilevel programs with coupling equality constraints. Journal of Global Optimization 75(2), 341-392
(2019). https://doi.org/10.1007/s10898-019-00764-3

Stuber, M.D., Barton, P.I.: Semi-infinite optimization with implicit functions. Industrial & Engineering
Chemistry Research 54(1), 307-317 (2015)

Stuber, M.D.: Evaluation of process systems operating envelopes. PhD thesis, Massachusetts Institute of
Technology (2013)

Djelassi, H., Mitsos, A.: A hybrid discretization algorithm with guaranteed feasibility for the global
solution of semi-infinite programs. Journal of Global Optimization 68(2), 227-253 (2017). https://doi.
org/10.1007/s10898-016-0476-7

Kirst, P., Stein, O.: Global optimization of generalized semi-infinite programs using disjunctive program-
ming. Journal of Global Optimization 73, 1-25 (2019)

Blankenship, J.W., Falk, J.E.: Infinitely constrained optimization problems. Journal of Optimization The-
ory and Applications 19(2), 261-281 (1976). https://doi.org/10.1007/b£00934096

Mitsos, A.: Global optimization of semi-infinite programs via restriction of the right-hand side. Optimiza-
tion 60(10-11), 1291-1308 (2011) https://doi.org/10.1080/02331934.2010.527970

Djelassi, H.: Discretization-based algorithms for the global solution of hierarchical programs. Disserta-
tion, Rheinisch-Westfilische Technische Hochschule Aachen (2020). https://doi.org/10.18154/RWTH-
2020-09163

Oustry, A.: Global optimization of nonlinear semi-infinite programming problems: Applications in power
systems and control. PhD thesis, Institut Polytechnique de Paris (2023)

Bard, J.E.: Linear Bilevel Programming: Discrete Variables, pp. 232-268. Springer, Boston, MA (1998)
Klatte, D., Kummer, B.: Optimization methods and stability of inclusions in Banach spaces. Mathematical
Programming 117, 305-330 (2009)

Bednarczuk, E.M., Minchenko, L.I., Rutkowski, K.E.: On Lipschitz-like continuity of a class of set-valued
mappings. Optimization 69(12), 2535-2549 (2020)

Still, G.: Generalized semi-infinite programming: numerical aspects. Optimization 49(3), 223-242 (2001)
Spingarn, J.E., Rockafellar, R.T.: The generic nature of optimality conditions in nonlinear programming.
Mathematics of Operations Research 4(4), 425-430 (1979)

Izmailov, A.F., Kurennoy, A.S.: On the sensitivity of a Euclidean projection. Computational Mathematics
and Mathematical Physics 54, 407-417 (2014)

Jungen, D., Zingler, A., Djelassi, H., Mitsos, A.: libDIPS—Discretization-Based Semi-Infinite and Bilevel
Programming Solvers. Optimization Online preprint (2023). https://optimization-online.org/?p=24914
Alefeld, G., Frommer, A., Heindl, G., Mayer, J.: On the existence theorems of Kantorovich, Miranda and
Borsuk. Electronic Transactions on Numerical Analysis 17, 102-111 (2004)

Goldsztejn, A., Caro, S., Chabert, G.: A three-step methodology for dimensional tolerance synthesis of
parallel manipulators. Mechanism and Machine Theory 105, 213-234 (2016)

Paardekooper, M.H.C.: An upper and a lower bound for the distance of a manifold to a nearby point.
Journal of Mathematical Analysis and Applications 150(1), 237-245 (1990)

@ Springer


https://doi.org/10.1007/s10898-014-0146-6
https://doi.org/10.1007/s10898-014-0146-6
https://doi.org/10.1007/s11590-010-0236-4
https://doi.org/10.1007/s11590-010-0236-4
https://doi.org/10.1007/s10898-019-00764-3
https://doi.org/10.1007/s10898-016-0476-7
https://doi.org/10.1007/s10898-016-0476-7
https://doi.org/10.1007/bf00934096
https://doi.org/10.1080/02331934.2010.527970
https://doi.org/10.18154/RWTH-2020-09163
https://doi.org/10.18154/RWTH-2020-09163
https://optimization-online.org/?p=24914

Journal of Global Optimization (2025) 93:27-61 61

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

SI.

52.

53.

54.

55.

Polyak, B., Tremba, A.: Solving underdetermined nonlinear equations by Newton-like method. arXiv
preprint arXiv:1703.07810v1 (2017)

Arutyunov, A., Zhukovskiy, S.: Nonlocal generalized implicit function theorems in Hilbert spaces. Dif-
ferential Equations 56, 1525-1538 (2020)

Dennis, J., Jr.: On the Kantorovich hypothesis for Newton’s method. STAM Journal on Numerical Analysis
6(3), 493-507 (1969)

Fiillner, C., Kirst, P, Stein, O.: Convergent upper bounds in global minimization with nonlinear equality
constraints. Mathematical Programming 187, 617-651 (2021)

Papi, M.: On the domain of the implicit function and applications. Journal of Inequalities and Applications
2005, 1-14 (2005)

Jindal, A., Chatterjee, D., Banavar, R.: Estimates of the size of the domain of the implicit function theorem:
a mapping degree-based approach. Math. Control Signals Systems 36(1), 139-175 (2024)

Raman, R., Grossmann, L.E.: Modelling and computational techniques for logic based integer program-
ming. Computers & Chemical Engineering 18(7), 563578 (1994)

Ruiz, J.P., Grossmann, I.E.: Global optimization of non-convex generalized disjunctive programs: a review
on reformulations and relaxation techniques. Journal of Global Optimization 67, 43-58 (2017)

Chen, Q., Johnson, E.S., Bernal, D.E., Valentin, R., Kale, S., Bates, J., Siirola, J.D., Grossmann, L.E.:
Pyomo. GDP: an ecosystem for logic based modeling and optimization development. Optimization and
Engineering 23(1), 607-642 (2022)

Polyak, B.: Convexity of nonlinear image of a small ball with applications to optimization. Set-Valued
Analysis 9(1), 159-168 (2001)

Lubin, M., Dowson, O., Dias Garcia, J., Huchette, J., Legat, B., Vielma, J.P.: JuMP 1.0: Recent improve-
ments to a modeling language for mathematical optimization. Mathematical Programming Computation
(2023) https://doi.org/10.1007/s12532-023-00239-3

Gowda, S., Ma, Y., Cheli, A., Gwézzdz, M., Shah, V.B., Edelman, A., Rackauckas, C.: High-performance
symbolic-numerics via multiple dispatch. ACM Commun. Comput. Algebra 55(3), 92-96 (2022). https://
doi.org/10.1145/3511528.3511535

Roald, L.A., Pozo, D., Papavasiliou, A., Molzahn, D.K., Kazempour, J., Conejo, A.: Power systems
optimization under uncertainty: A review of methods and applications. Electric Power Systems Research
214, 108725 (2023)

Zimmerman, R.D., Murillo-Sdnchez, C.E., Thomas, R.J.: MATPOWER: Steady-state operations, plan-
ning, and analysis tools for power systems research and education. IEEE Transactions on Power Systems
26(1), 12-19 (2011) https://doi.org/10.1109/TPWRS.2010.2051168

Li, F, Bo, R.: Small test systems for power system economic studies. In: IEEE PES General Meeting,
pp. 1-4 (2010). https://doi.org/10.1109/PES.2010.5589973

Yamamoto, T., Chen, X.: An existence and nonexistence theorem for solutions of nonlinear systems and
its application to algebraic equations. Journal of computational and applied mathematics 30(1), 87-97
(1990)

Jabr, R.A.: Radial distribution load flow using conic programming. IEEE transactions on power systems
21(3), 1458-1459 (2006)

Kocuk, B., Dey, S.S., Sun, X.A.: Strong SOCP relaxations for the optimal power flow problem. Operations
Research 64(6), 1177-1196 (2016)

Lorca, A., Sun, X.A.: The adaptive robust multi-period alternating current optimal power flow problem.
IEEE Transactions on Power Systems 33(2), 1993-2003 (2017)

Ben-Tal, A., Nemirovski, A.: On Polyhedral Approximations of the Second-Order Cone. Mathematics of
Operations Research 26(2), 193-205 (2001)

Publisher’s Note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

@ Springer


http://arxiv.org/abs/1703.07810v1
https://doi.org/10.1007/s12532-023-00239-3
https://doi.org/10.1145/3511528.3511535
https://doi.org/10.1145/3511528.3511535
https://doi.org/10.1109/TPWRS.2010.2051168
https://doi.org/10.1109/PES.2010.5589973

	Discretization algorithms for generalized semi-infinite programs with coupling equality constraints under local solution stability
	Abstract
	1 Introduction
	2 Existing Discretization-based algorithms for (G)SIP
	2.1 Discretization based algorithms for GSIP without coupling equality constraints
	2.2 Discretization based algorithms for GSIP with coupling equality constraints

	3 Handling coupling equality constraints with Lipschitz lower semi-continuous solution set
	3.1 Lower-bounding problem
	3.2 Lower-bounding algorithm
	3.3 Sufficient conditions for Stability of the lower-level solution set

	4 Specializations under full-rank assumption
	4.1 Specialization to Linear coupling equality constraints by Euclidean projection
	4.2 Specialization with error bound from an extension of the Kantorovich theorem
	4.2.1 Obtaining the parameters
	4.2.2 Avoiding an underdetermined equation system



	5 Numerical implementation and examples
	5.1 Implementation
	5.2 Comparing approaches for nonlinear coupling equality constraints
	5.3 Robustness of relaxed power flow - an application with linear coupling equality constraints

	6 Conclusion
	A Appendix
	A.1 Test problems
	A.2 Details on the power-flow problem
	A.3 Additional proofs

	Acknowledgements
	References




