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Abstract

We address the problem of finding a local solution to a nonconvex—nonconcave min-
max optimization using Newton type methods, including primal-dual interior-point
ones. The first step in our approach is to analyze the local convergence properties
of Newton’s method in nonconvex minimization. It is well established that Newton’s
method iterations are attracted to any point with a zero gradient, irrespective of it
being a local minimum. From a dynamical system standpoint, this occurs because
every point for which the gradient is zero is a locally asymptotically stable equilib-
rium point. We show that by adding a multiple of the identity such that the Hessian
matrix is always positive definite, we can ensure that every non-local-minimum equi-
librium point becomes unstable (meaning that the iterations are no longer attracted
to such points), while local minima remain locally asymptotically stable. Building on
this foundation, we develop Newton-type algorithms for minmax optimization, con-
ceptualized as a sequence of local quadratic approximations for the minmax problem.
Using a local quadratic approximation serves as a surrogate for guiding the modi-
fied Newton’s method toward a solution. For these local quadratic approximations to
be well-defined, it is necessary to modify the Hessian matrix by adding a diagonal
matrix. We demonstrate that, for an appropriate choice of this diagonal matrix, we can
guarantee the instability of every non-local-minmax equilibrium point while main-
taining stability for local minmax points. Using numerical examples, we illustrate the
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importance of guaranteeing the instability property. While our results are about local
convergence, the numerical examples also indicate that our algorithm enjoys good
global convergence properties.

Keywords Minmax optimization - Robust optimization - Newton method -
Interior-point method - Local minmax

1 Introduction

In minmax optimization, one minimizes a cost function which is itself obtained from
the maximization of an objective function. Minmax optimization is a powerful mod-
eling framework, generally used to guarantee robustness to an adversarial parameter
such as accounting for disturbances in model predictive control [1, 2], security-related
problems [3, 4], or training neural networks to be robust to adversarial attacks [5]. It
can also be used as a framework to model more general problem such as sampling
from unknown distributions using generative adversarial networks [6], reformulating
stochastic programming as minmax optimization [7-9], or producing robustness of
a stochastic program with respect to the probability distribution [10]. Minmax opti-
mization is also known as minimax or robust optimization. Minmax optimization is
related to bilevel optimization [11-13], as minmax optimization can sometimes be
used to find solutions to bi-level optimization when the inner and outer maximization
have antisymmetric criteria.

Finding a global minmax point for nonconvex—nonconcave problems is generally
difficult, and one has to settle for finding a local minmax point. Surprisingly, only
recently a first definition of unconstrained local minmax was proposed in [14], and
the definition of constrained local minmax in [15].

In optimization, Newton’s method consists of applying Newton’s root finding algo-
rithm to obtain a point for which the gradient is equal to zero. In convex minimization,
the only such points are (global) minima [16, Theorem 2.5]. Likewise, in convex—
concave minmax optimization (meaning that the function is convex in the minimizing
variable and concave in the maximizing variable), Von Neumanns’ Theorem [17]
states that the min and the max commute, which implies that the only points for which
the gradient is zero are solutions to the optimization. This means that both in convex
minimization and convex—concave minmax optimization, using Newton’s root finding
method to obtain a point for which the gradient is zero is a good strategy to solve the
optimization problem.

In contrast, for nonconvex minimization or nonconvex—nonconcave minmax opti-
mization, the gradient can be zero at a point even if such point is not a solution to
the optimization. So using Newton’s root finding method to obtain a point for which
the gradient is equal to zero is not a good strategy to find a (local) solution to the
optimization. The foundation of our work involves examining Newton’s method iter-
ations through the lens of dynamical systems. By analyzing the linearization of the
dynamics, we deduce that every equilibrium point (i.e., a point with a zero gradient) is
locally asymptotically stable, which is why the iterations of the Newton’s method are
attracted to them. The key contribution of this article is to study how to modify the
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Newton’s method such that it is only attracted to (local) solutions of the optimization,
and repelled by any equilibrium points that are not (local) solutions.

Our paper’s initial contribution is an examination of the local convergence proper-
ties of amodified Newton’s method for minimization in which a multiple of the identity
matrix is added to the Hessian such that the resulting matrix is positive definite [16,
Chapter 3.4 “Newton’s method with Hessian modification™]. This modified Newton
has two crucial properties. First, it can be shown to be equivalent to a sequence of
local quadratic approximations to the minimization problem. Second, we demonstrate
that incorporating this additive matrix renders every non-local-minimum equilibrium
point unstable while maintaining stability for local minima. This simple modification
ensures that the modified Newton’s method has the property we refer to in the previ-
ous paragraph that the iterations are only attracted to equilibrium points that are local
minima, and repelled by other equilibrium points. Utilizing analogous techniques, we
establish similar results for primal-dual interior-point methods in constrained mini-
mization. These findings (outlined in Sect. 2) directly inspire the development of new
Newton-type algorithms for minmax optimization.

Drawing inspiration from the Newton’s method for minimization, we develop
Newton-type algorithms for minmax optimization, conceptualized as a series of local
quadratic approximations of the minmax problem. For convex—concave functions,
this quadratic approximation is just the second-order Taylor expansion, which leads
to the (unmodified) Newton’s method, accompanied by its well-established local con-
vergence properties. However, for nonconvex—nonconcave functions, it is necessary
to add scaled identity matrices to ensure that the local approximations possess finite
minmax solutions (without mandating convex-concavity). Additive terms meeting
this criterion are said to satisfy the local quadratic approximation condition (LQAC).
Employing a sequence of local quadratic approximations acts as a surrogate for guid-
ing the modified Newton’s method toward a solution at each step. Nevertheless, we
demonstrate that, unlike minimization, local quadratic approximation-based modifi-
cations are not enough to ensure that the algorithm can only converge toward local
minmax points. Our minmax findings reveal that additional conditions are required
on the modification to unsure the algorithm’s convergence to an equilibrium point is
guaranteed only if that point is a local minmax. To streamline the presentation, we
first introduce this result in Sect. 3.1 for unconstrained minmax and then expand it to
primal-dual interior-point methods for constrained minmax in Sect. 3.2.

The conditions described above to establish the equivalence between local minmax
and local asymptotic stability of the equilibria to a Newton-type iteration are directly
used to construct a numerical algorithm to find local minmax. By construction, when
this algorithm converges to an equilibrium point, it is guaranteed to obtain a local
minmax. One could be tempted to think that the issue of getting instability for the
equilibria that are not local minima (in Theorems 1 and 2) or that are not local minmax
(in Theorems 3 and 4) is just a mathematical curiosity, which in practice makes little
difference. However, our numerical examples in Sects. 4.1 and 4.2 show otherwise.
Most especially the pursuit-evasion MPC problem in Sect. 4.2, where finding a local
minmax (rather than an equilibrium that is not local minmax) leads to a completely
different control. Specifically, if the instability property is not guaranteed, the evader
is not able escape from the pursuer. It is important to emphasize that our results fall shy
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of guaranteeing global asymptotic convergence to a local minmax, as the algorithm
could simply never converge. However, our numerical examples also show that our
algorithm seems to enjoy good global convergence properties in practice. Using the
results of this paper, we have created a solver for minmax optimization and included
it in the solvers of TensCalc! [18]; this solver was used to generate the numerical
results we present.

Notation The set of real numbers is denoted by R. Given a vector v € R", its transpose
is denoted by v’. The operation diag(v) creates a matrix with diagonal elements v and
off-diagonal elements 0. The matrix / is the identity, 1 is the matrix of ones and 0 the
matrix of zeros; their sizes will be provided as subscripts whenever it is not clear from
context. If a matrix A only has real eigenvalues, we denote by i, (A) and X5 (A)
its smallest and largest eigenvalues. The inertia of A is denoted by in(A) and is a
3-tuple with the number of positive, negative and zero eigenvalues of A.

Consider a differentiable function f : R” x R™ + R?”. The Jacobian (or gradient
if p = 1) at a point (x, y) according to the x variable is a matrix of size n x p and is
denoted by V, f(x, ¥), and analogously for the variable y. When p = 1 and f(-) is
twice differentiable, we use the notation V , f(x, y) := V,(V f)(x, y) which has
sizes m x n. We use analogous definition for Vi, f(x, y), Vi f (X, y)and Vyy, f (x, y).

1.1 Literature Review

Traditionally, robust optimization focused on the convex—concave case, with three
main methods. The first type of method is based on Von Neumann’s minmax theorem
[17] that states that the min and the max commute when the problem is convex—
concave and the optimization sets are convex and compact. Solving the minmax then
simplifies to finding a point that satisfies the first-order condition. While there are many
different methods to achieve this, many of them can be summarized by the problem of
finding the zeros of a monotone operator [19]. The second type of methods consists on
reformulating the minmax as a minimization problem which has the same solution as
the original problem. This is generally done using either robust reformulation through
duality theory or tractable variational inequalities [12, 20-22]. The third, cutting-set
methods, solves a sequence of minimization where the constraint of each minimization
is based on subdividing the inner maximization [23].

Motivated by some of the shortcomings of these methods and the necessities
of machine learning, research on minmax optimization started to study first-order
methods based on variations of gradient descent-ascent. The results tend to focus on
providing convergence complexity given different convexity/ concavity assumptions
on the target function. We can divide these first-order methods in three families. The
first family solves the minmax by (approximately) solving the maximization each time
the value of the minimizer is updated. When this is done using first-order methods, it is
generally referred to as multi-step gradient descent ascent, unrolled gradient descent
ascent or GDmax, and the minimizer is updated by a single gradient descent whereas
the maximizer is updated by several gradient ascent steps. A second family uses single

1 https://github.com/hespanha/tenscalc.

@ Springer


https://github.com/hespanha/tenscalc

Mathematics of Control, Signals, and Systems

step, where the minimizer and maximizer are updated at each iteration. For both of
these two first families, the gradient iterations can include variations such as using
different step sizes for the minimization and maximization, or using momentum. A
third family, which is completely different from what is described for other ones, is
to include the gradient from different time steps in the computation, such as the past
one (as in optimistic gradient descent-ascent), the midpoint between the current and
future points (as in extra gradient descent-ascent) and at future point (as in proximal
point). The literature on first-order methods is very extensive, and we refer to [14,
24-31] and the references within for the exposition on some of these methods and
their convergence properties.

In recent years, researchers have also started to work on algorithms that use second-
order derivatives to determine the directions. These algorithm, in their major part, have
not attracted as much attention as first-order methods. In the learning with opponent
learning awareness (LOLA), the minimizer anticipates the play of the maximizer using
the Jacobian of the maximizer’s gradient [32, 33]. In competitive gradient descent, both
minimizer and maximizer use the cross derivative of the Hessian to compute their
direction [34]. Following the ridge, the gradient ascent step is corrected by a term
that avoids a drift away from local maxima [35]. In the total gradient descent-ascent,
similarly to LOLA, the descent direction is computed by taking to total derivative of
a function which anticipates the maximizer’s response to the minimizer [36]. Finally,
the complete Newton borrows ideas from follow the ridge and total gradient to obtain
a Newton method which prioritizes steps toward local minmax [37]. These three last
algorithms are shown to only converge toward local minmax under some conditions,
but in none of them it is addressed the issue of how to adjust the Hessian far away
from a local minmax point.

Recently, some second-order methods have been proposed for the nonconvex—
strongly concave case, where the minimizer update is a descent direction of the
objective function at its maximum. They either use cubic regularization [38, 39] or
randomly perturb the Hessian [40]. Because of some of the assumptions these work
make, most important the strong-concavity of the objective function with respect to
the maximizer, they are able to establish complexity analysis and guarantee. It is also
worth mention that these algorithms are all multi-step based, meaning they (approx-
imately) solve the maximization between each update of the minimizer, whereas our
algorithm updates both the minimizer and the maximizer simultaneously.

2 Minimization

Let f : X — R be a twice continuously differentiable cost function defined in a set
X C R™ where n, is a positive integer,” and consider the minimization problem

)Icrélpl’(l‘ fx). (D

2 The subscript x is used to indicate that ny refers to the size of the variable x. We introduce this notation
now in anticipation of Sect. 3 where we have both minimization and maximization variables.
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We recall that a point x* is called a local minimum of f(-) if there exist § > 0 such
that f(x*) < f(x)forallx € {x € X : ||x — x™|| < §}. We will study the property of
Newton type algorithms to solve (1) in two distinct cases, when X = R and when
X is defined by equality and inequality constraints.

2.1 Unconstrained minimization

Let X = R"~, which is referred to as unconstrained minimization in the literature, in
which case (1) simplifies to

min f(x). (2)

xeRmx

If f(-) is twice continuously differentiable in a neighborhood of a point x and
V,f(x) = 0and V,, f(x) > 0, then x is a local minimum of f(-) [16, Chapter
2].

An extremely popular method to solve a minimization problem is to use Newton’s
root finding method to obtain a point x such that V. f(x) = 0. In its most basic form,
the algorithm’s iterations are given by

P =x4di=x -V f) 'V, f(x). A3)

where we use the notation x to designate the value of x at the next iteration. Newton’s
method biggest advantage is that it converges very fast near any point that satisfies the
first-order condition V, f(x) = 0: at least linearly but possibly superlinearly when
the function is Lipschitz [16, Theorem 3.6]. However, this is also precisely Newton’s
method biggest limitation for nonconvex minimization, because it does not distinguish
alocal minimum from any other point satisfying the first-order condition. Let us further
illustrate this limitation with an example.

Example 1 Consider the optimization,

min x> — 3x, “4)
xeR
for which Vx € R,
f(x):=x> —3x, V.f(x)=3x> -3, Vi f(x) = 6.

The corresponding Newton iteration (3) is of the form

3x2 -3
6x

X+=)C
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for which both the local minimum x™" := 1 and the local maximum x™ := —1 are

locally asymptotically stable equilibria with superlinear convergence. Specifically,
min

x0>0=x > x := 1, (local minimum),

max

x0<0=x > x := —1, (local maximum),

xo = 0 = iteration fails since V, f(x) = 6x is not invertible.

Moreover, the iteration never actually “converges” to the global “infimum” x — —oo.

In order to address this limitation, a widely used modification of Newton’s method
for unconstrained nonconvex optimization [ 16, Chapter 3.4], is obtained by modifying
the basic Newton method such that d, is obtained from solving the following local
quadratic approximation to (1)

€x(x)

5 llde 12

de = arg min £ + Vo (' de + 34 e [0 +
i,
= arg min £ () + Vo f 0/ d + 30V f06) + e

dy

= (Vi f() + & () )7V, f(x) Q)

with €, (x) > 0 chosen such that (V. f(x) + €x(x)[I) is positive definite. For twice
differentiable strongly convex functions we can choose €, (x) = 0 and this corresponds
to the classical Newton’s method. However, when f(-) is not strongly convex, the
minimization in (5) is only well-defined if V ;. f (x)+e€, (x)1 is positive definite, which
requires selecting a strictly positive value for €, (x), leading to a modified Newton’s
method. Regardless of whether f(-) is convex, the positive definiteness of V. f(x) +
€x(x)I guarantees that d,.V, f(x) = =V, f(x)(Vyr f(x) + ex(x)l)_lef(x) <0
and therefore d, is a descent direction at x [16]. The corresponding Newton iteration
to obtain a local minimum is then given by

xt=x4di=x— (Vo f(0) + &) D)7V f(0). (6)

Let us analyze how this modification impacts the convergence in our previous example.

Example 1 (Continuation) For the optimization in (4), the modified Newton step in (6)
becomes xT = x — %:a) with €, (-) such that
€x(x) >0 x >0,

& (x) > —6x x <0.

)

In this case,

xo > XM = —] = x; — x™" := [(local minimum),
xo < x"¥ = —1 = x; - —oo (global “infimum”),
xo = x"¥ = —1 = xx = x™*, Vk(unstable equilibrium).
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Selecting the function €, (-) with €x(-) = 0 around ™0 pesults in superlinear conver-

gence to x™", but if €,(-) > 0, the convergence is only linear. For example, picking

€x(x) = —6x 4+ n with n > 0, (7) holds for all x, but the modified Newton step in (6)

3x2-3
1

becomes xT = x — , which is just a gradient descent.

The following result generalizes the conclusion from the previous example by
establishing that the positive definiteness of V. f(x) + €,(x)I not only guarantees
that d, is a descent direction, but also that every locally asymptotically stable (LAS)
equilibrium point of the Newton iteration (6) is a local minimum.

Theorem 1 (Stability and instability of modified Newton method for unconstrained
minimization) Let x be an equilibrium point in the sense that Vy f(x) = 0. Assume
that V i f (x) isinvertible and that V . f (-) is differentiable in a neighborhood around
x. Then, for any function €, (-) that is constant in a neighborhood around x and satisfies
Vix f(x) + €x(x)I > 0 one has that if:

i) x is a local minimum of (2), then it is a LAS equilibrium of (6).
ii) x is not a local minimum of (2), then it is an unstable equilibrium of (6).

The theorem’s first implication is that if the modified Newton iteration starts suffi-
ciently close to a strict local minimum, it will converge at least linearly fast to it. One
could think that it would always be preferable to have €, (x) = 0if V. f(x) > O,
in which case not only stability can be trivially obtained but also that the Newton
method has superlinear convergence if f(-) is Lipschitz [16, Theorem 3.6]. However,
in practice, there are situations for which one might want to take €, (x) > 0. A typical
case happens if the smallest eigenvalue of V. f(x) is positive but very small, which
might bring numerical issues when computing the Newton step V. f v, f(x).
This issue can be fixed by taking €, (x) > 0, and Theorem 1 guarantees that doing so
will not impair (at least locally) the algorithm’s capacity to converge toward a local
minimum.

The theorem’s second implication is, in a way, even more relevant than the first one.
As we mentioned earlier, the regular Newton’s method (meaning, with €, (x) = 0) is
infamously known to be attracted to any point that satisfies V. f (x) = 0, regardless of
whether it is a local minimum, a saddle point, or a local maximum. What Theorem 1
is essentially saying is that the modified Newton is only attracted to local minima,
and that any other equilibrium point repels the iteration. In essence, this means that
the modified Newton’s method cannot converge toward a point that is not a local
minimum, thus fixing one of the biggest drawbacks of the regular Newton’s method.

While it goes beyond the point of this article, notice that for large values of €, (x),

A =x = (Va fM) + @DV f) ®x — () Vi f ()
which shows that the modified Newton’s step (6) essentially becomes a gradient
descent step with a small step size €, (x)~!. This also shows that, by keeping €, (x) !

sufficiently large, the iteration (6) could be made descent with respect to the cost.
However, this would be achieved at the cost of losing superlinear convergence.
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Proof of Theorem 1 From our assumption that V., f (x) is invertible, x is a local min-
imum if and only if V,, f(x) > 0. This comes from the second-order necessary
condition for minimization [16, Chapter 2].

Let us now prove the stability and instability properties. The first step in our analysis
is to calculate the Jacobian of (V. f(x) +¢€,(x)I)~!V, f(x) that appears in (6) at an
equilibrium point x. Using the differentiability of V. f(-) and that €, (-) is constant
in a neighborhood of x, we obtain that

Va((Vaef 0 + €D TV ®)) = (Varf () + €D T Vo f ()

N
+ Y Vil (Ve f@) + &) DTV f ()

i=1

where V, f(x)@ is the i element of V, f(x) and [(V.x f(x) + €x(x)1)~]; is the
i column of (Vax f(x) 4+ €x (x)D)~ L. Since (Vix f(x) + €x(x)1) is positive definite,
Vil(Vax f(x) + € (x)I)~"; is well defined and since x is an equilibrium point,
V. f(x)? =0fori € {1...N} and therefore the Jacobian of right-hand side of (6)
is given by

Va(¥ = (Ve S0 + DTV (0) =1 = (Ve () + €D T Vo f ().
®)

The main argument of the proof is based on the following result. Let v be an
eigenvector associated to an eigenvalue p of (8). Then,

(1= (Ve f) + DT Vo f @) Jv = pu
S 1=pv= (Vi f)+ @)D 'V f(x)v
& (PVarf@) +(p = Dex(n)] Jv =0 ©)

Therefore, p is an eigenvalue of (8) if and only if pV,, f(x) + (p — Dex(x)I is
singular.

We remind the reader that given a dynamical system, if the system’s dynamic
equation is continuously differentiable, a point is a LAS equilibrium point if all the
eigenvalues of the linearized system are inside the unit circle. Conversely, if at least
one of the eigenvalues of the linearized system is outside the unit circle, then the
system is unstable [41, Chapter §].

From (9), p = 0 is an eigenvalue if and only if €, (x) = 0, which, by construction,
can only happen if x is a local minimum, in which case x is a LAS equilibrium point
of (6), as expected.

For p # 0, let us rewrite this expression as V. f(x) + pex(x)I with u := 1 —
1/p. We conclude that x is a LAS equilibrium point of (6) if V, f(x) + pex(x)
is nonsingular Vi € [0, 2]. Conversely, x is an unstable equilibrium point of (6) if
Vix f(x) + pex(x) is singular for some o € [0, 2].
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If x is a local minimum, then X,,,;;, (Vyx f (X)) > 0. As €, (x) > 0, we conclude that
Amin(Vxx f(x) 4+ nex(x)I) > 0 forevery u > 0 and therefore x is a LAS equilibrium
point of (6). Conversely, if x is not a local minimum then X,,,;, (Vix f(x)) < 0. By
construction of € (x), we have that Ay, (Viy f(x) + pex(x)I) > 0, which, by conti-
nuity of the eigenvalue, implies 3 € (0, 1) such that A, (Vix f(x) + e (x)1) = 0.
Therefore, x is an unstable equilibrium point of (6). O

2.2 Constrained minimization

Our results from the previous section can also be extended to consider the case with
more general constraint with the minimization set X" involving equality and inequality
constraints of the form

X={xeR":G(x) =0, Fy(x) <0}

where the functions G, : R”* — R and F, : R™ — R™x are all twice continuously
differentiable.® It will be convenient for the development of the primal-dual interior-
point method to use slack variables and rewrite (1) as

min f(x). (10)

X,85:Gx (x)=0, Fy (x)+5,=0,5,>0

where s, € R™~.
Similar to what we have in the unconstrained minimization, we want a second-order
conditions to determine whether a point is a local minimum. Consider the function

L(z) = f(x) + v, Gx(x) + A (Fx(x) + 51,

where we use the shorthand notation z := (x, sy, vy, Ayx). L(2) is essentially the
Lagrangian of (10). In order to present the second-order conditions, we need to define
two concepts, the linear independence constraint qualification and strict complemen-
tarity [16, Definitions 12.4 and 12.5].

Definition 1 (LICQ and strict complementarity) Let the set of active inequality con-
straints for the minimization be defined by

A ={i=1,....,my: FP(x) =0}

where F, ,Ei)(x) denote the i element of F, (x). Then,

e The linear independence constraint qualification (LICQ) is said to hold at z if the
vectors in the set

(VoGP i =1, L JIVeFP (), € Ac(x))

3 Similar to ny, the subscript x is used to indicate that the functions G () and Fx(-) are associated to
the minimization variable x. We introduce this notation now in anticipation of Sect.3 where we have both
minimization and maximization variables.
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are linearly independent. _
e Strict complementarity is said to hold at x if )L)(f) >0Vi € Ay (x)

We have almost all the ingredients to present the second-order condition for con-
strained minimization. For unconstrained minimization, a sufficient condition for a
point x to be a local minimum is that V, f(x) = 0 and V., f(x) > 0. If it were
not for the inequality constraints in (10), we would be able to state the second-order
conditions using gradients and Hessians of L(z). The inequality constraints make the
statement a bit more complicated. The role of the gradient will be played by

V.L(z)

X x 1
g by = [ GNP an

Fy(x) + sy

with ® denoting the element wise Hadamard product of two vectors and b > 0 the
barrier parameter (its role will be explained shortly). The role of V. f(x) in the
unconstrained minimization will be played by the matrix

VaixL(2) 0 ViGx(x) ViFy(x)
0 diag(h,) 0 diag(si/®)

V.G.(x) 0 0 0

V. Fo(x) diagisi?) 0 0

H. f(z) = (12)

We also remind the reader that the inertia in(A) of a symmetric matrix A is a 3-tuple
with the number of positive, negative and zero eigenvalues of A.

Proposition 1 (Second-order sufficient conditions for constrained minimization) Let
z be an equilibrium point in the sense that g(z,0) = 0 with Ay, sy > 0. If the LICQ
and strict complementarity hold at 7 and

in(Hy; f(2)) = (nx +my, [y +my, 0) (13)

then x is a local minimum of (10).

While this result is relatively well known, we present its proof in Appendix A.
The proof also makes it easier to understand the proof of the second-order sufficient
conditions for constrained minmax optimization.

2.2.1 Primal-dual interior-point method

Letd, := (dy, ds, d,, d)) be the update direction for z, which will play an equivalent
role to d, in the unconstrained case. A basic primal-dual interior-point method finds
a candidate solution to (10) using the iterations

M =z+ad, =z—aV,g(z,b) gz, b) (14)
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where the barrier parameter” b is slowly decreased to 0, so that z converges to a root of
g(z,0) = 0 while & € (0, 1] is chosen at each step such that the feasibility condition
Ay, 8y > 0 hold [16, Chapter 19]. This basic primal-dual interior-point has similar
limitation as a (non-modified) Newton method for unconstrained minimization: it
might converge toward an equilibrium point that is not a local minimum and V,g(z, b)
might not be invertible. Similar to what we have done in the unconstrained case, we
can modify this basic primal-dual interior-point method such that the update direction
d; is obtained from a quadratic program that locally approximates (10). The rest of
this section will be spent mostly constructing such quadratic program.

Let us start with X’ described only by equality constraints (i.e., no Fx(x) and no
sx), in which case L(z) = f(x) + v, G (x). Consider the optimization

. - 1- _
. min ~ _ L(z) +d,VL(2) + =dy(Vir L(2) + €x(2) )dy
de:Gx ()+V Gy (x)dy=0 2
. - 1- - € (z) | -
= min L) +d.ViL(z2) + =d. V. L(2)dy + x(2) | de Hz,
de:Gy()+V Gy (1) d=0 2 2
(15)

which locally approximates (10) around (x, V). If V.G (x) is full column rank,
we can choose €, (z) large enough such that the solution of (15) is well defined and
unique. To show that, let us look at (15) as an optimization in its own right. Let d, be
the Lagrange multiplier and define the function g (dy, d,) which is the function g(z,b)
defined in (11) but now for problem (15):

5[ Vil@ + (Vi L) + () Ddy + V.G (x)d;
Bdedo = Ge(x) + VG, () d ] 0o
So if one takes any €,(z) > 0 large enough such that
VixL(z) + €x(2) ViGy(x) _
n([ VXGX(X)/ 0 :|) - (n)leaO)v (17)

then we guarantee that any point d,, d,, that satisfies g(dy, d,) = 0 will be a strict local
minimum of (15) (see Proposition 1). Moreover, this choice of €, (z) also guarantees
that (15) is a strongly convex quadratic optimization, which, with the fact that V, G, (x)

4 The term “barrier parameter” comes from the connection between primal-dual and (log) barrier interior-
point methods. This connection will become more clear bellow around (18) as we deduce a local second-
order approximation of (10).

5 Notice that we use the second-order linearization of the Lagrangian L(z) as the cost function in (15),
not the one of f(x). The justification is that, if x* is a local minimum of (10) with associated Lagrange
multiplier v, then x™* is also a local minimum of

min +v¥'G .
x:Gx(x)zof(x) r Gx(x)

Evidently, v;“ is not know in advance, so instead one uses the value of v, at the current iteration, which
leads to the local approximation (15).
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is full column rank, means that the solution (dx, d,) is unique. Therefore, we will take
the update directions (dy, d,) to be the solution (dy, d,). Moreover, with some algebra,
one can show that the solution to (15) is given by

A [Val@+ e ViG] [ViL@)
dy o VxGx(x)/ 0 Gy(x)

= —(V,g(x,b) + diag([ex (2)1n,, 0, 1) ' g(x, b).

Let us now address the case in which there are inequality constraints. The challenge
is to take into account the constraint s, > 0. To address this, let us start by relaxing
the inequality constraint from (10) and including it in the cost as the barrier function
—b1’log(s,) (the log(-) is element wise).

i — b1'log(sy). 18
x,SX:G,\.(x)g(I)I,IIIVX(XH_Sx:Of(x) og(sx) (18)

This is a relaxation because —b1’ log(s,) only accepts s > 0 and goes to +oo if
sy — 0. The optimization (18) only has equality constraints, so similar to what we
did in (15), let us construct a local second-order approximation of (18) around z:

min L(z) — b1'log(sy) +d.VL(z) +d.(Ay — b1 @ sy)
dy,dy:
Gy (x)+VGyr(x) dv—O
Fe(0)45x+Vy Fx (x) dy+ds=0

+ d/ (VaxL(z) + € (Z)I)dx + Zd/ diag(Ay @ Sx)ds
(19)

where @ designates the element wise division of two vectors. Equation (19) is not
exactly a second-order approximation because instead of using as quadratic term
for d; the matrix b diag(s,)~2 (which is the actual matrix given by second-order
approximation of —b1"log(s, + d,) around sy), we used the matrix diag(A,y @ sy).
This is a relatively well-known substitutions for interior-point methods, and is what
makes it be a primal-dual interior-point method instead of a barrier interior-point
method. The technical justification is that if we were at a point such that g(z, b) = 0,
the two would be equivalent as A, © s, — b1 = 0. In practice, it has been observed that
this modified linearization tends to perform better because it provides directions dj
that also take into account the current value of A, in the quadratic form, which helps
to get a direction d; that does not violate the constraints Ay, s, > 0[16, Chapter 19.3].

Because (19) is a quadratic program with linear equality constraints, just as it was
the case for (15), we can use the exact same reasoning to choose €, (z). Let us define
the matrices

Vi L(2) 0 ViGi(x) ViFx(x)
_ 0 diag(ly @ sx) 0 1
‘IZZf(Z) - VxGx (x)/ 0 O 0 (20)
V. Fx(x) 1 0 0
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and E(z) := diag(ex(2)1y,, 0m, 41, +m, ). If €x(2) is chosen large enough such that
in(J.. + E2)) = (ny + my,lx + my,0), then the solution (d,, d;) of (19) and
associated Lagrange multipliers (d,, d;) are unique. With some algebra, one could
show that the solution of (19) is

d; =~ f(2) + E(@) 'S g(z, b)
—(V,g(z,b) + E(2))"'g(z, b)

where S := diag(1,,, Sy, 1;,+m,). Putting it all together, the modified primal-dual
interior-point is governed by the equation

t=z+ad, =z—a(V,8(z.b) + E@) g b), 1)

where o € (0, 1] is chosen such that A,, s, > 0. Conveniently, because we used
diag(Ay © sy) for the second-order linearization of the barrier, when €,(x) = O,
we recover the basic primal-dual interior-point method from (14). We refer to [16,
Chapter 19] for a complete description of an algorithm using (21), including a strategy
to decrease the barrier parameter b. Alternatively, we describe such strategy in Sect. 4
for the minmax optimization case.

We can now state a result connecting the stability/instability of any equilibrium
point of the modified primal-dual interior-point method to such point being or not a
local minimum. The theorem says essentially the same thing as Theorem 1: On the one
hand, even if in(J,; f (2)) = (ny + my, Iy + my, 0), taking €, (z) > 0 will not impair
the algorithm’s capacity to converge toward a local minimum; this can be useful, for
instance, if in(J;; f (z)) has an eigenvalue close to 0. On the other hand, using the
modified primal-dual interior-point method essentially guarantees that the algorithm
can only converge toward an equilibrium point if such point is a local minimum, thus
fixing the issue of primal-dual interior-point methods being attracted to any equilibrium
point, regardless of whether such point is a local minimum.

Theorem 2 (Stability and instability of modified primal-dual interior-point method
for constrained minimization) Let o = 1 and (z, b) with b > 0, be an equilibrium
point in the sense that g(z, b) = 0. Assume the LICQ and strict complementarity hold
at z, that J,; f (z) is invertible, and that J,; f (-) is differentiable on a neighborhood
around z. Then for any function € (-) that is constant in a neighborhood around z and
satisfies in(J;; + E(z)) = (ny + my, Iy + my, 0) one has that if:

i) z is a local minimum of (10), then it is a LAS equilibrium of (21).
ii) z is not a local minimum of (10), then it is an unstable equilibrium of (21).

Proof (Proof sketch) First, using the same arguments as in the proof of Theorem 1,
we conclude that the Jacobian of the dynamic system (21) around a point z for which
g(z,b) =0is

—1 -1
I =a(Jef @+ E@) §7Veg@b) =1 —a(Jef )+ E@) Ve f )

(22)
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Second, it is straightforward to check that H,. f(z) = S'?J, f(z)S'/? which,
using Sylvester’s law of inertia [42, Theorem 1.5], means that in(H,; f(z)) =
in(J;; f(z)). This means that one can check the second-order conditions in (13) by
using Jz; f(2).

Let us define the matrix

Viux L(z) + pnex(2)1 0

R(n) = Z,(2) [ 0 diag(iy © Sx):| Z:(2)

where Z, (z) € R~k i a matrix with full column rank such that

ViGi(x)' 0 _
[Vxe(x)’ 1} Z:(z) =0. (23)

Using the same arguments as in the proof of Proposition 1, we conclude that
in(J: f(2) + E(z)) = in(R(w)) + (lx +mx, Ly +my),

which implies thatin(J,; f (z) + E(z)) = (ny+my, Iy +m,) isequivalentto R(1) > 0
and that the second-order sufficient condition is equivalent to R(0) > 0. This means
that the rest of the theorem’s proof is analogous to the one of Theorem 1, but instead
of looking at the sign of the smallest eigenvalue of V. f(x) + ue,(z)I, one looks at
the sign of the smallest eigenvalue of the matrix R(u).

If z is a local minimum, then A,,;,(R(0)) > 0. As €,(z) > 0, we conclude that
Amin(R(p)) > 0 for every u > 0 and therefore z is a LAS equilibrium point of (14).

Conversely, if z is not a local minimum, A,,;, (R(0)) < 0. By construction, € (z)
is such that A,,;,(R(1)) > 0, therefore, by continuity of the eigenvalue, there is a
w € (0, 1) such that X,,,;,, (R(w)) = 0 and therefore z is an unstable equilibrium point
of (14). O

3 Minmax optimization
Consider the minmax optimization problem

min max X, 24
xeXyey(x)f( y) (24)

where f : R"™ x R" — R is a twice continuously differentiable objective function,
X C R™ is the feasible set for x and ) : X = R is a set-valued map that defines an
x dependent feasible set for y; we do not make any convexity or concavity assumption
on f(-), X and Y(-). We chose )(-) to be dependent on x because this describes the
most general application. Moreover, having the constraints of the inner maximization
to depend on the value of outer maximization is often necessary in problems such as
robust model predictive control or in bi-level optimization. Furthermore, notice that
we do not make any assumption on whether the min and the max commute (and this
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would not be well defined as )/(-) depends on x). A solution (x*, y*) to (24) is called
a global minmax and satisfies

VECHR DI CH U I ;?ﬁé)f(x’ y) o Vx,y) € X x Yxh).

We will look at two representations of ' and Y (-): first when X = R"* and Y = R,
which is known in the literature as the unconstrained case; second a more general rep-
resentation in which X and ) (-) are defined using equality and inequality constraints.

A point (x*, y*) is said to be a local minmax of (24) if there exist a constant
80 > 0 and a positive function A(-) satisfying h(§) — 0 as § — 0, such that for
every § € (0, 8p] and for every (x,y) € {x € X : |x —x*|| <8} x{y € Y(x¥) :
ly = y*Il < h(8)} we have

fO*y) < f(x*,y") < fx, 3

max
YEY@):Iy—y*l<h(9)

[14, 15]. Inspired by the properties of the modified Newton and primal-dual interior-
point methods for minimization in Sect. 2, we want to develop a Newton-type iterative

algorithm of the form
EHRH
= + . 25
[y+ y dy ( )

where d, and dy, satisfy the following properties:

P1: Ateachtime step, (dy, dy) is obtained from the solution of a quadratic program that
locally approximates (24) and therefore (x™, y*) can be seen as an improvement
over (x, y). This acts as a surrogate for guiding the modified Newton’s method
toward a solution at each step.

P2: The iterations of (25) can converge toward an equilibrium point only if such point
is a local minmax. Similar to what was the case in minimization (see Example 1),
a pure Newton method will be attracted to any equilibrium point. This makes sure
that the iterations will not be attracted to equilibrium points that are not local
minmax.

P3: The iterations of (25) can converge to any local minmax. This property means that
any modification to Newton’s method needs to keep local minmax as attractor.

3.1 Unconstrained minmax

We start by considering the case where X = R’ and )(-) = R’ such that (24)
simplifies to

min max f(x,y). (26)
xeR"™ yeR"Y
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For this case, [14] establishes second-order sufficient conditions to determine if a point
(x, y) is a local minmax which can be stated in terms of the inertia of the matrix
Vi f(x,9) Vay f(x,y)
v xy) =" y .
wf (%) [V,yvxf(x,y) Vi fr )

We recall that the inertia in(A) of a symmetric matrix A is a 3-tuple with the number
of positive, negative and zero eigenvalues of A.

Proposition 2 (Second-order sufficient condition for unconstrained minmax) Let
(x, y) be an equilibrium point in the sense that V, f(x,y) =0and V, f(x,y) = 0.
If

in(Vyy, f(x,y) =(0,ny,0) and in(V f(x,y)) = (ny, ny, 0) (27)
then (x, y) is a local minmax.

The second-order conditions in [14] are:

in(V,, f(x,y) = (0, n,,0) and
iIN(V o f (6, 3) = Vay £, 0V £, )7 Vo f(x, ) = (14,0, 0),

which turn out to be equivalent to the inertia conditions in Proposition 2 in view
of Haynsworth inertia additivity formula [42, Theorem 1.6]. Notice that the second-
order sufficient conditions are not symmetric. A point might be a local minmax even
if Vi, f(x,y) #0aslongas —V,, f(x, y)Vyy f(x, y)_lVyxf(x, y) (which is posi-
tive) is large enough. So the second-order conditions are what allow one to distinguish
between an equilibrium point being a local minmax and a minmin, maxmax or maxmin.
One can interpret the second-order sufficient conditions as saying that y — f(x, y) is
strongly concave in a neighborhood around (x, y) and x — maxg.|,—5<s f(x, y) is
strongly convex in a neighborhood around (x, y) for some § > 0. Notice that these are
only local properties around local minmax, as f(-) may be nonconvex—nonconcave
away from local minmax points.

In order to obtain property P1, we propose to obtain the Newton direction (d, dy)
for (25) by solving the following local quadratic approximation to (26)

r%in max FE ) + Vo f ) de + Yy f(x, ) dy + d.V iy f(x, y)dy
X y

- - 1- -
3 (Vo f o3+ e 1 ) + 55 (V5 £ (0 3) = €)1 )dy

(28)

| =

with €, (-) and €, (-) chosen so that the minmax problem in (28) has a unique solution,
which means that the inner (quadratic) maximization must be strictly concave and that
the outer (quadratic) minimization of the maximized function must be strictly convex,
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which turns out to be precisely the second-order sufficient conditions in Proposition 2,
applied to the approximation in (28), which can be explicitly written as follows:

in (Vyyf(x, V) — e (x, y)l) = (0, n,.0) and

(LQAC)
in (VZZ.f(-xa J’) + E(X, )’)> = (n)Ca nya 0)
where E(x, y) = diag(ex (x, y)1,,, —€y(x, y)1,,). We call these condition the Local
Quadratic Approximation Condition (LQAC). It is straightforward to show that the
Newton iterations (25) with (dy, dy) obtained from the solution to (28) is given by

+ -1
[H — m + [Z}] = [;‘] — (Veef 0 + EGe, ) [zy;gg] (29)

To obtain properties P2 and P3, we need all locally asymptotically stable equilibrium
points of (28) to be local minmax of (26) and that all other equilibrium points of (28) to
be unstable. For the unconstrained minimization in Sect. 2.1, to obtain the equivalent
of properties P2 and P3 it was sufficient to simply select €, (-) such that the local
quadratic approximation (5) has a well-defined minimum (Theorem 1). However, for
minmax optimization the (LQAC) does not suffice to guarantee that P2 and P3 hold.
Our first counter example bellow show how the (LQAC) are not enough to ensure that
P2 holds; our second counter example show how they are not enough to guarantee that
P3 holds.

Example 2 Consider f(x,y) = 1.5x%> — 4xy + y? for which the unique equilibrium
point x = y = 0 is not a local minmax point. Take €,(0,0) = 4 and €,(0,0) = 0
which satisfy (LQAC). The Jacobian of the dynamics is

L (T3 4]0 0Ty '[3 4]0 on
-4 2 0 —4 -4 2|7 [0 054
which has eigenvalues approximately equal to (0, 0.54). Therefore (0, 0) is a LAS

equilibrium point of (29) even though it is not a local minmax point.

Example 3 Consider f(x, y) := —0.25x2+xy —0.5y?, for which the unique equilib-
rium point x = y = 0 is a local minmax point. Take €,(0, 0) = 3 and €, (0, 0) = 0.2
which satisfy (LQAC). The Jacobian of the dynamics is

p (705 1,03 o) [-0s 1]_[6 -15
1 -1 0 -3 1 1| |15 =3
for which the eigenvalues are 1.5 & 1.5i. Therefore, (0, 0) is an unstable equilibrium

point of (29) even though it is a local minmax point.

The main contribution of this section is a set of sufficient conditions that, in addition
to (LQAC), guarantee P2 and P3 hold.
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Theorem 3 (Stability and instability of modified Newton’s method for unconstrained
minmax) Let (x,y) be an equilibrium point in the sense that Vy f(x,y) = 0 and
Vyf(x,y) = 0. Assume that V. f(x,y) and V, f(x,y) are invertible and that
V.. f () is differentiable on a neighborhood around (x, y). Then there exist functions
€x(-) and €y (-) that are constant in a neighborhood around (x, y), satisfy the (LQAC)
at (x, y) and guarantee that if:

i) (x,y)is alocal minmax of (26), then it is a LAS equilibrium of (29).
ii) (x,y) is not a local minmax of (26), then it is an unstable equilibrium of (29).

The theorem’s implications are similar to those of Theorem 1. On the one hand, if
(x, y) is a local minmax, then it is possible to construct functions €, (-) and €, (-) that
guarantee that the modified Newton method can converge toward a local minmax. A
natural choice for such function near alocal minmax is to take €y, (-) = €, (-) = 0, which
not only provides the stability result, but can also achieve superlinear convergence if
f () is Lipschitz. On the other hand, if (x, y) is an equilibrium point but not a local
minmax, it is possible to construct functions €, (-) and €, (-) such that the algorithm’s
iterations cannot converge toward it. This means that the modified Newton’s method
for minmax can only converge toward an equilibrium point if such point is a local
minmax.

While the statement of Theorem 3 is about existence, the proof is actually construc-
tive. The functions €, () and €,(-) are not unique, and have to satisfy the following
conditions:

i) For the stability result, if €, (x, y) = 0, then the stability property is guaranteed by
any €x(x,y) > 0.If €y (x, y) > 0, then €, (x, y) needs to be taken large enough to
satisfy the condition in equation (32) of the proof.

ii) For the instability result:

e unless in(Vy, f(x,y)) # (0,ny,0) and in(V, f(x, y)) = (ny, ny, 0), then
it is sufficient for €, (x, y) and €,(x, y) to satisfy the (LQAC) to guarantee
instability.

o ifin(V,, f(x,y)) # (0,ny,0) and in(V_, f(x, y)) = (ny, ny, 0) then for a
given ey (x, y), €, (x, y) needs to be large enough such that for some o € (0, 1),
in(V f(x,y) + kE(x,y)) # (nx, ny, 0).

We use these results in Sect.4 to present an efficient way to numerically construct
these functions.

Proof of Theorem 3 The fact that the (LQAC) can always be satisfied is straightforward:
as V; f (x, y) isdifferentiable, its eigenvalues are bounded and can be made to have the
desired inertia by taking sufficiently large (but finite) values of €, (x, ¥) and €, (x, y).
Moreover, from our assumption that V, f(x, y) and V y, f (x, y) are invertible, (x, y)
is a local minmax point if and only if (x, y) satisfy the second order sufficient in (27);
this is implied by the second-order necessary conditions for local minmax in [14].
Using the same reasoning as in Theorem 1, as the (LQAC) hold then (V ., f (x, ¥) +
E(x, y)) is nonsingular and the Jacobian of the dynamical system (29) at (x, y) is

I = (Vo f,y)+Ex ) 'V fx,y). (30)
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Therefore, we can also use the same reasoning as in the proof of Theorem 1 to conclude
that (x, y) is a LAS equilibrium point of (29) if V,, f (x, ¥) + wE (x, y) is nonsingular
Yu € [0, 2]. Conversely, (x, y) is an unstable equilibrium point of (29)if V. f(x, y)+
WE(x, y) is singular for some u € (0, 2).

For the rest of the proof, it will be useful to have defined the function

R() = Vir f(x, ¥) = Viy F(2, ))(Vyy £ (x, )
—pey (e, DIV f(x, y) + el 31)

and to drop the inputs (x, y) from the expressions in order to shorten them.
Let us start by proving the statement for the case when (x, y) is a local minmax, in
which case the (LQAC) hold with €, = €, = 0. We will prove that if

€x = hmin(€yVay V3 £ 2V 0 ). (32)

then (x, y) is a LAS equilibrium point of (29). To prove it, we will show (32) ensures
that V, f + wE is nonsingular V u > 0. First, as Vy,, f < 0, u > 0, and €, > 0, we
have V, f — ey I < 0 and is thus nonsingular. Second, let us show that the condition
(32) implies that for any vector v

min2] VR(n)v = v'R(0)v. (33)

nelo

Taking the derivative of v’ R(u)v with respect to o we obtain
V(ed =&V f (Vo f = ey D2V f)o = v/ (6] = €V V5, [ 2V f 0

in which we use the fact that Vy, f =2 > (Vy f — ey [) "2 forallu > 0as V, f <0,
and €, > 0. Therefore, if (32) holds, the derivative of v'R(u)v with respect to  is
non-negative, thus the cost does not decrease with ¢, which implies that the minimum
is obtained for u = 0, which proves (33). Therefore, if €, and €, are chosen to satisfy
(32), then Yo € [0, 2] it holds that R(i) > R(0) > 01, where the second inequality
comes from the second-order sufficient conditions for unconstrained minmax (27).
As neither Vy, f — peyI < 0 nor R(p) are singular for u € [0, 2], Haynsworth
inertia additivity formula [42, Theorem 1.6] implies that V, f 4+ wE is nonsingular
Yu € [0, 2], and therefore (x, y) is a LAS equilibrium point of (29).

Now the second part, let us prove the statement for the case in which (x, y) is nota
local minmax. We will show that for every €, such that € (Vy, f —€,I) = (0, ny,0)
for any large enough €, the (LQAC) are satisfied and

Vo f+ Hdiag(exlnxs _fylny) =V, f+uE (34)

is singular for some u € (0, 1), which in turn guarantees that (x, y) is an unstable
equilibrium point of (29) (see discussion in the beginning of the proof).
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If in(V, f) # (nyx,ny,0), then any large enough value of €, such that (LQAC)
holds is enough to guarantee that V., f +w E is singular for some i € (0, 1). The proof
is straightforward: If in(V ;; f) # (ny,ny,0) and in(V, f + E) = (ny, ny, 0) (from
the (LQAC)), then, by continuity of the eigenvalue 3 € (0, 1) suchthat V. f + nE
is singular.

Ifin(V f) = (ny,ny,0) but in(Vy, f) # (0,n,,0), then the (LQAC) is not
enough to guarantee that (x, y) is an unstable equilibrium point. However, it is possible
to guarantee instability. The proof is the following.

Let u* be the largest 1 € (0, 1) such that V, f — e, I is singular. We know
that this point exists because, on the one hand, by assumption Vy, f is invertible
(and therefore u* > 0), and on the other hand, we know that V, f 4 0 and that
V,yf —€yI < 0 by construction (and therefore u* < 1).

Now take any i € (0, u*) such that V,, f — fi€, [ is invertible (there are uncount-
able many). Suppose there exists € such that for any €, > €, the (LQAC) hold and
in(V, f+ E) # (ny, ny, 0). If such € exists, then, by the continuity of the eigen-
values, if in(V,, f + LE) # (ny, ny, 0) this means that V, f + wE is singular for
some i € (0, i].

So, to conclude the proof, we just need to show the existence of such €. Take any
€ such thatin(V, f + o E) = (ny, ny, 0) (otherwise the proof is tautological). From
Haynsworth inertia additivity formula, we have that

in(Vo.f + iE) = in(R(1) +in(Vy, f — fiey])

with in(R(1)) = (ny — k, k,0) and in(V, f — ey 1) = (k, ny — k, 0) for some
k e {1,...,min(ny, ny)}. On the one hand, it is straightforward to establish that 3¢,
such that if €, > €1, then in(R(it)) # (ny — k, k, 0), which means that in(V_, f +
RE) # (ny,ny, 0). Onthe other hand, 3€; such thatif e > €5, thenin(V, f+uE) =
(nx,ny, 0). Therefore, we can define € = max(€1, €;), which concludes the proof O

3.2 Constrained minmax

We now consider the case with more general constraint sets involving equality and
inequality constraints of the form

X=xeR"™:G,(x) =0, F,(x) <0} and 35)
y(-x) = {y € ]Rny : G}'(-xa )’) = 0’ Fy(xa y) 5 0}
where the functions G, : R"™ — R, F, : R"™ — R™-x, Gy : R™ xR" — R
and F, : R™ x R" — IR™ are all twice continuously differentiable. Similar to
what we did in Sect. 2.2, it will be convenient for the development of the primal-dual
interior-point method to use slack variables and rewrite the constrained minmax (24)
as

flx,y).  (36)

min max
X,8x:Gx (X)=0, Fx (x)+5:=0,5:>0  y,5,:Gy(x,y)=0,Fy(x,y)+s,=0,5,>0
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where s, € R™* and s, € R™>.

Similar to what we have done in the unconstrained case, we want to present second-
order conditions to determine if a point is a constrained local minmax. In order to do
so, we need to extend some fundamental concepts of constrained minimization to
constrained minmax optimization. The function

L(z) = f(x,y) + v, G (x) + AL (Fr(x) + 510) + v Gy(x, y) — A (Fy(x, y) + 5y),

will play an equivalent role as the Lagrangian with (v, vy, Ay, Ay) as the equivalent of
Lagrange multipliers; we use the shorthand notation z = (x, sx, ¥, 8y, Vy, Ay, Vx, Ax).
Furthermore, we use the following definition of linear independence constraint qual-
ifications (LICQ) and of strict complementarity for minmax optimization:

Definition 2 (LICQ and strict complementarity for minmax) Let the sets of active
inequality constraints for the minimization and maximization be defined, respectively,

by

Ay ={i=1,...,my: FP(x) =0} and
Ay, y)={i=1,....my: F)(x,y) =0}

where F,E”(x) and E‘(,i)(x, y) denote the i element of F, (x) and Fy(x,y). Then:

e The linear independence constraint qualification (LICQ) is said to hold at z if the
vectors in the sets

(VoGP i =1, LIV FP (), i € Ar(x)} and

VGV v i =1 LIV FP(x y). i e Ay(x, )}

are linearly independent. ' '
e Strict complementarity is said to hold at z if AfV’) > 0Vi e Ay(x,y) and k)((’) >
0Vi € Ay (x)

We have almost all the ingredients to present the second-order conditions for con-
strained minimization. For the unconstrained minmax optimization, the second-order
condition in Proposition 2 required that gradients (V f(x, y) and V, f(x, y)) were
equal to zero and that Hessians (V, f(x, y) and V, f (x, y)) had a particular inertia.
Analogously to what was the case for the constrained minimization in Sect.2.2, if it
were not for the inequality constraints in (35), we would be able to state the second-
order conditions using gradients and Hessians of L(z). The inequality constraints make
the statement a bit more complicated. The role of the gradient will be played by
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ViL(z)

Ay © sy — b1
V,L(2)
—Ay @sy + b1
Gy(x,y)
_Fy(x’ y) — Sy
Gy (x)
Fy(x) + sy

g(z,b) =

where © denotes the element wise Hadamard product of two vectors and » > 0O the
barrier parameter, which is the extension to minmax of the function g(-) defined in
(11) for the minimization. The role of V,, f (x, y) will be played by

VyyL(z) 0 V,Gy(x,y) —V),Fy(xl,/zy)
_ 0 —diag(Xy) 0 —diag(s,’")
Hyy,f(z) - VyGy(.x, y)/ 0 0 0 5 (373)
—V,Fy(x,y) —diag(sy”") 0 0
while the role of V. f (x, y) will be played by
Hyx f(2) nyf(z) Hy;. f(2)
H f(z) = nyf(z)/ Hyyf(z) 0 (37b)
Ho f()' 0 0
with blocks defined by
VL) 0V, Gy(x,y) =V, Fy(x,
nyf(Z)Z |: xyo (Z)O X yo(x ») X g(x Y)]
(37¢)

_ | VaxL(2) 0 _ ViGi(x) ViFye(x)
Hxxf(Z) - [ 0 dlag()\x)j| H)C)Lf(z) - [ 0 dlag(si/z)]

Proposition 3 (Second-order sufficient conditions for constrained minmax) Let 7 be
an equilibrium point in the sense that g(z, 0) = 0 with Ay, Ay, sy, sy > 0. If the LICQ
and strict complementarity hold at 7 and

in(Hyy f(2)) = (Iy + my, ny +m,, 0) and

38
in(Hy f(z)) = ny +my +1, +my, Iy, + my +ny, +my,0) (38)

then (x, y) is a local minmax of (24).

Similar to what was the case for the second-order sufficient conditions for
unconstrained minmax in Proposition 2, the conditions in (38) are not symmet-
ric, highlighting that there is a distinction between the minimizer and maximizer.
Moreover, similar to the second-order sufficient conditions for unconstrained min-
max in Proposition 2, one can interpret the second-order sufficient conditions for
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constrained minmax as saying that the optimization maxycyy) f(x, y) is strongly
concave in a neighborhood around (x, y) and that the optimization min, ¢ y ¢ (x) with
¢ (x) 1= maxjeyy:|y—jl<s S (x,y) is strongly convex in a neighborhood around
(x, y) for some 6 > 0.

The conditions for Proposition 3 are slightly stricter than the ones in [15] as we
require strict complementarity and LICQ both for the max and the min. However, our
conditions allow us to verify whether a point is a local minmax using the inertia, instead
of having to compute solution cones. We prove that given these stricter assumptions
our conditions are equivalent to those in [15] in Appendix A.

3.2.1 Primal-dual interior-point method

Letd, = (dy, d;,, dy, dsy, duy, dxy, d,_, d,,) be a shorthand notation to designate the
update direction of the variables z = (x, Sy, ¥, Sy, Vy, Ay, Vx, Ay). Similar to the basic
primal-dual interior-point method introduced in Sect. 2.2, a basic primal-dual interior-
point method for minmax finds a candidate solution to (36) using the iterations

T =z+4ad, =z—aV,g(z,b) gz, b) (39)

where the barrier parameter b is slowly decreased to 0, so that z converges to a root of
g(z,0) = 0 while @ € (0, 1] is chosen at each step such that the feasibility conditions
Ay, Ax, Sy, sy > 0 hold. We want to modify this basic primal-dual interior-point so it
satisfies the properties P1, P2 and P3.

In order to obtain property P1, we propose to obtain d, from the solution of a
quadratic program that locally approximates (36). Using equivalent arguments as in
the development of the quadratic program (19) for the constrained minimization in
Sect.2.2, we obtain that the objective function should be

K(dy, d;,, dya ds).) =L(z)+ VxL(Z)/dx + 0y —010 Sx)/dsx + VyL(Z)/dy
1
—(ky = b1 @ s5y)'ds, +d,ViyL(2)dy + Ed;(VmL(z) + & (2)d;

1 ) 1 1 .
+§déx diag(Ay @ sy )ds, + zd;(Vny(z) —ey(2)Ddy — Ed;y diag(Ay @ s)dy,,

where €, (z) > 0 and €,(z) > 0 are scalar and @ designates the element wise division
of two vectors. The feasible sets d X for (dy, ds, ) and the set-valued map that defines
afeasible set d)(dy ) for (dy, ds),) are obtained from the first-order linearization of the
functions in X’ and )(dy) and are given by

dX = {(dy,ds,) € R™ x R™ : G (x) + V.G, (x)'d, =0,
Fye(x) + sy + Vi Fe(x)'dy + ds, = 0}
dY(dy) = {(dy, ds,) € R™ x R™ : Gy(x,y) + Vi Gy(x, »dy +VyGy(x, y)dy
=0, Fy(x,y) + sy + Vi Fy(x, y)dy + Vy Fy(x, y)'dy + d, = 0}.
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If V,G,(x)and VG, (x, y) have linearly independent columns, we propose to obtain
(dx, dy,, dy, dsy) as the optimizers and (d,,y, dxy, dy,, dy,) the associated Lagrange
multipliers of the minmax optimization

~min _ max _ K(dy,dy,,dy,dy,) (40)
dy,ds €dX dy,dsy edY(dy)

where €, (z) and €y(z) are chosen such that the solution to (40) is unique. We can apply
to (40) the second-order condition from Proposition 3 and obtain that €, (z) and €y (z)
need to be chosen to satisfy

in(Jyy f(z) — Ey(2)) = (I, + my, ny +my, 0) and
in(J;; f(2) + E(2)) = (nx +my + 1y +my, [y +my +ny+my,0)
(ConsLQAC)

where Ey(z) := diag(ey(z)1n,, 0 12m,) and E(z) := diag(ex(z)1n,, Om,, —€y(2)
Ly, O 42m 41, +m, )3 Jzz f (2) is the equivalent of the matrix defined in (37b) for the
problem (40) and can be shown to be equal to

Joo f(2) = STV2H, f(2)S7? = 57V, g(z, b). (41)

with § = diag(1,,_, sy, lny, Sy, ll)-+my+lx+mx); Jyy f(2) is the equivalent partition of
Jzo f(2) as Hyy(z) is of H;;(z). We will call these conditions the Constrained Local
Quadratic Approximation Conditions (ConsLQAC). In this case, it is straightforward
to show that modifying the basic primal-dual interior-point iterations in (39) by taking
d, from the solution of (40) leads to the iterations

P =ztad. =z—a(J.f(2)+ E@) 'S gz b). (42)

Analogously to what was the case in unconstrained minmax optimization, choosing
€x(z) and €,(z) such that the (ConsLQAC) hold is not sufficient to guarantee that P2
and P3 hold for the modified primal-dual interior-point method (a counter example can
be found in Sect.4.2). Our next theorem is the extensions of Theorem 3 to the modi-
fied primal-dual interior-point and has the equivalent consequences: For property P3 to
hold, as long as €, (z) is large enough, taking €, (z) > 0 will not impair the algorithm’s
capacity to converge toward a local minmax; this can be useful, for instance, if in(J;)
has an eigenvalue close to 0. For property P2 to hold, in order to guarantee that the mod-
ified primal-dual interior-point method cannot converge toward an equilibrium point
that is not local minmax, the (ConsLQAC) are sufficient only whenever in(J;; f (z)) #
(ny +my +1y +my, Iy +my +ny+my, 0). Otherwise, €, (z) needs to be taken large
enough such thatin(J,, f (z2) + LE(2)) # (ny +my+1y+my, Iy +my+ny+my, 0)
for some u € (0, 1).

Theorem 4 (Stability and instability of modified primal-dual interior-point method
for constrained minmax) Let o = 1 and (z, b) with b > 0, be an equilibrium point in
the sense that g(z, b) = 0. Assume the LICQ hold at z, that J; f (z) and Jyy f (2) are
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invertible, and that J,; f (+) is differentiable in a neighborhood around z. Then there
exists functions €x(-) and € (-) that are constant in a neighborhood around z, satisfy
the (ConsLQAC) at z and guarantee that if:

i) z is a local minmax of (36), then it is a LAS equilibrium of (42).
ii) z is not a local minmax of (36), then it is an unstable equilibrium of (42).

Proof Let us define the partitions, Jy, f(2), Jyx f(2), and Jyy f(z) of J;; f(z) analo-
gously to the partitions Hyy f(z), Hyx f(z), and Hy; f(z) of Hy; f(2).

Using the same arguments as in the proof of Theorem 1, we conclude that the
Jacobian of the dynamic system (42) around a point z such that g(z, b) = 0 is

—1 -1
I-a(f @+ E@) STVege ) =1 —a(JefQ+EQ@) T f ()
43)

Moreover, from (41) we have that in(H,. f(z)) = in(S'/2J,. f(z)S'/?). Using
Sylvester’s law of inertia [42, Theorem 1.5], this simplifies to in(H; f(z)) =
in(J;; f(z)). If a point z is such that g(z, b)) = 0, then one can check (38) using

Jo2 f(z) and Jyy f (2).
Let us define the matrices

VyyL(z) — e(@ul 0

Ry(u) = 2y [ 0 — diag(ry @ sy)] %@ (442)

Ry(n) = Zx(Z)/(Jxxf(Z) - nyf(Z)(Jyyf(Z) - l/«Ey(Z))_ljyxf(xy )+ MEx(Z)>Zx(Z)
(44b)

where Zy(z) € R™*"m =l and Z,(z) € R+l are any full column rank
matrices such that

VyGy(xv )’) _V}’Fy(-xv )’)
—1 0

} Zy(z)=0 and Juf(2) Zi(z)=0. (45)
Using the same reasoning as in the proof of Proposition 3, one can conclude that

in(Jyy f(2) — wEy(2)) = in(Ry(n)) + (ly +my,ly +my,0)
in(Jzz f(2) + nE2) = in(Rx (1) +in(Jyy f(z) — nEy(2)) + (x +mx, [y +mx, 0),

which implies that the (ConsLQAC) can be stated as
Ry(1) <0 and R.(1) > 0.
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This means that the exact same arguments used in the proof of the unconstrained
minmax in Theorem 3 can be used for the constrained case. More specifically, each
argument with

Vo fx, ) —ey(x, yyul
and

Vax f (6, 9) = Vay £, ) (Vyy (3, y) — pey (e, DT Vo f(x, y) + pex (x, y)1.

has an analogous statement with Ry (u) and R, (u), respectively. For the sake of
completeness, we highlight the main points of the analogy.

First, when z is such that (38) holds, the sufficient condition for z to be a LAS
equilibrium point of (42) is that

ViuRe(0) = Ze(@) (Ex(D) = Jay F@ Iy f O Ey @y F @ Uy £2)) 2 (@) = 0.
(46)

The only extra argument needed is to show that condition (46) is always feasible for
some €, (z) large enough. This is not evident as the matrix

M = —Joy f (@) sy F ()T Ey (@) dyy f(2) T e f(2)

has size (ny + my) x (ny + m,) while Ex(z) only has n, nonzero elements in the
diagonal. However, because of the structural zerosin Jyy, f (z) and E(z), one can verify
with some algebraic manipulation that rank (M) := r < min(n,, ny). Let A be the
matrix with eigenvalues of M in decreasing order and V its associated eigenvectors
such that M = VAV’. We can partition V into V| of size (r, r) associated to the
nonzero eigenvalues of M and V, = I, 4u, —. This partition means that E,(z) =
V'E,(z)V, which means on can conclude that

ViR (W) = Ze@)'V/(Ex@) + M)V Z:(2),

which implies that one can always take €, large enough such that for each negative
diagonal entries of A, the equivalent diagonal element of (E, (z) + A) is positive.

Now the second part, let us prove the statement when z is such that the second-order
conditions in (38) do not hold. We need to prove that

Joo f(2) + RE(2) (47)

is singular for some p € (0, 1). On the one hand, using the same analysis as in the proof
of Theorem 3, we conclude that the (ConsLQAC) are sufficient to guarantee that z is an
unstable equilibrium point of (42) if in(J;; f (2)) # (nx +my+1y+my, [y +my+ny+
my, 0). On the other hand, if in(J,; f(2)) = (ny +myx+ly+my, [ +my+ny+m,, 0),
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than we can guarantee that by taking €, sufficiently large, there is a & € (0, 1) such
thatin(J,; f(z) + wE) # (ny +my +1, +my, [, +my +ny +m,y, 0), which means
that z is an unstable equilibrium point of (42). This concludes the proof. O

4 Algorithmic development and numerical examples

The following algorithm combines the result of the previous section to propose a
method for selecting €,(z) and €,(z) that satisfies the (ConsLQAC) and guarantees
the stability properties of Theorem 4. We only state the algorithm for the constrained
case, its specialization to the unconstrained case is straightforward. In order to keep
the algorithm more simple and to highlight the instability property, we chose to use
the functions €y (-) = €x(-) = 0 whenever the algorithm is near a local minmax.

Algorithm 1 Primal-dual interior-point method for minmax

Require: An initial point z = (x, sy, ¥, Sy, Vy, Ay, Vx, Ax), an initial barrier parameter value b, a barrier
reduction factor o € (0, 1), a stopping accuracy d; > 0, a 6 > 0 that defines a neighborhood for
stopping to adjust €; and €y.

1: while ||g(z, b)| o > 65 do

2 if [|g(z, b)lloo > Se then

3: €x < 0,6y <0

4 if ConsLQAC cannot be satisfied with €y, = €x = 0 then

5 Increase €y until

in(Jyy f(2) — Ey) = (Iy + my,ny +my,0)
6: Increase ¢, until
in(Jy; f(z) + E) = (ny +my +1y +my, [y + my +ny +my,0)

7. if in(J;; f) = (nx +my + 1y +my, Iy +my +ny +my, 0) then
8: Increase €, until, for some value of u € (0, 1),

in(Jzz f(2) + LE(2)) # (nx +mx + 1y +my, Iy + my +ny +my,0)

9: end if
10: end if
11:  endif

12:  Compute a new z using the equation

< 2z— Ol(Jzzf(Z) + E)ilS_lg(z. b)

where a € (0, 1] is selected such that the feasibility conditions
Ay, Ax, Sy, sx > 0 hold.

13: if [lg(z, b)lloo < b then

14: b<«<ob

15:  endif

16: end while
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Proposition 4 (Construction of the modified primal-dual interior-point method) Algo-
rithm 1 generates functions €, (-) and €y(-) that satisfy the conditions of Theorem 4
in the neighborhood of any equilibrium point 7* that satisfy the assumptions of Theo-
rem 4.

Proof For each z, Algorithm 1 produces values of €, and €, that only depend on z,
therefore itimplicitly constructs functions €, (-) and €y, (-). Moreover, €, (-) and €, (-) are
such that either the stability condition (46) or the instability condition (47) are satisfied
for each z, therefore they are satisfied in the neighborhood of any equilibrium point
Z*. Finally, €, (-) and €,(-) are constant in a neighborhood around each equilibrium
point as the values of €, and €, are not adjusted when [|g(z, b)[lo, =< Je. O

In Algorithm 1, for each z, (e, €y) is chosen to satisfy the conditions of Theo-
rem 4, and therefore generate the desired stability and instability. This means that the
algorithm essentially guarantees that the modified primal-dual interior-point method
can only converge to an equilibrium point if such point is a local minmax. A key point
of the algorithm is that it only uses the inertia of matrices, which can be efficiently
computed using either the LBLt or LDLt decomposition, as we further detail in the
following remark.

Remark 1 (Computing the inertia) It is not necessary to actually compute the eigen-
values of J;; f(z) in order to determine the inertia. A first option is to use the lower-
triangular-block-lower-triangular-transpose (LBLt) decomposition [16, Appendix A],
which decomposes J;, f (z) into the product L BL' where L is a lower triangular matrix
and B a block diagonal one, the inertia of B is the same as the inertia of J;, f (2).
Let I' = diag(y 1, 4m, —y1,1y+my, y11y+m)_, —v1; 4, ), with y a small positive
number. A second approach is to use the lower-triangular-diagonal-lower-triangular-
transpose (LDLt) decomposition, to decompose J,; f(z) + I into the product LD L’
where L is a lower triangular matrix and D is a diagonal matrix; the inertia of D, which
is given by the number of positive, negative and zero elements of the diagonal of D,
gives the inertia of J;; f (z)+1I". The matrix I" introduces a distortion in the inertia but it
helps to stabilize the computation of the LDLt decomposition, which tends to be faster
than the LBLt decomposition. This is the approach we use in our implementation; it
has been studied in primal-dual interior-point algorithms for minimization and the
distortion introduced by I" tends to be compensated by a better numerical algorithm
[43, 44]. O

4.1 Benchmark example for unconstrained minmax
Consider the following functions

fi(x, y) =2x% — y? +4xy +4/3y3 — 1/4y*

fa(x,y) = (4x* — (y — 3x +0.05x%)%2 — 0.1y exp(—0.01(x% + y?))
f3(x,y) = (x —0.5)(y — 0.5) 4+ exp(—(x — 0.25)% — (y — 0.75)?)
fa(x,y) = xy.
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Table 1 Comparing the performance of pure Newton’s method, gradient descent ascent and Algorithm 1.
We randomly generated 1000 initializations and used them to start the algorithms from different locations.
“eq” refers to the number of times the algorithm converged to an equilibrium point, i.e., a point that satisfy
the first-order condition (but not necessarily the second-order ones), “minmax* refers to the number of
times the algorithm converged to a local minmax, “iter” refers to the number of iterations it took for the
algorithm to converge to a minmax point

Pure Newton GDA Algorithm 1

eq minmax iter eq minmax iter eq minmax iter
N1 1000 1000 4.1 1000 1000 485 1000 1000 5.7
f 1000 665 7.3 976 976 18,195 996 996 8.1
3 954 485 4.8 373 373 40,936 709 709 7.1
fa 1000 1000 1 0 0 - 1000 1000 1

The first three have been used as examples in [31, 35, 45], respectively, whereas the
fourth one is a well-known case for a simple but challenging function to find the
local minmax. These problems all satisfy the assumption of Theorem 3 and have
local minmax points. We have chosen these functions because, as we will show, they
illustrate some interesting behaviors.

Our goal is to compare the performance of Algorithm 1 to the performance of two
well established algorithms. On the one hand, we look at the performance of a “pure”
Newton algorithm, i.e., using €, (-) = €,(-) = 0. On the other hand, we look into the
convergence of a gradient descent ascent (GDA), i.e.,

xT=x— o Vif(x,y)
y+ =Yy +05yvyf(xv y)

where a, and « are constant and different for each problem; we did our best to select
the best values a, and o, for each problem.

Each algorithm is initialized 1000 times, using the same initialization for the three of
them each time. We compare their convergence properties according to three criteria:
the number of times the algorithm converged to an equilibrium point (eq.), the number
of times it converged to a local minmax point (minmax) and the average number of
iterations to converge to a local minmax point (iter). The algorithm is terminated when
the infinity norm of the gradient is smaller than 8; = 10~ and we declare that they did
not converge if it has not terminated in less than 500 iterations for the pure Newton and
Algorithm 1, and 50 000 for GDA. The result of the comparison is displayed in Table 1.
The key take away from these examples is that Algorithm 1 never converges toward an
equilibrium point that is not a local minmax, in contrast with the pure Newton method
which is attracted to any equilibrium point. Here is a detailed observation from this
comparison.

e The pure Newton algorithm has good overall convergence for all the problems,
but it also tends to often converge toward an equilibrium point that is not a local
minmax problems. On the other hand, when the pure Newton converges to a local
minmax, it does so in less iterations than the other two methods. This is expected
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when comparing to the GDA, as it is a first-order method. Pure Newton algorithm
converges in (slightly) less iterations than Algorithm 1 because taking €, and €,
different than O hinders the superlinear convergence property of Newton’s method.

e The GDA algorithm seems to enjoy the property of always converging toward a
local minmax, and except for f3(-) and f4(-), it has good rate of convergence.
However, GDA takes an exceptionally long number of iterations to converge. This
is somehow expected from the fact that it is a first-order method, and it is partially
compensated by each iteration being more simple to compute. However, one must
keep in mind that none of this takes into account the time that needs to be spent
adjusting the step sizes until a good convergence rate can be obtained.

e At last, Algorithm 1 is across the board the algorithm with better convergence
toward local minmax, and it does so in the smallest number of iterations. As it was
expected from the theory, Algorithm 1 never converges toward an equilibrium point
that is not a local minmax. From a numerical perspective, the biggest takeaway is
that while our results are only about local convergence, the algorithm still enjoys
good global convergence properties; only in f3(-) it does not converge essentially
100% of the time.

e Function fy(-) is particularly interesting example. First, notice that the pure New-
ton converges in one iteration. This is expected as the iterations are given by

T [x Ol_ly_x 01_101x_0
b= 0a BI=E1-0] ol -1o]
This is in stark contrast with GDA which, as it is well known, diverges away from
the local minmax. As for Algorithm 1, it converges even though it does not satisfy
the assumptions of Theorem 3, further emphasizing that these are sufficient but not
necessary conditions. Notice that Algorithm 1 is not the same as the pure Newton

as the Hessian will be modified with an €y, (x, y) > 0 to guarantee that the portion
of the Hessian associated to the maximization is negative definite.

4.2 The homicidal chauffeur example for constrained minmax

In the homicidal chauffeur problem, a pursuer driving a car is trying to hit a pedestrian,
who (understandably) is trying to evade it. The pursuer is modeled as a discrete time
Dubins’ vehicle with equations

xi,l) + v cos xS)
x;r = x,(,z) + vsinx[(,3) =: ¢p(xp, u)

NO
where x[(,i) designates the i element of the vector x p» U 1s a constant forward speed

and u is the steering, over which the driver has control. The pedestrian is modeled by
the accumulator

x:_ = xe +d = ¢e(xe’ d)
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where d is the velocity vector. Given a time horizon 7', and initial positions x,(¢) and
X, (1), we want to solve

T—1
2
. 1,2 . . 2 )
Lr}lelzg glea% 2 Hxl(, Yt+i+1)—xet +i+ I)HZ—H/MM(I +i)—yalld + D3
1=

(48)

where xfyl’z) designates the first and second elements of the vector x; y, and y, are

positive weights; and U, U, D and D are defined fori =0, ..., T — 1

U:=ut+i),x,t+i+1)
U= {u(t i), xp(t +i + 1)1 ult +i)? < ul,,,
xp(t+i+1)=¢p(xp@t+i),ult+1)}

D :=d(t+i),x.(t +i+1)
Di={d(t+i),x(+i+1): ldt+ DI} <d,,,
Xe(t+i+1) =¢e(xe(t +i),d(t +i))}.

Instead of explicitly computing the solution of the trajectory of the pursuer and evaders,
we are implicitly computing them by setting the dynamics as equality constraints; we
will show shortly that this has an important impact on the scalability of the algorithm.

Each player is controlled using model predictive control (MPC), meaning that at
each time step r we solve (48) obtaining controls u(¢) and d(t), which are then used
to control the system for the next time step. The problem satisfies the assumptions of
Theorem 4, as it is differentiable and has local minmax points for which the LICQ and
strict complementarity hold.

The importance of guaranteeing instability

It is natural to ask whether it is important to enforce the instability guarantee,
specially in the case where the (ConsLQAC) is not enough, meaning one needs to use
line 7 of Algorithm 1. In Fig. 1, we show what can happen if they are not enforced.
We take the homicidal chauffeur problem with a horizon of T = 20 and we run the
MPC control for t = 1,...,50. In one case we enforce the instability guarantee,
meaning that we use line 7 of Algorithm 1, on the second case we only enforce the
(ConsLQAC), and on the third case we only enforce the instability guarantees after
t = 25. In all cases, we start the system with the exact same initial conditions.

In the first case, the evader (which is the maximizer), is able to find a control
that allows it to get further from the pursuer. The average cost for all the time steps
(t =1,...,50) ends up being around 0.2. In the second case, the solver keeps being
attracted toward a point that is not a local minmax (and more precisely, not a local
maximum), which means that the evader is not capable of escaping the pursuer; as a
consequence, the average cost for all the time steps ends up being around 0.05, which
is lower, as expected. Finally, in the third case, at # = 25 the solver starts to be able to
converge toward a local minmax, and the evader is able to escape from the pursuer.
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Fig.1 Trajectory for Homicidal Chauffeur problem with and without guaranteeing instability at equilibrium
points that are not a local minmax
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Fig.2 Scaling of homicidal chauffeur with horizon length and sparsity pattern of the Hessian when using
the sequential approach

This example illustrates how crucial it is to enforce instability. By doing it, we
guarantee that the algorithm can only converge toward an equilibrium point that is a
local minmax, and this can completely change the numerical solution.

Exploiting sparsity

Instead of setting the dynamics as equality constraints in (48), one could simply
find the solution of the trajectory equation at each time step. This means to explicitly
calculate x,(t +i +1) = ¢, (¢)p( cu(Hi =) u+ i)). In the MPC literature,
this is known as the sequential approach, versus the simultaneous approach we used in
(48) [46, Chapter 8.1.3]. We want to study the scalability of the algorithm by enlarging
the horizon 7', both when using the sequential and the simultaneous approaches.

The sequential approach solves an optimization problem in a smaller state
space, because it only needs to solve the optimization for u(¢),...,u(t + T) and
d(t),...,d(t + T) and it does not have to handle equality constraints. However, as
we can see from the sparsity pattern in Fig. 2b, the Hessian is rather dense, with large
parts of it containing nonzero entries. As it can be seen in Fig. 2a, the algorithm scales
rather poorly as the horizon length (and hence, the number of variables) increases; it
no longer converges reliably after 7 = 80.
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Fig.3 Scaling of homicidal chauffeur with horizon length and sparsity pattern of the Hessian

The simultaneous approach on the other hand solves the optimization problem in a
much larger space state, because not only it needs to also solve for u(z), ..., u(t+7T)
and d(),...,d(t + T), but also for x,(t), ..., x,(t + T) and x.(7), ..., x.(t + T)
and it also needs to handle equality constraints. Fortunately, as we can see from
the sparsity pattern in Fig.3b, most of the entries in the Hessian are actually struc-
turally zero (meaning they are always zero). TensCalc’s implementation of the LDLt
factorization exploits sparsity patterns and scales roughly in O(7T), which makes it
substantially more efficient than standard LDLt decomposition, which scales in O (T3)
[16, Appendix A]. At each step of Algorithm 1, most of the time is spent computing
the LDLt decomposition, either for adjusting €, and €y, or to invert H; f(z). As a con-
sequence, we can see in Fig. 3a that both the number of iterations necessary to solve
the optimization and the time per iteration scale roughly linear, the first being multi-
plied by about 1.7 while the second by 3.5 while the horizon length 7' is multiplied
by roughly 30.

Remark 2 (Minmax problems with shared dynamics) In the homicidal chauffeur, the
control of the pursuer does not impact the dynamics of the evader, and vice versa. This
is why in (48) the dynamics can be set as equality constraints independently for the
min and for the max.

Now consider the problem

xt = f(x,u,d)

where u is the control and d is the disturbance and one wants to minimize a cost function
Vx(l),...,x(T),u(0),...,u(T — 1)) given the worst disturbance d(1), ..., d(T).
Because both the control and the disturbances influence the dynamics, we need to
include the dynamics as equality constraints for the maximization, leading to the
optimization problem

min max v<x(1), o x(T). u(0), ... u(T — 1))
u(i)eld,i=0,...,T—1d(@)eD,x(i+1),i=0,...,T—1:
x((+1)=f(x(@),u(@),d@@))
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where U, D are the feasible sets for the control and disturbances. It is important to
notice that x just acts as a latent/dummy variable that allows us to avoid solving the
trajectory equation. Setting it as a maximization variable does not changes the result
as x is always exactly determined by the value of u and d. It does, however, improve
the numerical efficiency of the algorithm as now the Hessian matrices are sparse and
their LDL decomposition can be efficiently computed. ]

5 Conclusion

The main contribution of this article is the construction of Newton and primal-dual
interior-point algorithm for nonconvex—nonconcave minmax optimization that can
only converge toward an equilibrium point if such point is a local minmax. We estab-
lished these results by modifying the Hessian matrices such that the update steps can
be seen as the solution of quadratic programs that locally approximate the minmax
problem. While our results are only local, using numerical simulations we see that the
algorithm is able to make progress toward a solution even if it does not start close to it.
We also illustrated using numerical examples how important it is to have a formulation
of the minmax problem such that the Hessian matrix is sparse.

The main future direction would be to develop non-local convergence results. We
believe that the best approach to obtain such results would be to develop a type of
Armijo rule which could be used to obtain similar results to those from minimization.
Developing filters and merit function could also play an important role in coming up
with ways to improve the algorithm’s convergence.
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Appendix A Second-order sufficient conditions for constrained mini-
mization and minmax optimization

A.1 Proof of Proposition 1 (constrained minimization)

The first step is to show that g(z, 0) = 0 is equivalent to the Karush—Kuhn-Tucker
(KKT) conditions [16, Chapter 12]. Consider the “full" Lagrangian I:(x, Sxs Vs Ay, Tye)
= f(x) + V.G (x) + 1 (Fx(x) + sx) — 1.5, for the optimization (10). The KKT
condition would then be that

VXZ/(-X’ Sxs Vxs Ay, Tx)
sti(x’ Sy Vs Ay, Ty) = Ay — Ty
Gy(x) =0 (AD)
Fr(x) + sx
Tx O S

and sy, Ty > 0. The second equation can be used to substitute 7, by A,, which gives
the equality g(z, 0) = 0.

Now the second-order sufficient conditions. Let us start by rewriting the minimiza-
tion (1) but instead of using as slack variables s, with the constraint s, > 0, using the
slack variable w, © w, (where © is the element wise product):

min X). A2
x,wX:GX(x):O,FX(x)—&-wX@wX:Of( ) ( )

Consider now the solution cone

Cr(2) :=={(dy,dy) € Rnx+mx\{0} : VxGx(x)/dx =0,
Vi Fy(x)dy + 2 diag(wy)dy = 0}

Let (x, wy, vy, Ax) be a point such that the KKT conditions for (A2) hold. As, by
assumption, the LICQ and strict complementarity conditions hold, if

] [V ak
[jw] |: (f(Z) 2dia(;()hx)j| [jwi| > 0V(dy, dy) € Ci(2) (A3)

then (x, wy, vy, Ay) is a local minimum of (A2). The proof can be found in [16,
Theorem 12.5].

We now need to prove that (A3) is equivalent to the condition (13) from the propo-
sition. Because the LICQ and strict complementarity hold, the set C,(z) is given by
the null space (a.k.a. the kernel) of the matrix

Hy f(z) = [VX%X(X) 231)(212&))} (A4)

This result can be found in [16, Chapter 12.5], in the subsection “Second-order con-
ditions and projected Hessian". Let Z, € R+ Fme=m—lx be 3 matrix with full
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column rank such that ﬁx,\ f(z) Z; = 0. Then, the condition (A3) can be rewritten
as

Z/

X

|:VxxL(Z) 0

0 2diag(,\x)] Ze >0

which is equivalent to say that

. /| Vax L(z) 0 _
in (Zx |: 0 2diag()»x)} Zx> = (ny —1,0,0)

Now consider the matrix

Vi L(2) 0 ViGy(x) ViFy(x)
- B 0 2diagh,) 0 2diag(w)
Hef@D =1y gy 0 0 0

V. Fy(x) 2diag(w) 0 0

(A5)

As the LICQ conditions hold, according to [16, Theorem 16.3]

. . , | VixL 0
in(H;; f(z)) =in (Zx [ 0 @) 2diag(kx)] Zx> + (e +my, L, +my, 0).

Therefore, (A3) holds if and only if in(I-NIZZ f) = (ny +my, Iy +my, 0).

We have almost finished the proof, we now just need to prove that in(]flzZ f) =
in(H;; f(z)). Using the equality condition Fy(x) + wy ©® w, = 0, we obtain the
relation wy = (—F,(x))!/2 = s;/z. If we substitute back this result in ﬁzzf(z), we
almost have that H., f (z) is equal to H; f(z) except for the 2 in front of diag(A,) and
diag(s]/ 2). Take the matrix Z defined by

E = dlag([lﬂym [a(l)a a(2)7 R ] a(m)()]7 llXerl])
where

Lifa® —0ands” #0
LAl £0ands? =0

with )\)(f) and s)(f) denoting the i™ elements of A, and s,. Then, EH..f(2)E =
H_. f (z) which, according to Sylvester’s law of inertia [42, Theorem 1.5], implies
that inertia( H; f (z)) = inertia(H,; f(z)), which finishes the proof. O

A.2 Proof of Proposition 3 (constrained minmax optimization)

First, using the exact same reasoning as in the proof of Proposition 1, one can show
that g(z, 0) = 0 is equivalent to the first-order necessary condition in [15].
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Similarly to what we did in the proof of Proposition 1, let us start by rewriting the
constrained minmax optimization (36) using the slack variables w © w:

min max fx, ).
X, Wy Gy (x)=0, Fx (X)+wy Qwy=0  y,wy:Gy(x,y)=0,Fy(x,y)+wyQwy=0

Consider the solution cones

Cy(2) :={(dy. dy,) € R"T"N\(0} : V,Gy(x, y)dy =0,
V,F(x, y)dy + 2diag(wy)d,, = 0}

and

Cy(2) i={(dy, dy,) € R*T"\(0}: VG, (x)dy =0
ViFx(x)dy +2 diag(wx)dwx =0}

Let z be a point such that g(z,0) = 0. As, by assumption, the LICQ and strict
complementarity hold, if

dy 7' [VyyL(z) 0 d,
[d:y] [ » —2diag()uy)i| [dui)] <0V (dy,dy,) €Cy(z)  (Aba)

[‘Zv ] (HerL @) = ey f ) Hyy ) Hey f)) [f )

Wy

:| >0V (dy,dw,) € Ci(2)
(A6b)

then (x, wy, vy, Ay) is a local minimum of (A2). The proof can be found in [15,
Theorem 3.2].

The proof between the equivalence of the condition (A6a) and in(Hyy f(z)) =
(ly +my, ny + my, 0) is almost identical to the proof of Proposition (1).

The condition on the inertia of in(H; f (z)) requires some more development. In an
analogous way to the proof of Proposition (1), let Z, be a matrix with full column rank
such that Hy;, f(z) Z; = 0. Then, the sufficient conditions (A6b) for the reformulated
outer minimization is

Z; <Hxxf(z) - nyf(z)/Hyyf(Z)_lnyf(z))zx > 0. (A7)

We want now to define a new partition of H,, f(z) which we will use to finish the
proof. Consider the matrices

T _ Hyy f(2) nyf(z) 7 _ Hy;. f(2)
B (@) = [nyf(z)/ Hyyf<z>} and - H f () = [Ony+m,+zy+my,zx+mj '
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such that

I_:Izzf(Z) I:]xkf(z)]

Hy f(2) = [Hx)\f(Z)/ 0, +m,

Let the matrix

Zx — Zy Onx+mx,n_\;+m}v+ly+my
Ony+m),+ly+my,nx—lx Iny—i-my-i-ly-ﬁ—m)w

One can show that Z, is full column rank and such that H,; f@) Z, = 0. Therefore,
if we apply [16, Theorem 16.3] to H,, f (z) (with the new partitioning) gives

in(H,; f(2)) =in (Z,H.; f () Zx) + (L +my, i +my, 0)

In turn, in (Z} H_; f (z) Z) can be simplified using Haynsworth inertia additivity
formula [42, Theorem 1.6]:
in (Z)/c szf(z)zx)

i ({z;H” f@)Zy Z;nyf(z>D
nyf(z)/zx Hyyf(z)

in (7, (Mo 2) = Hey S Hyy £ Hey f ) ) Z2 ) +inCHy £ (2)).

Therefore, if (A6a) holds, (A6b) is equivalent to
in(HZZf(Z)) = (ny —1,0,0) + (l) +my,ny +my, 0) + (x +my, Iy +my,0)

which finishes the proof. O
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