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Abstract: For minimizing a scalar-valued function subject to equality constraints,
we develop and investigate a family of gradient transformation differential equation al-
gorithms. This family includes, as special cases: Min-Max Ascent, Hestenes’ Method
of Multipliers, Newton’s method, and a Gradient Enhanced Min-Max (GEMM) al-
gorithm that we extend to handle equality constraints. We apply these methods to
Rosenbrock’s function with a parabolic constraint. We show that Min-Max Ascent
is locally and (experimentally) globally asymptotically stable but extremely stiff and
has extremely slow convergence. Hestenes’ Method of Multipliers is also locally and
(experimentally) globally asymptotically stable and has faster convergence, but is still
very stiff. Newton’s method is not stiff, but does not yield global asymptotic stability.
However, GEMM is both globally asymptotically stable and not stiff. We study the
stiffness of the gradient transformation family in terms of Lyapunov exponent time
histories. Starting from points where all the methods in this paper do work, we show
that Min-Max Ascent and Hestenes’ Method of Multipliers are very stiff and slow to
converge, but with the Method of Multipliers being approximately 2 times as fast as
Min-Max Ascent. Newton’s method is not stiff and is approximately 900 times as fast
as Min-Max Ascent and 400 times as fast as the Method of Multipliers. In contrast,
the Gradient Enhanced Min-Max method is globally convergent, is not stiff, and is
approximately 100 times faster than Newton’s method, 40,000 times faster than the
Method of Multipliers, and 90,000 times faster than Min-Max Ascent.
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1 Minimization with Equality Constraints
We consider the nonlinear programming problem of finding a point x* € R" to
min ¢(x) subject to ¥ (x) =0, (1)

where the functions ¢(-) : R™ — R! and 9(-) : R — R™ are C2. We develop differential
equation algorithms of the form

% =g(x),

where () denotes d()/d¢t and ¢ is time. We choose the function g(-) with the objec-
tive of having solutions x(t) — x* as t — oco. Such “trajectory following” algorithms
have received considerable attention in recent years. In [I] Steepest Descent differential
equations are used to design controllers for nonlinear systems. In [2] optimal control dif-
ferential equations are used to design new discrete minimization algorithms. In [3] and
[4] differential equation algorithms are investigated for min-max optimization problems.
In [5] and [6] differential equations for Newton’s method are used to find all of the sta-
tionary points of a function. In [7] a Gradient Enhanced Newton algorithm is developed
for finding a stationary proper minimum point. In [§] a Gradient Enhanced Min-Max
method is developed for finding a proper stationary min-max saddle point.

In this paper, we extend the stationary min and min-max results of [7] and [§] to include
equality constraints. As in these previous papers, we are concerned with differential
equation-based algorithms, and with the stiffness and domain of stability of a family
of gradient-based numerical update algorithms. These algorithms include, as special
cases, Steepest Descent, Min-Max Ascent, Newton’s Method, augmented Lagrangians
and Hestenes’ Method of Multipliers, and the Gradient Enhanced Min-Max algorithm
that we extend here for minimization subject to equality constraints. We use Lyapunov
exponents to measure the stiffness (e.g., widely separated time scales and eigenvalues) of
the various algorithms when applied to an equality constrained version of Rosenbrock’s
“banana” function.

2 Necessary Conditions at a Minimum Point

The necessary conditions for x* € R™ to yield a regular [, p. 35] local minimum can be
expressed in terms of the Lagrangian

L(x,A) = (x) — AT9p(x), (2)

where A € R™ is a vector of Lagrange multipliers and 1(-) : R™ — R™ represents a
system of m < n equality constraints that must be satisfied at x*.
The first-order Karush-Kuhn-Tucker necessary conditions [d p.57] are that:

oL 0 O oL
T2 7 Z\TZI*Z T—=__ — T
=~ ox Max Y Y (3)

AN

where OL/0x = [0L/dx1,...,0L/0x,]. Since OL/OX = —1T the necessary conditions
can be written in terms of yT = [xT,AT] € RP, p=n+m, as
GL} T

VyL(y) = [@ =0, (4)
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that is,
991" o’ oLT
VxL=|—| —|=—| A=0, VaL=|—~| =—-9Y=0.
x [ax} ox ’ A OA v

The necessary conditions () are stationarity conditions, yielding candidates that may
be local minima, maxima, or saddle points. Suppose that the constraint qualification
conditions [9, p. 55] hold: that at x* there exists a nonzero vector n € R™ tangent to
the constraints 1 (x*) = 0. Then the second-order necessary condition [9, p. 56] for a
regular local minimum point is that

op(x*)
0x

where H(x,A) = 0?L(x,\)/0x2. A second-order sufficient condition is that VyL(y) =
[OL (y*) /0y]" = 0 and

nTH(x*,A\*)n > 0 for all nonzero i such that

n=0, (5)

9P(x*)

ox
which would be satisfied, for example, by the stronger condition that H(x*, A*) be pos-
itive definite.

nTH(x*,A")n >0 for all nonzero n such that n =0, (6)

3 Numerical Minimization Methods

Numerical minimization methods [10] generally seek a search direction s and a step size
«a for a move x < x + as. Here, we focus on the instantaneous search direction, us-
ing a differential step size with continuous updating of the search direction. Thus we
develop “trajectory following” algorithms of the form dx/d¢t = g(x). Such differential
equations-based algorithms have been very useful in developing new discrete optimiza-
tion algorithms [2] based on long-term optimal control algorithms. In addition, using a
differential step size avoids difficulties such as “chatter” that can occur with discrete step
size algorithms such as Steepest Descent applied, for example, to Rosenbrock’s function

7.
3.1 Unconstrained minimization

3.1.1 Steepest descent

The simplest algorithm for minimizing an unconstrained function ¢(x) is the Steepest
Descent algorithm

x = _V(ba
with V¢ = [9¢/0x]T, which yields
dp 09, 2
a 8_xx =— Vo[,
where ||| denotes the Euclidian norm. If x* is a local minimal point for ¢(x) then

V(x) = ¢(x) — ¢(x*) is a local Lyapunov function, establishing that Steepest Descent
is at least locally asymptotically stable at a proper local minimum. In addition, if
x* is unique and ||V¢(x)|| — oo as ||x|| — oo then the minimal point x* is globally
asymptotically stable.

Steepest Descent may produce stiff systems. Such systems require much more compli-
cated differential equation solvers than Euler’s method or Runge-Kutta methods, leading

to complicated discrete versions.
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3.1.2 Newton’s method
From Taylor’s theorem applied to the stationarity necessary condition
V¢ =0,

we get

Vo(x + Ax) = Vo(x) + V2¢(x)Ax + O(|| Ax[?), (7)

where V2¢ = 92¢/0x? is the Hessian matrix, Ax = XAt + O(At?), and O(a?)/a — 0
as o — 0. Setting the left-hand side equal to zero yields the discrete-time (At = 1, small
||Ax]|) version of Newton’s method: Ax = — [VQ(;S} - V.

In the limit as At — 0, the continuous-time Newton method is given by

%= —[V%] ' Vo (8)

The discrete-time version of Newton’s method corresponds to applying Euler integration
Ax = xAt to [8) with At = 1.

Note that Newton’s method is only well defined in a region where the determinant
‘VQ(b(X)‘ does not change sign and is nonzero, such as some neighborhood of a proper
local minimal point x*, at which VZ?¢(x*) > 0 (positive definite). Newton’s method,
in regions where it does work, typically converges much faster than Steepest Descent,
and yields non-stiff systems. In particular, in terms of the gradient V¢ [x (¢)] along x(¢),
Newton’s method (B)) yields

dVe o gL
1 (v
which is non stiff, with eigenvalues pup = —1, k = 1,...,n. Note that, along x(t) we

have V¢ [x (t)] = Vo [x(0)]e™" — 0 as t — oo, hence V¢ [x(t)] — 0. As with Steepest
Descent, Newton’s method is at least locally asymptotically stable to a proper local
minimal point.

3.2 Constrained minimization

3.2.1 Penalty functions

The earliest approach to handling equality constraints )(x) = 0 was to apply uncon-
strained minimization to a penalty function such as Courant’s penalty function

1 1
(x,8) = o(x) + 55 [ )|* = ¢(x) + AP ()P (x), (9)
with a sequence of increasing values for 8 > 0. Then Steepest Descent yields
X =—-Vr=-Vj(x) - fIT(x)9(x),

where I' € R™*"™ is given by

I'(x) = 0¢(x)/0x. (10)
The main difficulty with this approach is that, for any finite § > 0, the point that
minimizes 7(x, ) is not exactly the same point that minimizes ¢(x) subject to ¥(x) = 0,
except in the limit as f — oo. In addition, large values of [ yield stiff systems. Note
that Newton’s method applied to (@) may alleviate the stiffness, but not the “mismatch”
between the two minimization solutions, which requires § — oo.
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3.2.2 Newton’s method

The first-order necessary conditions for a stationary point of ¢(x) subject to )(x) =0
are given by (@) in terms of a Lagrange multiplier vector. Newtons method, applied to

@, is given by

I v.L
N——H ¥) [_w(x)}, (1)
where
2 2
2 % 86;; oL rT
X X Y -
H(y)= V2L 2 a_g - — | 0% (12)
dy 2L 0L
oL T o0
OxON  O)\2

3.2.3 Min-Max Lagrangians
Consider the Lagrangian
L(x,A) = ¢(x) = ATep(x).

Let x(A) denote the unconstrained minimizer for L(x,A), and let x* and A* be the
solution and Lagrange multiplier, respectively, for the constrained minimization problem
@). Then L(x(A),A) < L(x,A) ¥V x, along with ¥ (x*) = 0, yields

L(x(A), A) < L(x", A) = ¢(x7) = ATep(x")
= o(x") = o(x") = ATeh(x")
= L(x", A7) = L(x (A7), A).
Thus
L(x*,A") = m)f‘ixrr;in L(x,\) = m)inm}:\ixL(x, A), (13)

since L(x, A) is linear in A.
A Min-Max Ascent algorithm [3] for achieving the Lagrangian saddle point defined
by ([@3) is given by

x = —VxL(x,A) = —-V¢(x) + T'T (x) A, (14)
A= VaL(x,A) = —¢(x). (15)

As noted in [11], methods such as this, where x* solves the primal problem () and A(u)
is the Lagrange multiplier vector for an associated dual problem [12] p. 113]:

min oi(w]  subjectto ()] = u (16)
x(u)eENx

with A(0) = A* and N,C R™ and NxC R" being small neighborhoods of u* = 0 and
x*, respectively, have “... serious disadvantages. First, problem () must have a locally
convex structure in order for the dual problem ([IG) to be well defined and ([IT) to be
meaningful. Second, ..., the ascent iteration ([IH)) converges only moderately fast.”
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3.2.4 Augmented Lagrangians

The following results apply to the equality constrained problem (), but can be extended
to the general nonlinear programming problem with equality and inequality constraints.
Consider an augmented Lagrangian [13]

LA B) 2 LxA) + 39(x)TS9(x) = ¢(x) + 39(x)TS¢(x) = ATy (x),  (17)

where B€ R™, B3> 0, and S = diag[3] € R™*™. The augmented Lagrangian (I7)
can be viewed either as 1) the Lagrangian plus a penalty term or 2) the Lagrangian for
minimizing a weighted Courant penalty function (@) subject to 1)(x) = 0. In the first
case view, since a purely x-dependent penalty term has been added to L(x, \), we expect
that in changing to a maxy miny £(x, A) vs. maxy miny L(x, A) process, A has no effect,
but x affords a trade-off between the x that minimizes L(x, A) and the x that minimizes
L(x,A,3). However, the penalty weights 8; on the 1); do not need to approach infinity
for the two solutions to be the same and can be quite moderate in size. We have:

Theorem 3.1 If second-order sufficient conditions [G) hold at (x*,\*) then there
exists 3" > 0 such that for any B >3, x* is an isolated local minimizer of L(x,\*,3),

that is, x* = x(X*). Furthermore, X* is a local mazimizer of v(A) = L(x(X),\,8).
Proof [10, pp. 289-291].

Hereafter we consider the case where S = 81,,, and drop the 8 argument in £(-) unless
it is expressly needed for the discussion.

4 Gradient Transformation Trajectory Following

From Theorem Bl we seek a maxx ming £(x,A). We consider the class of Gradient
Transformation algorithms, of the form

¥y =-Py)VyL(y), (18)

where P(y) € RP*P is a Gradient Transformation matrix to be chosen, y € R? with
yT = [xT,AT], and

h(y) = V, £(y) = [giﬂ _ {VXL o irw} _ {Vcb ~TTA— W]} )

Thus the Gradient Transformation algorithms are of the form

|:>:(:| _ |:Pxx Px)\:| |:Vx£:| _ |:Pxx Px)\:| |:_V¢+ rT [)‘ - 5"/’]] (20)
Al [Pax Pax]| [VaL]  [Pax Pax P '

If P(y) is nonsingular in a region R C R? containing y* = (x*, ™) then for ([I8) the
only equilibrium points in R are where VyL(y*) = 0. We will be concerned with the
uniqueness and local and global stability of the (possibly multiple) equilibria and with
the “stiffness” of the resulting system, corresponding to various choices for P(y).
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4.1 Min-Max ascent

The original trajectory following method [3] for seeking maxy miny £(x, A) is via steepest
descent for x and steepest ascent for A, yielding

X = —VxL = —|[VyL+ Ty —Vx¢+TT A= By],
A = Vil = WV,L = .

This corresponds to choosing

_ Pxx Px)\ _ In 0
b= |:P)\x P»J N [0 _Im:| 1)

in (20), where I, denotes the p x p identity matrix.

4.2 Hestenes’ method of multipliers

In a discrete-time setting let A denote the current estimate for the Lagrange multiplier
A* and let x = x(Ay) denote the minimizer of £(x, A;). Then

0 = VyL = VyL+ BTTep = Vs — T [N — B2h] .

Hestenes [13] suggests taking Agy1 = A — Btp. Then if ¥ (xj41) = 0 at the minimizer
Xp41 of L(x, Aky1)

0= Vx£ = VxL = Vx(b (Xk—H) — FT (Xk—H) Ak+1

would yield (Xpt1, Akr1) = (x*, A") satisfying the first-order necessary conditions (3.
The continuous-time version of Hestenes’ Method of Multipliers is A = —f4). This,
coupled with steepest descent on x, corresponds to choosing in ([20):

_ Pxx Px)\ _ In 0
P= |:P>\x P»J B [0 _BIm:| ' (22)

4.3 Newton’s method
For maxy miny £(x, A) the first-order necessary conditions are
0=VxL=V,L+pTTY, 0=VrL=VrL=—9. (23)

Newton’s method applied to (23] is given by

] (VKL [Vl
N— 1 (y) [VAE]— # <y>[_¢], (24)
where 02
fonn L g T
H(y) = VL= 3—},2: X ) (25)
T o

with T'(x) defined by (). This corresponds to choosing in ([20)):

Pxx Px)\ —1
|:P)\x P)\)\]
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Instead of assuming H ! exists, Newton’s method can be written as

2
X 8§ T X VL
Hy) | | =] == . (26)

A geometric interpretation of Newton’s method is given by noting that

2L . 9L (7 )

4 VL] | T axax % -IT| [%

VAL 2L . L. r A
ok LTk — 0
axorn s T oM
Thus from (26)

d [ViL] [Vl
T {VAE] = _VA/:] : (28)

Hence

[VXL} =e ! {Vx/:] and we have [Vx/l} =e ! [Vx/:} — {O} as t — oo
VAL t VAL t=0 ¥ t ¥ t=0 0 '

Thus Newton’s method: a) is at least locally asymptotically stable to a point ¥ satisfying
the necessary conditions (@) provided H~1(§) exists, b) is not stiff (all eigenvalues are
p = —1), and c) has a domain of attraction that is the region containing §, where H !
exists. However, Newton’s method may not be globally convergent. Furthermore, it
only seeks stationary points of the augmented Lagrangian £(x, A), not specifically those

yielding maxy miny £(x, ).

5 Stiff Differential Equations

Stiff systems are systems of differential equations which have two or more widely sepa-
rated time scales, usually specified in terms of eigenvalues. For nonlinear systems we will
use Lyapunov exponents.

5.1 Lyapunov exponents

Lyapunov exponents [I4, p. 205] are generalizations of eigenvalues and characteristic
(Floquet) multipliers that provide information about the (average) rates at which neigh-
boring trajectories converge or diverge in a nonlinear system. Let y(t) and y(¢) be
solutions to

y =1f(y), (29)

starting from neighboring initial conditions, and let p(t) = ||F(¢t) — y(¢)|| be the distance
between the trajectory y(t) and the perturbed trajectory y(t) at time t. If p(0) is ar-
bitrarily small and p(t) — p(0)e°® as ¢t — oo then o is called a Lyapunov exponent
for the reference trajectory y(t). The distance between the trajectory points y(t¢) and
¥(t) grows, shrinks, or remains constant for ¢ > 0, ¢ < 0, or o = 0, respectively. In
a p-dimensional state space there are p real Lyapunov exponents, oy > ... > 0, corre-
sponding to exponential growth rates in p orthogonal directions. For a given trajectory
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y(t) the Lyapunov exponents are unique, but are functions of the initial state. Arbitrar-
ily close initial states (e.g., on and to either side of a separatrix) may yield trajectories
with different Lyapunov exponents, corresponding to different behaviors as ¢t — oo.

If £(-) is continuous and continuously differentiable the Lyapunov exponents can be
calculated in terms of the state perturbation equations

a=amm A =220 (30)
y
where A(t) is evaluated along a trajectory y(¢) and, for small «, ¥(t) = y(¢) + an(t) +
O(a?) is an initially neighboring trajectory. If f(-) is discontinuous across some “switch-
ing surface” in state space certain “jump conditions” must be imposed to accurately
compute Lyapunov exponents [15].

For the special case of an equilibrium y(¢) = constant, so that A is constant, the
Lyapunov exponents oy are the real parts of the eigenvalues ug, k =1,...,p, of A. The
same result holds for trajectories that asymptotically approach an equilibrium.

One way to compute Lyapunov exponents numerically [I6] is to integrate the equa-
tions of motion (29, along with p copies of the perturbation equations ([B0), one for
each of p initially orthogonal unit perturbations 1, (0), corresponding to the semi-axes
of an initially spherical p-dimensional ellipsoid in state space. At t > 0 we define the
instantaneous Lyapunov exponents as

or(t) = ; —r (31)

7. (O)|

with the Lyapunov exponents of = limy_,o {0%(t)}. We define the instantaneous “stiff-

L [Insol)

ness” as X(t) = |omax(t) — Omin(t)]. As the trajectory y(¢) moves through state space,
the perturbation vectors n,(t) rotate (so they are no longer orthogonal) and stretch or
shrink as the axes of the ellipsoid centered at y(t) change. Over time, the perturbation
vectors will all tend to align with the major axis of the ellipse, corresponding to the
largest Lyapunov exponent, in a manner analogous to the power method for generating
the dominant eigenvalue and eigenvector of a matrix. Since some of the Lyapunov ex-
ponents may be positive, particularly in chaotic systems, the algorithm incorporates a
periodic discontinuous rescaling of the perturbation vectors, to avoid numerical overflow,
using a Gramm-Schmidt orthonormalization procedure [I4] p. 207].

5.2 State perturbation equations

Let pl(y), k=1,...,p, denote the k-th row of P(y). Then

p1(y)
v=~£y)=-Py)VyLly)=—| : | VyL(y).
P} (y)

Along a trajectory y(t) the state perturbation equations @B0), with A(y) = 9f(y)/dy ,

are given by
9L(y) 9p1(y)

dy Jdy

Aly) = -P(y)H(y) - : ) (32)
L(y) Ipp(¥)

oy oy
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where H = V3 L(y) = 0°L£/0y?. At a stationary point y* of L(y), VyL(y*) = 0 and
A(y*) = —=P(y*)H(y*). This result also holds for P constant. The eigenvalues of A(y*)
provide a measure of the stiffness of the system (29), at least near y*. Along a trajectory
y(t) the Lyapunov exponents ([B1) do so.

6 Unconstrained Min-Max Saddle Point

In [8] a Gradient Enhanced Min-Max (GEMM) algorithm is developed as a variable
Levenberg-Marquardt modification [I7, p. 145] to Newton’s method, designed to find
saddle points of a scalar-valued function. The GEMM algorithm specifically seeks min-
max saddle points, whereas Newton’s method seeks stationary points. As we shall see,
GEMM generally has a larger domain of attraction than Newton’s method (by keeping
the Hessian matrix nonsingular), is not stiff, and is faster than Newton’s method.

As background we summarize some results from [§] for GEMM applied to the problem
of finding a game-theoretic saddle point in the absence of equality constraints.

Let MT denote the transpose of a matrix M. For yT = [uT,vT], with u e Y C R",
veVCR" andy € RP, p = n + m, we are concerned with finding a point y* =
(u*,v*) to yield a min-max for a C? scalar-valued function ¢(y) = ¢ (u, v), such that
u* minimizes ¢ and v* maximizes ¢. That is, ¢ (u*,v) < ¢ (u*,v*) < ¢ (u,v*) for all
u € U and v € V. Denote the gradient of ¢ by

o~ [B] -[2]- 1§

_ 82¢ _ Guu Guv
Coyr {le ij ’
where g, € R", g, € R™, Gy, = 0%¢/0u®? € RV G, = 0%¢/0v? € R™*™ and
Gy = 0%¢/0udv € R™™,

We are particularly concerned with finding a proper stationary min-max point
y*, at which:

and the Hessian of ¢ by
G

1. ¢p(u*,v) < ¢p(u*,v*) < ¢(u,v*) forallueld — {u*} and veV — {v*},
G} = Guu(y") > 0 (positive semidefinite),

G}, = G, (y) <0 (negative semidefinite),

A

|G| =[G(y") <0,

where || denotes the determinant. In addition we assume that g(y) # 0 for y # y* and
that ||g(y)|| = oo as ||y — y*|| — oo, where ||-|| denotes the Euclidian norm.
Foruel and veV let

Ry ={(u,v):veVand ¢(u,v) <¢(a,v) forallaeld, }
denote the rational reaction set for the minimizing player u, and let

Ry ={(u,v) :ueld and ¢(u,v) < ¢(u,v) for all v e V}



NONLINEAR DYNAMICS AND SYSTEMS THEORY, 10 (2) (2010) 135

Figure 1: Banana saddle (a = 1000, ¢ = 1).

denote the rational reaction set for the maximizing player v. On R, with u ezf{ (interior
of U) it is necessary [9, p. 149] that

0— gu(u,v) [%] ' (33)
and 82¢( )
u,v
Guu(u7 V) = 8112 Z 0~

On R, with v € ](} it is necessary that

0-gufuy) - [0 (59
and ()
Gyo(u,v) = Tz’ <0.
6.1 Stingray saddle function
For a > 0 and ¢ > 0 we consider the “Stingray” saddle function
¢=2u’+ = (u—1)0’ (35)

2 2
with gradient and Hessian
o= Gu| _ au + £v? G- Guu Guo| _ | @ cv .
Jv clu—1)w Guv Gy cw c(u—1)
The function has a unique proper min-max point at y* = (u*,v*) = (0,0), with
g # 0 for y # 0 and ||g|| — oo as ||y|| — oo. Note that |G| = ac(u—1) — c*v? =0 on
u =1+ <v? Also note that Gy, =a > 0 for all (u,v), but Gy, = ¢(u—1) < 0 only for

u < 1. The Stingray function ¢(u,v) is convex in w for each v, but is concave in v only
for w < 1. For u > 1 the function is convex in v.



136 W. J. GRANTHAM

Figure 2: Stingray saddle (a =1, ¢ =1).

Figure 3: Stingray saddle (a =1, ¢ = 100).
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Figures [[H3] show three-dimensional and contour plots for various values of a and c.
For a = 1000 and ¢ = 1 the function is similar to Rosenbrock’s “banana” function, having
a steep-walled canyon with a parabolic valley, except that the stationary point is a saddle
point instead of a minimum point. For ¢ = 1 and increasing values of ¢ the function
looks like a stingray flapping its wings. Unless otherwise specified, we will consider the
case where ¢ = 1 and ¢ = 100. For these parameter values the stingray function has a
sharp local max, ridge on v =0, u < 1, and a local max, valley on u = —2—%1)2.

As illustrated in Figure[2 the min, max, ¢ rational reaction sets, for vy < v < Vpax

with vmax > 0 and vy, < 0, are

Ru:{(“a”):uz_%vz}, Ry = {(u,v) : v =0°(u)},
where
0 if w<l,
v () = € [Umin, Vmax] If uw=1,
VUmax if uw>1and vmax > |Vminl,
VUmin if u>1and vmax < |Vmin| -

In particular, while the minimizing player u seeks g, = 0, the maximizing player v only
seeks g, = 0 for u < 1. For u > 1 the maximizing player seeks either the upper or lower
bound on v. Nevertheless, the intersection R, N R, of the reaction sets is the min-max
point u* = v* = 0, where both ¢, =0 and g, = 0.

6.2 Gradient enhanced Newton (GEN) minimization

Consider, for a moment, Newton’s method applied to the problem of finding a unique
proper minimum point for a function ¢(y). For the case where G(y) = 9%¢/dy? is
not positive definite everywhere, the Levenberg—Marquardt modification to Newton’s
method [I7, pp. 145-149] is given by (oI + G)y = —g, where a > 0 and I denotes the
p X p identity matrix. If F = oI + G is positive definite, then let y = —P(y)g, with
P(y) =F ! = (oI + G)"!. Then é =g’y = —gTPg < 0 for g # 0 establishes (global)
asymptotic stability.

Let pu; and §;, 7 =1,...,p, denote the eigenvalues and eigenvectors of G, respectively.
For symmetric G the eigenvalues are all real, but may not all be positive. The matrix
F = ol + G has eigenvalues w; = pu; + « and eigenvectors &;, since F¢, = (u; + a) &;.
Thus, at a point y, if « is sufficiently large all of the eigenvalues of F will be positive.
As o — 0 the method approaches Newton’s method applied to ¢(y), and as o — oo the
method approaches Steepest Descent applied to ¢(y)/a.

The Levenberg-Marquardt minimization method generally will not work with con-
stant a. If |G(y)| changes sign somewhere then for constant « the determinant
|F| = |aI + G| will also generally change sign, although at a different place than |G(y)].

In [7] we develop a Gradient Enhanced Newton (GEN) minimization method, in
which o = v||g|| = 7v/&Tg with constant v > 0, yielding

y=-Py)g=—[ylglI+G] g (36)

The ideas behind this minimization method are: 1) at points where ||g|| # 0 we can make
F be positive definite for sufficiently large v > 0; 2) for small 7y or near places where g = 0
the method behaves like Newton’s method; 3) the speed ||y|| = 1/v. In [7] it is shown
that, for sufficiently large v > 0, GEN is globally asymptotically stable for functions that
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have a single proper stationary minimum point and satisfy a Lyapunov growth condition.
In addition, when applied to Rosenbrock’s “banana” function, GEN is uniformly nonstiff
and approximately 25 times faster than Newton’s method and approximately 2500 times
faster than Steepest Descent.

A very recent paper [18] shows that, for long-term optimization algorithms,
Levenberg-Marquardt, especially in the form (30]), is more fundamental than Newton’s
method and that Newton’s method should be viewed as a special case of Levenberg—
Marquardt, rather than the other way around.

6.3 Gradient enhanced min-max

The Levenberg-Marquardt modification of Newton’s method can not be used for min-
max problems, but a variation of it can. Consider the Hessian

8%¢ 9%¢

G o 62¢ o uZ Judv | Guu Guv
=52 | 26 00|~ |GL, Gu)’
Ovou v?

which is positive definite at a proper minimum point. But at a proper min-max point
y* we have G¥,, = Gy (y*) > 0, G, = G, (y*) <0, and |G*| = |G(y*)| < 0. Thus
the eigenvalues of G}, are > 0, the eigenvalues of G}, are < 0, and the product of the
eigenvalues of G* is negative. When |G(y)| passes through zero, so does one or more of
its eigenvalues. The Levenberg-Marquardt matrix F = al + G could be used to make all
of its eigenvalues be positive (or all of them negative, for a < 0) at any given point §.
But if & = a(y) > 0, with a(y*) = 0 and |G*| = |G(y*)| < 0, then somewhere between
y* and § we would have |F(y)| = 0, as one of the positive eigenvalues goes negative
or one of the negative eigenvalues goes positive. What we need to do, to ensure that
the replacement matrix F(y) for G (y) is nonsingular, is to keep the positive eigenvalues
positive and the negative eigenvalues negative, yielding |F(y)| < 0.

Consider
y=-Pg (37)
with L
_ -1 _ aqu + Guu Guv -
P n F n |: G;Ev _avIv + va:| (38)

For a,, = o, = a — oo the method approaches Min-Max Ascent (see Section [6.4.1])
applied to ¢/a. For a@ — 0 the method approaches Newton’s method applied to ¢. The
Gradient Enhanced Min-Max (GEMM) method is given by @B1)-@B8) with «, =
Yo |lg|l and @, = 7, ||g|| for constants v, > 0 and 7, > 0. That is, P = F~!, with

F = . 39
[ GI, —70 |8l T, + Gy (39)

In [8] we prove that for sufficiently large constants v, > 0 and v, > 0 the matrix
F in [B9) is nonsingular for all y. Hence the only equilibrium for @B7)-@39) is at y*.
A Lyapunov approach can be used to investigate whether the unique equilibrium at y*
is (globally) asymptotically stable. However, note that using W(y) = gTg as a descent
function [14} p. 276] would not work, since W = gTg +g7g = gTGy +y'Gg = —g7Qg,
with Q = GP + PTG not being positive definite if |G| changes sign (see Lyapunov’s
lemma [I4, p. 223]). Also note that replacing the min, max, ¢ problem with Newton’s



NONLINEAR DYNAMICS AND SYSTEMS THEORY, 10 (2) (2010) 139

method (or the Levenberg-Marquardt modification) applied to the least squares problem
[17, pp. 146-148] of minimizing W (y), via y = ~H }(y)VW, where VW = [0W/dy]"
and H(y) = 0°W/0dy?, would involve third derivatives of ¢(y).

6.4 Gradient transformation results for the stingray saddle function

6.4.1 Min-max ascent

Since u seeks min, ¢(u, v) and v seeks max, ¢(u, v), the first min-max algorithm inves-
tigated by researchers [3] was steepest descent on u and steepest ascent on v.
Let I, and I, denote the n x n and m x m identity matrices, respectively. Taking

. I, O
P(y) = diag[I,, —L,] = {O _Iv:|
yields the Min-Max Ascent algorithm

u= —8u; V= 8o (40)

with the state perturbation equations

'i’u _ —Guu —Guw UM
M) L Gle  Guw | 7]
For the Stingray saddle function

(b:%uQ—l—g(u—l)vQ

the Min-Max Ascent system is given by

u:—gu:—au—gvg, V=g, =c(u—1)v

with the state perturbation equations

= el 3]
My cv ¢ (u - 1) Ny
At the stationary point the state perturbation matrix

N —a 0
A(y ) - [ 0 —C:|
has eigenvalues {—a, —c}. For a = 1 and ¢ = 100 Min-Max Ascent yields a very stiff
system.

Figure[shows Min-Max Ascent trajectories for the case where a = 1 and ¢ = 100. For
numerical integration we use fixed step size (At = 1075, because of stiffness) standard
4th-order Runge-Kutta. Trajectories for u < 1 rapidly approach the v = 0 (g, = 0)
surface (the sharp local maximum ridge of the Stingray) and then slowly move along the
ridge toward the saddle point at the origin. This is caused by the stiffness of the system.
Notice the tendency, in the region u > 1, for trajectories to diverge from the g, = 0
surface rather than converge to it. This is caused by G, not being negative definite
everywhere.
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Figure 5: Newton’s method (a = 1, ¢ = 100).

6.4.2 Newton’s method

Newton’s method, in which dg/dt = —g, [hence, g(t) = g(0)e”* — 0 as t — oo,
corresponds to P(y) = G~ !(y). Applied to the Stingray saddle function, Newton’s
method is given by

y=-G'g (41)
-t )2 1,2 2
S B s R A St

where |G| = ac (u — 1) —c?v?. Figure[ shows trajectories for Newton’s method applied to
the Stingray saddle function (a = 1, ¢ = 100) using 4th-order Runge-Kutta (At = 1073).
At y* = (u*,v*) = (0,0) the state perturbation equations yield

Aly") = { _01 Y }

with eigenvalues {—1, —1}. This is clearly not a stiff system near y*. Trajectories move
at a much better speed than in Min-Max Ascent, as indicated by the step size. However,
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Newton’s method is not globally asymptotically stable to y*. Note that solutions to (41)

only exist for |G| # 0 and that |G| = 0 on v? = (u — 1) a/c. The domain of attraction
to y* is only the region u < 1, that is, the region where G,, < 0.

6.4.3 GEMM

For a and ¢ > 0 in the Stingray saddle function (35]) consider

F_ o, + Gy Guo o +a cv
B G;I’w —oply + Gy - Ccv —Q, t+C (u — ].) ’
The determinant |F| = (ay+a)[—a, +c(u—1)] — ®v? is zero on c*? =

(o, + a) [y + ¢ (u — 1)] provided —a,, + ¢(u — 1) > 0. Since o, +a > 0 for all o, >0
with a > 0 and ¢ > 0, a necessary and sufficient condition for |F(u,v)| < 0 for all u, v is
that —a,I, + Gyy = —ay + ¢ (u — 1) < 0 for all u. We can ensure that |F(u,v)| < 0 for
all u, v by taking

c 2
ay =gl = %\/(au—k 51)2) +c2(u— 1)2 v2

with sufficiently large v, > 0. Then

IF| = —v, (o, + a) \/(au—|— 502)2 +(u—1)2 02+ (g +a)e(u—1) — .
The max, |F| occurs on v = 0, with

[Fl,—o = = (a + )/ (@w)® + (o +a) e (w—1) = (o +a) [-aful + ¢ (u—1)].
For u < 0 we have |F|,_, < 0. For u > 0 we have
0= [F|,—o = (@ + @) [=ypau + ¢(u = 1)] = (@u + @) [(¢ = Wwa) u =]

at
1

U= ——o
1_’7v%

which yields u < 0 (a contradiction) for «, > ¢/a. We conclude that |F(u,v)| < 0 for all
u, v if we take a, = 7y ||g]| and a, = 7, ||g||, with v, > 0 and ~, > ¢/a.

Applied to the Stingray function, the Gradient Enhanced Min-Max algorithm is given
by
W] _ _porg L[l +elu— 1] (aut deo?) 2ot (u—1)
0 F| | —cv(aut5e0®) + (rulgll +a)e(u—1)v |’
where 0 > |F| = (v, gl + a) [~ [|g]| + ¢ (u — 1)] — ¢*v? for all u,v, provided 7, > 0
and v, > ¢/a. For a = 1, ¢ = 100, and ~, = 101, Figures [6H show trajectories for the
Gradient Enhanced Min-Max algorithm for v, = 1 and 10, respectively.
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v 5

—

Figure 6: GEMM trajectories (v, = 1, y» = 101).

b

Figure 7: GEMM trajectories (y. = 10, v, = 101).

6.4.4 Unconstrained trajectory following performance comparisons

For comparison of Min-Max Ascent, Newton’s method, and the Gradient Enhanced Min-
Max (GEMM) method, we consider the trajectories starting from (u,v) = (—1.5,0.5)
for the Stingray saddle function. We use fixed time step standard 4th-order Runge-
Kutta with the time step At chosen to control the approximate initial displacement
As = ||y(0)|| At. The trajectories are terminated when ||g|| < 1073. We consider two
cases: Table [Il shows results for the “Banana saddle” (a = 1000, ¢ = 1, v, = 7, = 1,
stiffness ~ 1000), and Table 2] shows results for the “Stingray saddle” (a = 1, ¢ = 100,
Yu = 1, 7, = 101, stiffness ~ 100). The results indicate that Newton’s method is
about 60 to 440 times faster than Min-Max Ascent, and that the Gradient Enhanced
Min-Max method is about 2 to 3 times faster than Newton’s method and about 175 to
1000 times faster than Min-Max Ascent. These results are consistent with the results
[7] for the Gradient Enhanced Newton (GEN) minimization method. When applied to
Rosenbrock’s function, GEN is approximately 25 time faster than Newton’s method and
approximately 2500 times faster than Steepest Descent.

In [8] we show that the Gradient Enhanced Min-Max method provides global asymp-
totic stability to the saddle point for functions such as the Stingray saddle function,
which have a single proper stationary min-max point and satisfy a Lyapunov growth
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Table 1: Banana saddle results (a = 1000, ¢ = 1).

Method At [|%(0)]] At Final ¢ # Steps Ratio
Min-Max Ascent 10~ 1.4999 x 10~ ° 6.210995 | 6,210,995 | 980.2
Newton 1073 1.5133 x 1075 | 14.221 14221 | 2.24
GEMM 2.5 x 107° | 1.4999 x 10~2 | 15.84 6336 | 1

Table 2: Stingray saddle results (a = 1, ¢ = 100).

Method At [[%(0)]] At Final ¢ # Steps | Ratio
Min-Max Ascent 10~° 1.2548 x 10~ ° 7.32973 732,973 | 175.5
Newton 10~% 1.2962 x 102 | 11.74 11,740 | 2.81
GEMM 1.5x 1072 | 1.25643 x 107° | 62.625 4,175 | 1

condition. For the Stingray function Newton’s method is not stiff but does not provide
global asymptotic stability. Min-Max Ascent, applied to the Stingray function, provides
global asymptotic stability [8] but is very stiff. When applied to the Stingray function,
the Gradient Enhanced Min-Max method is very fast and is not stiff, whereas Min-Max
Ascent is very slow and very stiff. The Gradient Enhanced Min-Max method is approxi-
mately 3 times faster than Newton’s method and approximately 175 to 1000 times faster
than Min-Max Ascent.

7 Min-Max Saddle Point with Equality Constraints

In this section we extend the results in [8] to the problem of finding Lagrangian saddle
points y = (x, A) for the problem of minimizing a scalar-valued function ¢(x) subject to
equality constraints ¥ (x) = 0. In particular we expand our previous results to handle
the fact that £(x, A) is linear in A.

For the augmented Lagrangian £, and its gradient h(y) and Hessian H(y) given
by (@) and (25), respectively, we are particularly concerned with finding a proper
Lagrangian saddle point y* = (x*, \*), at which:

1) L(x*A) < L(x*A") < L(x,A%) for all (x,A) # (x*,A"),
ii) h* = [0L(y*)/0y]" = 0, where h(y) = Vy L(y),
iii) HE, = 0%L (x*,A\) /0x? > 0 (positive semidefinite),

where, for § > 0, the augmented Lagrangian is

L(x,A) = o(x) = ATeh(x) + 5%¢T(X)¢(X)- (42)

In addition we assume that h(y) = VyL(y) = [0L(y)/dy]T # 0 for y # y* and that
Ih(y)|| = oo as |ly — y*|| — oo, where ||| denotes the Euclidian norm.

As a modification to Newton’s method (28) we consider a gradient transformation
algorithm of the form

y=-P(y)VyL(y) = —F '(y)VyL(y), (43)
where
0%L
xIn 0 - _7TT
Fiy) = H) + Il [P O | = |b e gg S
m -r = |[h|[ L,



144 W. J. GRANTHAM

with oLt
| []
hty) = V2 = | g = |17 ], (45)
—
0L
0%L 5z o
R W , (46)
-I 0
o
r-22 (47)

7.1 Nonsingularity of F(y)

We will show that for a sufficiently large constant v > 0 and any constant v > 0 the
matrix F(y) in ([@4) is nonsingular for all y. Hence the only equilibrium for ([I8) with
#3)—@4) is at y*. To prove that F(y) is nonsingular, we have the following results:

Lemma 7.1 Fory € RP let M(y) be an s x s matriz whose elements are functions
of class C1, ¢ > 0, in a neighborhood of y € RP, with distinct eigenvalues at §. Then
the eigenvalues pi(y), k=1,...,s, of M(y) are of class C? in a neighborhood of §.

Proof The characteristic equation is 0 = P(u,y) = |pl — M(y)| = p® + ps—1p "1 +
...+ p1p + po, where I denotes the s x s identity matrix. The coefficients pi(y) are
C1 since they can be determined from Newton’s identities [I4, p. 227] in terms of the
trace(M*), k = 1,...,s, of powers of M(y), which only involves products and sums of
the elements of M(y). Then the lemma follows from the implicit function theorem [9] p.
21], with Jacobian dP (ux,¥) /du # 0 for the case where the eigenvalues pg, k=1,...,s,
are distinct.

For repeated eigenvalues, the elements of M(y) can be perturbed by an arbitrarily
small amount € > 0 to yield distinct eigenvalues [I9, p. 89]. For a more detailed analysis
of the case of repeated eigenvalues, see [20, p. 134]. Henceforth, we will consider only
the case of distinct eigenvalues.

Theorem 7.1 For'y € RP let M(y) € R**® be a conlinuous symmelric matric
with M(y*) > 0 (< 0) and let L(y) be a scalar-valued function of class C4, ¢ > 1.
Let h(y) = [0£/9y]". If h(y*) = 0, with h(y) # 0 for y # y* and |h(y)|| — oo
as ||y = y*|| = oo, then for v > 0 (< 0) with |y| sufficiently large, the s X s matriz
N(y) =~ |h(y)|| I+ M(y) is positive definite (negative definite) for all y # y*.

Proof We consider the positive semidefinite case for M(y*). The proof for the
negative semidefinite case is analogous. At y let u(y) denote the smallest (possibly
negative) eigenvalue of M(y), with corresponding unit eigenvector £(y). For v > 0 let
w(y) = u(y) + v||h(y)|| denote the corresponding smallest eigenvalue of N(y), with
corresponding unit eigenvector £(y), where £TN(y)é = w(y)€T¢ = w(y) = p(y) +
vh(y)|l. Let B, = {y: |ly —y*|| <r}. From Lemma [[] u(y) is continuous on R?,
with pu(y*) > 0 and all the other eigenvalues of M(y*) are positive. For arbitrarily
small € > 0 let ¥ be a minimal point for u(y) on B.. If y = y* choose any ¥ > 0. If
5 #y* choose 5 > max {0, —u(3)/ [Ih(3)||}. Then for 7 > 7, july) > 0¥y € B, — {y*}.
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For any r > elet X, = {y: e <|y —y*|| <r}, with |h(y)]| >0V y € X,.. From the
theorem of Weierstrass u(y)/ ||h(y)| takes on a minimum value at some point § € X..
Let 4(r) = max {0, —u()/ [a(3)[[} > 0. Then for v > 3(r) we have w(y)/ [h(y)|| =
v+ u(y)/ ) > v+ p@)/ @) > v—4(r) >0V y € &. The conditions on
h(y) ensure that ||h(y)|| /4 0 as ||y —y*|| = oo. Thus 4 = lim, o, {J(r)} exists. Then
w(y) >0V y # y* provided v > max (7, %).

Lemma 7.2 Let A € R"*"be symmetric and B € R™*™. If A is positive definite
(A > 0) then BTAB is at least positive semidefinite (BTAB > 0).

Proof For z € R™ and s € R", let s = Bz. Then sTAs > 0 for s # 0. Hence
zTBTABz > 0 for z # 0.

Lemma 7.3 Let A € R™*" be symmetric and B € R"*™. If A >0(<0) and B> 0
(<0) then A+ B >0 (<0).

Proof Fors € R" we have sT(A + B)s =sTAs+s™Bs > 0 (< 0) for all s # 0.

Theorem 7.2 For A € R™*" symmetric, B € R™™™ and D € R™*™ symmetric,
the matriz

A B
7~ 1)
is nonsingular, with |F| <0, if A >0 and D <0 (or if A <0 and D > 0).

Proof Pre-multiplying the first block row by BTA™! and subtracting from the
second block row yields

A B

F1=lo p-BTA'B

‘: |A||D - BTA™'B].

For A > 0, we have 21, p. 128] |A| = py -+ pn, > 0, where pg, k = 1,...,n, are the
eigenvalues of A. From Lemma[l2 BTA"!B > 0. Thus from Lemma [Z3with D < 0 we
have D—BTA"'B < 0. Hence |D — BTA*1B| =wy - wy <0, wherew;, j=1,...,m,
are the eigenvalues of D — BTA7!B. Thus, |F| = 1 -+ ftnw1 - Wi < 0.

Theorem 7.3 If y* = (x*,X*) is a proper Lagrangian maxy-miny saddle point for
a scalar-valued C? function

£0x2) = 6(x) ~ AT4p(x) + 1 B6T(xJb(x),
with h(x,X) = [0L/0x,0L/ON]T # 0 fory # y* and |h(y)|| — oo as |ly —y*|| — oo,

and with B2L(y)
y Hxx Hx)\
H = = 5
&)= "5y {Hlx H,\J
then for sufficiently large vx > 0 and any yx > 0 the matriz

F = |:’7x ||hHIn+Hxx Hx)\ :|
Hix =7 [|h|[ I

is monsingular, with |F| <0, for ally #y™.
Proof From Theorem [Tl for y # y*, v |h|| I, + Hxx > 0 for sufficiently large

¥x > 0 and —vy ||h||L,, < 0 for any vx > 0. Then |F| < 0 follows from Theorem [[2]
with A = 9% ||h|| I, + Hxx, B = Hxx, and D = —vy ||h|| L,,.
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7.2 Speed of GEMM
Using F from (44]) write the GEMM algorithm in the form

%L
> 0 — = _7rT .
m | G| 0 o I N (48)
0 I A VALl
—Mdm -r 0

Thus, using (@H), @), and 28)), we have

wI, 0 1[x] dh
h .| +— = —h.
"5 o )+ @

For small ||h|| or small 7%, yx GEMM approaches Newton’s method applied to L. For
large ||h|| or large v«, va GEMM approaches Hestenes’s Method of Multipliers applied
to L/(7x [[h]) with 8 — 7x/7x, that is,

Y1 0 b o
nm[o _%hHJ~ h

yields
L1 0 Lv.c
[x} N YT 1 1 h— 1 _’Y_x x
AT o ——L,|n| " JnJ| L
- )~ |l av,\g
with “speed”

Iy if w=m=7,
Il = Ve 3 <<
Ly if o <<,

for large |||, yx, or Ya.

7.3 Stability of GEMM

For y = F~'h the only equilibrium is at h = Vy£ = 0. As ||h|| = 0 GEMM approaches
Newton’s method (F — H). Thus y* is at least locally asymptotically stable and non-
stiff, with all eigenvalues 4 = —1. From Theorem F1(y) exists for all y, provided
Yx > 0 and vx > 0 is sufficiently large. Therefore the domain of attraction is all of RP
and GEMM is globally asymptotically stable to y*.

8 Rosenbrock’s Function with Constraint
As an Example we consider the problem of minimizing Rosenbrock’s function
p(x) = 100(2F — 22)* + (1 — z1)?, (49)
subject to the parabolic constraint
Y(x) = (r1 —2)* + 29 — 1 =0. (50)

Figure [§ shows contours of constant ¢(x), along with the constraint ¢(x) = 0.
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Figure 8: Rosenbrock’s function with parabolic constraint.

The gradient and the Hessian matrix of ¢ are given by

96717 400z (23 — x2) +2 (21 — 1)
Vo(x) = [a_x} = : (51)
—200 (x% - xg)
0%¢ 120022 — 40025 + 2 —400z
2 _ v _ 1 2 1
Vo) = 55 = { 400z, 400 (52)

Rosenbrock’s function ¢ is analogous to a curved canyon with very steep walls and a
shallow sloping parabolic valley floor, defined by xo = 2%. The function has a single
proper unconstrained global minimum at % = [1,1]T, with ¢(x) > 0 for all x # %X. Note
that Vé(x) # 0 except at X and ||[Vé(x)|| — oo as ||x — X[ — co. Hence contours
of constant ¢ are topologically equivalent to spheres [I4, p. 215]. On the other hand,
¢(x) is not a convex function, that is, it does not satisfy ¢ [0x; + (1 — 0)x2] < 0é(x1) +
(1 — 0)p(x2) for all x;1, x2, and 0 < 6 < 1. This follows [I7, p. 425] from the fact
that V?¢(x) is positive definite only in the region x5 < 7 4+ 1/2. Some numerical
optimization algorithms have trouble with Rosenbrock’s function because they exhibit
“stiff” dynamics. For example, applied to the unconstrained problem, the discrete version
of Steepest Descent “chatters” along the valley floor.

For the constrained optimization problem the augmented Lagrangian is

L=¢- X+ 3547
= 100(22 — 22)2 + (1 — 21)2 — A [(xl 9 s — 1}

—l—%ﬁ [(x1—2)2+x2—1}2.



148

W. J. GRANTHAM

With yT = [xT, A], the gradient of L is

oL
6901

oL’
woe= 5] = |

oc
oA

400(22 — z)a1 — 2(1 — 1) + (ﬁ [(:cl —2)% 4 (a9 — 1)} - /\) 2 (21 — 2)

g+ (B =) 7

= |5 + (B =N 5%

=1

= —200(22 — 22) + (5 [(ml — 9% 4 (ag — 1)} - /\)

and the Hessian of £ is

—(x1—2)2—x2—|—1

r’L [%T
N 92/ ox? ox
HZV?'EZW: :[Hij]a
y oy .
ox

where
o= 2L P00 Dt as(2)
= 120022 — 40022 + 2 + 2 (5 [(xl —2)% 4 (p — 1)} - )\) 4B (21 — 2)2,
Hhia = Har = ajjécxg - 8512;;2 +(Bv =X 3512;22 * aa_i%
— 400z, + 28 (21 — 2),
ngzﬂglz%:—g—zz—Z(xl—Z),
Haz = % = %+(ﬁ¢—ﬂ%+ﬁ (%)2 =200+ 3,
2

The first-order necessary conditions for maxy miny £(x, A, 5) are:

0= oL = 400(x? — z9)w1 — 2(1 — 21) — 2\ (21 — 2)
833‘1
+8 (x1—2)2+x2—1}2(x1—2),
0:8—L:—200(x%—x2)—A+5[(x1—2)2+a:2—1 ,
8{E2

0= =

—p=— (21 -2)° — a2+ 1.

(53)

(55)
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At (x,A) = (x*,A"), with Lagrangian L(x,\) = L(x, A, B)|3—¢, using (@3) in (62) with
B = 0 yields

A = —200 {x% + [(xl —9)? - 1} } . (64)
Then using ([@3) and (64) in (@) yields

0 800x% — 24007 4 2801z — 1201.

= P =

This cubic polynomial has roots 1 =1, 1 £ %i 802.
Thus the unique constrained global minimal point is

y* = (27,25, 2") = (1,0,—200), (65)

with ¢* = ¢(x*) = 100 and ¢* = ¢(x*) = 0, at which Vy L(x*, \*) = V L(x*,\*,8) =
0, with

VxL(y) #0 and Vy,L(y) #0 fory #y" (66)

and

V<L (y)|| = o0 and [[VyL(y)[| = o0 as [ly —y*[| = oo (67)

for all 8 > 0.
Note that at y* the Hessian matrix (2] for the Lagrangian L,

H(y") (68)

_OPL(x*,\*)  [1602 —400
B Ox2 T =400 200

is positive definite. Thus the second-order sufficient condition (B]) is satisfied by the
stronger condition that H(x*, A*) is positive definite. For this Example switching from
max) miny L(x, A) to max) miny £(x, A, 8) is not mandatory. However, we will continue
using L(x, A, 8), with L(x, ) = L(x, A, 0).

9 Augmented Lagrangian Trajectory Following

9.1 Min-max ascent

Choosing
_ Pxx Px)\ _ In 0
b= |:P)\x P»J B [0 _Im:| (69)
in (20) yields
X=-ViL=—V¢+TT [\ By, (70)
A=VaL=—1, (71)

which corresponds to steepest descent for x on £(x, A,3) and steepest ascent for A on
L(x,A,8). We will set 8 =0, yielding the Min-Max Ascent algorithm considered in [3].
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9.1.1 Simulation results

For the Example problem in Section [l the Min-Max Ascent equations of motion are
i1 = —400(2? — z)x1 + 2(1 — 21) + (/\ e ((:Jc1 —2)% 4 (22 — 1))) 2 (z1 —2),
g = 200(a2 — 29) + ()\ y ((331 — 2?4 (22 — 1))) : (72)
).\:—(xl—Z)Q—xQ—i—l.

The state perturbation equations 7 = An are

T
Nx 0x2 OxON | | Mx
= (73)
iyl | QL 0L | [my
OXOx %
and yield
'fh aill 400%1 — 2ﬁ (3}1 — 2) 2 (331 — 2) m
My | = 40021 — 28 (1 — 2) —200 - 3 1 ny | ,
73 —2(21 -2) -1 0 Yk
where

an = —120022 + 4002y — 2 — 2 (6 (@;1 — 22 4 (2 — 1)) - )\) 4B (z; —2)°.

At (x*,\*) = (1,0, —200)

n —1602 —48 400+23 -2 [n
Ny | = | 400428 —200—5 1 | |m,
15 2 -1 0 3

For 8 = 0 the eigenvalues (1) and eigenvectors (§,) of A are

w1 = —5.00 x 1073, & = [6.23x107% 5.00x 1073 1.0],
w2 = —93.90, €] = [-0256 —0.967 —4.83 x107%], (74)
p3 = —1708.09, £l = [-0.967 0.256 1.28x1073].

The Lyapunov exponents are (01, 02,03) = (u1, 2, pt3). This is a very stiff system, with

“stiffness” ¥ = |0max — Omin| = 1, 700.

Figure @ shows Min-Max Ascent trajectories for A(0) = 0 and 8 = 0, starting from
initial x(0) at the edges of the plot region. The trajectories were generated using standard
4-th order Runge-Kutta integration with a fixed step size At = 2 x 104, The trajectories
in Figure [@ rapidly approach the valley of Rosenbrock’s function then move more slowly
along the valley until they reach a region just below the unconstrained minimal point X =
(1,1). Then they move agonizingly slowly down to the constrained minimal point x* =
(1,0). For example, the trajectory from y(0) = (—2,4,0) takes approximately 0.1 sec. of
simulation time to reach the valley, approximately 3 sec. more to reach a neighborhood
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4.+

)

Figure 9: Min-Max Ascent (A\(0) =0, 8 =0).

L

Figure 10: Min-Max Ascent (A(0) = A* = —200, 8 = 0).

of %, and then more than 1300 sec. longer to converge to y* = (1,0, —200), at ¢; ~ 1400
sec., with stopping criterion |V, L|| < 1072. All other trajectories, which are x1,zs
projections of the three-dimensional y = (z1,x2,A) trajectories, behaved similarly and
converged to y*, but for plotting purposes were terminated after ¢t = 0.1 sec., to illustrate
that they overshoot or undershoot the valley.

The extremely slow convergence is associated with A [due to pq in ([74))] and is a result
of the choice A(0) = 0. The trajectories are essentially steepest descent on ¢(x) until A(¢)
very slowly converges to A*. Figure[IUlshows trajectories from the same initial conditions
as in Figure [, except with A(0) = A*. All trajectories, with step size At = 1074, were
terminated when ||[Vy L|| < 1073, but only required a total of approximately 0.1 sec. of
simulation time to converge to y*.

Figure [[1] shows the Lyapunov exponent time histories for Min-Max Ascent on L,
starting from (z1, 22 \) = (—2.5,0,0) with 3 = 0. The system is uniformly very stiff, with
3(t) = |omax(t) — omin(t)| varying between approximately 250 and 1, 700 and converging
to ¥ =~ 1,700.
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Figure 11: Lyapunov exponents for Min-Max Ascent (A(0) =0, 8 = 0).

9.1.2 Stability analysis

Lyapunov’s first method establishes that the Min-Max Ascent system (72)) is locally

asymptotically stable to y* for § = 0. Alternatively, in [4] a min-max sufficiency condi-
tion is developed using

V) =3l -y Ty -y = g xThe—xT+ g A= XTA-X]. (1)
Along y(t)
V(y) = g—‘;k—i- g—‘;)\z —[x = x* T VxL+[A = X|TVAL. (76)
If
V(y) <0 provided y # 0 (77)

in a neighborhood of y*, then V(y) is a Lyapunov function, establishing at least local
asymptotic stability [I4) p. 217]. The function (78, with 8 = 0 so £ = L, is used in
[3] to establish local asymptotic stability of y* for Min-Max Ascent applied to finding a
saddle point of L(x, ) under the conditions that L is linear in A and H = §%L/9x? is
positive definite at (x*, A*).

Unfortunately, for our Example the function (75]) does not satisfy ({7 everywhere
and can not be used to establish global asymptotic stability for our Example. In fact,
for some saddle-point problems, Min-Max Ascent can produce Hamiltonian systems [g],
which can not be asymptotically stable. However, simulation experiments indicate that
Min-Max Ascent is globally asymptotically stable to y* for our Example.

9.2 Hestenes’ method of multipliers
Choosing
ool &
in (20)) yields
X=-VyxL=-V¢+TT[A- By, (79)
A= ViL=-p, (80)
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corresponding to Hestenes’ Method of Multipliers [I3].
For our Example the equations of motion for Hestenes’ Method of Multipliers are

d1 = —400(22 — z2)z1 +2(1 — 21) + ()\ .y ((ml — 92 4 (ag — 1))) 2 (21 —2),
By = 200(22 — o) + (/\ -3 ((x1 —2)% + (x2 — 1))) ;
A=-8 [(x1—2)2+m2_1].

The state perturbation equations are

uR ay 400xy — 26 (v1 —2) 2(w1 —2)| [m
My | = 40021 — 28 (21 — 2) 200 - 3 1 M|,
3 =20 (z1 - 2) —p 0 M3

where

a1y = —120022 + 400z, — 2 — 2 (B ((xl —2)? 4 (22 — 1)) - )\) 4B (z — 2)%.

At (x*,\%)
1 —1602 — 43 400+28 2| |n,
| = | 400+28 —200—-3 1| |m,
73 26 —B 0 YE

For 8 = 5 the state perturbation equations have Lyapunov exponents (01,02, 03) equal
to the eigenvalues (u1, o, p3) = (—2. 44 x 1072,-94.91, —-1732. 07). This is a very stiff
system, with stiffness ¥ = |omax — Omin| & 1, 700, which is approximately that of Min-
Max Ascent. For § = 100 the eigenvalues are (p1, p2, p3) = (—0.33, —109. 64, —2192. 03),
with stiffness ¥ = |omax — omin| & 2, 200. For very large 8 the state perturbation matrix

—48 28 -2
A= |28 -0 1
26 -8 0

has eigenvalues (u1, o, p3) = (0,—%6—1—%\/25@—20 ,—gﬁ—%\/2562—205) —

(0,0,—58). Thus the stiffness increases with increasing . However, as we shall show
later, even for § = 5 the convergence for the Method of Multipliers is much faster than
for Min-Max Ascent.

As with Min-Max Ascent, Lyapunov’s first method establishes local asymptotic sta-
bility of y*, but no suitable Lyapunov function is known to establish global asymptotic
stability. However, experimental simulation results indicate that Hestenes’ Method of
Multipliers is globally asymptotically stable for our Example.

Figure [[2 shows trajectories for Hestenes’ Method of Multipliers applied to the aug-
mented Lagrangian £ with A(0) = 0 and 3 = 5, using step size At = 10~% with termina-
tion when ||V, £L|| < 1073. The behavior is similar to Min-Max Ascent, except for faster
convergence to the constrained minimum point, at approximately ¢y = 300 sec.

Figure [[3] shows the Lyapunov exponent time histories for Hestenes Method of Mul-
tipliers applied to £, starting from (z1,z2A) = (—2.5,0,0) with § = 5. The stiffness
is similar to Min-Max Ascent, with X(¢) varying between approximately 100 and 1,700
and converging to ¥ ~ 1, 700.
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Figure 12: Method of Multipliers (A(0) =0, 8 = 5).
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Figure 13: Method of Multipliers Lyapunov exponents (A(0) = 0, 8 = 5).

9.3 Newton’s method

Choosing
9°L -
—1 e _I‘T
Pxx Px)\ -1 82£ o0x2
|:P)\x P)\)\:| H |:ay2 ’ ( )
-r 0

in (20)), where I' = 0v/0x, yields Newton’s method

x| VL] VL

R M EE o o (52)
At the constrained minimal point the state perturbation equations ([B0) and [B2) have
A(y*) = —1I, with eigenvalues p = —1, yielding a non stiff system.

For our Example problem,

Hll —4001‘1 + 26 (2121 — 2) —2 (Z‘l — 2)
H = | 400z, + 2 (1‘1 — 2) 200+ 8 —1
—2(z1 — 2) -1 0
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where
2 2 2
Hi1 = 120022 — 40022 + 2 + 2 (ﬁ ((/J;1 — 2?4 (22 — 1)) - /\) 48 (21 — 2)°.
Then

1

P=H'=_——
K|

adj(H), (83)
where
|H| = — (3600 + 27) x% + (6400 + 803) 1 + (400 — 23) x2 — 3202 — 65 + 2\ (84)

and the adjugate matrix is

-1 2(z1—2)  800(z; — 1)
adj(H) = | 2(21 —2) —4(z1 —2)? €23 (85)
800(z1 — 1) c32 33

with

o3 = C32 = (28 +2000) % — (883 + 1600) 21 + (28 — 400) 2 +2 + 68 — 2,
cs3 = (267 + 40008 + 80000) 5 — 83 (1000 + 3) a1
+ (26% — 80000) w2 + 63> + 44023 — A (400 + 213) + 400.

At points where |H| = 0 the inverse H ! fails to exist. As a result, Newton’s method
is not globally asymptotically stable to the solution point (z7,z3, A*) = (1,0, —200) for
our Example problem. Specifically, we have |H| = 0 on the parabola

(400 — 28) x5 = (3600 + 28) 22 — (6400 + 88) z1 + 3202 — 2\ + 63.
At the optimal point y* = (1,0, —200) with 8 =10
|H| = —360022 + 640021 + 40022 — 3402 = —602.

Furthermore,
OPL(x*,AY) {802 —400]

Haox = 0x2 T |—400 200

has |Hi.| = 400 and is positive definite. However, L(x*,A) = L(x*,A*)V A, since
P(x*) = 0. Thus (x*,\") is not a proper saddle point, since Hyy = §?°L/0N? = 0
instead of Hy) < 0. However, at y* with 8 =0

9L 9*L _ oy
(9_12%_ (9:21812 (9:21 802 —400 2
* — 2°L 2°L Lok . —
Hiloo= |2k 25 —22|  =|-400 200 -1
oW 0 0 . 2 -1 0

Oxq Oxo Yy
p=0
is indefinite, with [H*|;_, = —2 # 0. Thus x* is a “nonsingular” point [I3], so there

exists 3 > 0 such that Hi, = 02L(x*,X")/0x? is positive definite. In our case 8 = 0
suffices, since Hy, is already positive definite.
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Figure 14: Newton’s method (A(0) =0, 8 = 0).
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Figure 15: Lyapunov exponents for Newton’s method on L.

Figure [[4] shows trajectories for Newton’s method for A(0) = 0 and S = 0. All of the
solid trajectories, generated with standard 4-th order Runge-Kutta with fixed step size
At = 2x 1073, rapidly converge to (x}, x5, \*) = (1,0, —200). The dashed trajectories all
reach points where |H| = 0 and do not converge to the constrained minimal point. These
trajectories were generated using Branin’s method [5], [6], in which |H| = 0 problems
are avoided by replacing H~! in (83) with adj(#) from (85). The resulting [x(¢), A(¢)]
trajectories are the same as for Newton’s method except for the plot speed and the
direction of motion when |H| = 0 surfaces are “crossed”.

Figure [[5] shows the Lyapunov exponent time histories for Newton’s method applied
to L, starting from (a1, 9 \) = (—2.5,0,0) with 5 = 0. The system is initially moderately
stiff but achieves X(¢) = |omax(t) — omin(t)] < 10 in approximately 1 sec., with X(¢) — 0
as all of the Lyapunov exponents converge to o = —1.
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9.4 Gradient enhanced min-max

For GEMM applied to our Example problem of Rosenbrock’s function with a parabolic
constraint, we have from (@4)

Yo 1]l + Hix Haz —2(z1 —2)
F = Hoi Yz Bl + Haz -1 ;
—2(z1—-2) -1 = [l
where
Hi1 —400x1 + 28 (331 — 2) —2 (xl — 2)
H = [Hyj] = | 400z, + 28 (21 — 2) 200 + 3 -1 ,
2 (21 — 2) ~1 0

400(22 — z)a1 — 2(1 — 1) + (5 [(ml D 1)} - /\> 2 (21 — 2)
h=V, L= ~200(a3 — 2) + (B (21 = 2" + (22— 1)] = A)
(11 —2)7 —ap+1

with Hip = 120022 — 400z + 2 + 48 (21 — 2)> + 2 (ﬁ [(xl —2)% 4 (2 — 1)} - )\) :

From Theorem [[2 for y # y* and v5 > 0, we have |F| < 0 provided 7% > 0 is
sufficiently large so that v ||h|| I, + Hxx is positive definite for all y # y*. We choose
vx = 10 and v = 0.1. For our Example system Figure[I6lshows Gradient Enhanced Min-
Max (GEMM) trajectories applied to the Lagrangian L with step size At = 1. Figure[ITl
shows Gradient Enhanced Min-Max trajectories applied to the augmented Lagrangian
L, with 8 =5 and step size At = 1.

Figure [I8 shows the Lyapunov exponent time histories for GEMM applied to L,
starting from (x1,x2 A) = (—2.5,0,0) with 8 =0, 7« = 10, and 5 = 0.1. The system is
uniformly non stiff, with max¥(¢) < 1 and X(¢) — 0 as all of the Lyapunov exponents
converge to o, = —1.

10 Constrained Trajectory Following Performance

For each Gradient Transformation algorithm in Section [] simulation experiments were
conducted for a variety of parameter combinations, with the algorithms being applied to
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Figure 18: Lyapunov exponents for GEMM on L.

both the Lagrangian L and the augmented Lagrangian £. Table [§] shows the parameter
values for each Gradient Transformation trajectory following method that we studied.
For comparison, all trajectories were started at a point x(0) = (—2.5,0) from which all
the algorithms converged to the constrained minimal point y* = (1,0, —200).

Table @] shows step sizes and simulation results for the methods in Table Bl For each
algorithm a trajectory y(t) was computed starting from x(0) = (—2.5,0) using standard
4-th order Runge—Kutta with fixed step size At, determined to control the approximate
initial single step displacement As = ||y(At) — y(0)||. The trajectories were terminated
when ||V, L|| < 1073, For reference, we include results for Min-Max Ascent starting

with A(0) = A\*, which yields fairly fast convergence to y*. All other simulations were
started with A(0) = 0.

11 Summary

For the problem of minimizing a scalar-valued function subject to equality constraints,
the Gradient Transformation family of differential equation algorithms includes, as spe-
cial cases: Min-Max Ascent, Newton’s method, Hestenes’ Method of Multipliers, and
a Gradient Enhanced Min-Max (GEMM) algorithm extended to handle equality con-
straints. Applied to Rosenbrock’s function with a parabolic constraint, we find that
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Table 3: Gradient Transformation algorithm parameters.

Method A(0) B Y Y
Min-Max L 0 0 0 0
Min-Max L* —200 0 0 0
Hestenes £ 0 5 0 0
Hestenes Lo 0 100 0 0
Newton L 0 0 0 0
Newton L1 0 5 0 0
Newton Lo 0 100 0 0
GEMM L 0 0 10 0.1
GEMM £, 0 5 10 0.1
GEMM L 0 100 10 0.1

Table 4: Simulation results for Gradient Transformation algorithms.

Method Speed [y (0)]] At ly(At) —y(0)]] | Final ¢ # Steps | Ratio
Min-Max L 6.381 x 10° 2x 1012 0.747 1380.364 6901820 | 92024
Min-Max L* | 8.125 x 10° 1x 1071 0.590 0.095 950 13
Hestenes £ 8.060 x 10° 1x10° % 0.568 288.016 2880161 | 38402
Hestenes Lo | 4.104 x 107 2x10°° 0.630 24.965 1248253 | 16643
Newton L 3.055 x 102 2x10°° 0.610 15.670 7835 104
Newton £ 3.494 x 107 2x10°° 0.698 15.904 7952 106
Newton Lo 1.053 x 103 5x 101 0.526 17.529 35058 467
GEMM L 9.394 x 10~ 2 1 0.094 75 75 1
GEMM £, 9.303 x 10~ 2 1 0.093 75 75 1
GEMM L, 9.300 x 10~ 2 1 0.093 78 78 1

Min-Max Ascent is globally asymptotically stable but very stiff and has very slow con-
vergence. Hestenes’ Method of Multipliers is also globally asymptotically stable and has
faster convergence, but is still very slow and very stiff. Newton’s method is not stiff,
but does not yield global asymptotic stability. However, GEMM is both globally asymp-
totically stable and not stiff. The stiffness of the Gradient Transformation family is
studied in terms of Lyapunov exponent time histories. Starting from points where all the
methods in this paper do work, we show that Min-Max Ascent and Hestenes’ Method of
Multipliers are very stiff and slow to converge, but with the Method of Multipliers being
approximately 2 times as fast as Min-Max Ascent. Newton’s method, where it works,
is not stiff and is approximately 900 times as fast as Min-Max Ascent and 400 times as
fast as the Method of Multipliers. In contrast, the Gradient Enhanced Min-Max method
is globally convergent, is not stiff, and is approximately 100 times faster than Newton’s
method, 40,000 times faster than the Method of Multipliers, and 90,000 times faster
than Min-Max Ascent
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