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Abstract

Rosenbrock methods are popular for solving stiff initial value problems for ordinary differ-
ential equations. One advantage is that there is no need to solve a nonlinear equation at every
iteration, as compared with other implicit methods such as backward difference formulas and
implicit Runge-Kutta methods. In this paper, we introduce some trust region techniques to
control the time step in the second order Rosenbrock methods for gradient systems. These
techniques are different from the local error control schemes. Both the global and local conver-
gence of the new class of trust region Rosenbrock methods for solving the equilibrium points
of gradient systems are addressed. Finally some promising numerical results are presented.

Keywords: Trust region method, unconstrained optimization, Rosenbrock method, gradient sys-
tem, ordinary differential equation.

1. Introduction

In solving the following unconstrained optimization problem

w2 )

there are many methods (see [1, 2, 3, 4, 6, 22, 23, 41, 43, 44]) that convert the optimization problem
into the following initial value ordinary differential equation (ODE)
dz(t)
dt

= F(z(t)), t >0, (0) = o, (1.1)

where the function F' has the form F(x) = —V f(x) and is continuously differentiable. Equation
(1.1) is also called the gradient system (see [47]). The solution z(¢) of (1.1) has no closed orbit
and tends to the equilibrium point z* (i.e. Vf(a*) =0) as t — oo (see [22, 23, 47]). Under some
conditions, the equilibrium point z* of the gradient system is equivalent to the local minimizer of
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There are many efficient numerical methods for solving the ODE (1.1) in the finite interval
[0, T] such as linear multistep methods and Runge-Kutta methods (see [8, 20, 21, 45, 46]). Given
a classical one-step ODE method, at a time point t, 0 < t;; < T, let xp be the computed solution
that approximates the exact solution x(tx). Then the error bound has the form

|k — z(tr)|| < ce'Th", (1.2)

where h is the time step and ¢, 7, | are positive constants (see [20, 48]). Notice that this error
bound depends on the interval length 7. However, sometimes we are interested in the long term
behavior of the dynamical system, as mentioned in the above case of solving the optimization
problem. In this case, even if x(¢x) tends to the equilibrium z*, the approximate solution xj; may
not converge to x* as tx — oc.

Humphries and Stuart [27, 49, 50] considered fixed or variable time step Runge-Kutta meth-
ods to solve the gradient system (1.1). They obtained approximate solutions that preserve the
gradient structure if the time step is sufficiently small and f is a Lyapunov function. However,
the convergence rates of these methods are slow because they require a sufficiently small time
step. Furthermore, these methods may be unnecessarily computationally costly if we are mainly
concerned with the equilibrium and not with the intermediate course of (1.1). On the other hand,
Newton’s method or quasi-Newton methods for V f(z) = 0 alone will usually not suffice if the initial
point is too far away from the root. Standard globalization strategies (see [7, 14, 15, 28, 38, 51]),
such as line search or trust region methods often converge to nonphysical solution of the steady
state (see [9, 10, 16] and the references therein).

Based on the above discussion, we will use Runge-Kutta methods for solving the gradient system
(1.1), but consider a new time step control strategy that is different from the local error principle.
We are particularly interested in the Rosenbrock methods (see [21, 42, 45, 46]) because they (a)
belong to a special class of Runge-Kutta methods, (b) are very efficient for stiff problems since
they do not need to solve a nonlinear equation at every iteration comparing with the backward
difference formulas (see [8, 21]), and (c) have A-stability. In this paper, we will combine the second
order Rosenbrock methods with some trust region techniques in controlling the time step to solve
the gradient system (1.1). This algorithm is related both to the pseudo-transient continuation
(Ptc) approach for nonlinear equations [29, 11] and optimization [30, 25]. While we control the
time step with a trust region approach, as does [25], we use a second-order Rosenbrock method,
which is different from both the nonlinear equations and previous optimization work. The resulting
new algorithm will have the desirable properties of global convergence and fast local convergence.

A trust-region method similar to ¥tc was proposed for for gradient flows in [25], and is related
to methods from [15, 32, 34]. This method can be viewed as a linearized implicit Euler method or
a kind of the first order Rosenbrock methods for solving the ODE (1.1). Thus one advantage of
the second order Rosenbrock methods is that they have a more accurate trajectory in the transient
state, compared with the Levenberg-Marquardt method. Furthermore, Rosenbrock methods can
also achieve superlinear convergence in the steady state if we adjust the time step by trust region
techniques. These properties are very desirable in practice.

The rest of this paper is organized as follows. In the next section we provide our trust region
Rosenbrock methods that combine the second order Rosenbrock formulas and trust region tech-
niques to solve the gradient system (1.1). In Section 3 we analyze the global and local convergence
of our trust region Rosenbrock methods for the gradient system. In Section 4 we report the nu-
merical results of our trust region Rosenbrock methods along with some other popular methods.
Finally, some concluding remarks are drawn in Section 5. Throughout the paper we let || -|| denote
the Euclidean vector norm or its induced matrix norm.

2. Trust region Rosenbrock methods
Rosenbrock methods (see [21, 42]) have been extensively studied for stiff ODEs (see [21, 42, 45,
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46, 52]). They need not solve a nonlinear equation at every iteration. They possess A-stability and
L-stability, which ensure that the step sizes are not limited by numerical stability. These properties
are promising as we are mainly interested in the long term behavior of the gradient system (1.1),
and do not care about very highly accurate solutions of its intermediate courses. Thus we consider
lower order Rosenbrock methods for (1.1). If we use the first order Rosenbrock method to solve
(1.1), we get

(I + hiGy)si = =iV f(x),
Th+1 = Tk + Sk,
where Gy = V2f(xy) and hy = tp41 — ty is the time step length (see [4, 25]). If we denote

A = 1/hy, the above iteration is equivalent to the Levenberg-Marquardt method (2.8). If we
apply a special second order Rosenbrock method (see [52], pp. 343) to (1.1), we get

(I + hyp(1— ?)Gk)dk = —hiV f(zk),

(I + hk(l - g)ak)sk = —thf(xk + \/52_ 1

dk)a

Thy1 = Tk + Sk

If we let A, = 1/h in the above iteration, we obtain the search direction s, which satisfies (2.3)
and (2.4).

In the termination phase, due to the restriction of stability, the Rosenbrock method will nor-
mally consume an unnecessary amount of time if the local error principle is used to control the time
step. To avoid this situation, we adopt some trust region techniques to adjust the time step and
expect to achieve rapid convergence near the equilibrium point. By combining the above second
order Rosenbrock methods with some trust region techniques, we suggest the following methods
for (1.1).

Algorithm 2.1 Trust Region Rosenbrock Methods (TRRM)

Step 0: Initialize the parameters. Choose an initial point xo, an initial parameter Ao,
constants T, 1, N2, 71, and Yo satisfying

1
0<T<n1§§§772<1and0<’yl<1<72, (2.1)

where T is a small positive number (such as T =10"*). Compute f(zo) and set k = 0.

Step 1: Define the approximate model. Compute g, = Vf(zx) and Gy, = V2f(x1), and
define the approximate function

1
ai(s) = s gr + §STGI<S- (2.2)

Step 2: Obtain the search step. If A\, I+ (1 — @)Gk =0, solve

(Al +(1— \/Ti)Gk)dk = —0k, (2.3)

()\kI-F (1 — ?)Gk)sk = —Vf(:ck + \/i — 1

d) (2.4)

for si and go to Step 3, else set pr, = —1 and go to Step 4.
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Step 8: Compute the ratio. Compute qi(sk). If

0k (0) = qr(sx) = 7llgn | min{|[sk[l, [lgx ]I/ 1Gxll}, (2.5)

then compute f(xy + si) and set

fxr) = flog + i)
a(0) — qe(sk)

Pk = (2.6)

Otherwise set pr, = —1 and go to Step 4.
Step 4: Accept the trial point. If pr, <0, then set xp41 = x. Otherwise set xx11 = Tk + Sk

Step 5: Adjust the parameter \pyi. Set

10)‘]@7 Zf P < 0,
e f 0< pp <,
Mest = Yok Z_f <pr<m 2.7)
Ak, if m < pr <2,
Y1k, if pr > n2.

Increase k by one and go to Step 1.

The stopping criterion for the above methods is that ||gg| is sufficiently small. We replace the
time step hg with the parameter A\, = 1/hy in the classical Rosenbrock methods for convenience.
We can choose the parameters v, = %, Yo =2,7=10"% 1, = 0.25 and i, = 0.75 in the numerical
computation. Our numerical results indicate that the choice of these parameters has little impact
on the numerical performance.

It should be mentioned that Step 3 in Algorithm 2.1 requires the search step sj to satisfy the
inequality (2.5). This requirement is not needed in the Levenberg-Marquardt method or the trust
region method (see [14, 7, 32, 34, 38, 51]), whose search step sy, is obtained from

()\kI + Gk)sk = —0k, (2.8)
(MeI + Gg) = 0,

where Gy is a symmetric matrix, g = Vf(zy) is the gradient of the function f, and Ay is a
positive parameter. Note that the solution s of (2.8)-(2.9) is also the solution of the subproblem
(see [17, 18])

1
T LT
min gi. s + 55 Ggs, (2.10)
subject to ||s]| < ||skl- (2.11)
Thus, from Theorem 4 in [40] we have
1 :
91(0) = au(sk) = 5 llgwell min{[skll, llgnll/I1Gll}- (2.12)

Therefore the solution sj of (2.8)-(2.9) also satisfies (2.5).

It is instructive to consider the case f(z) = 2* — 22, z; = V6/6, and )\, = ‘/56_1. From

(2.3)-(2.4), we get g = —27‘/6, Gr =0, and s = —w. Thus s;‘ggk > 0, so that sy is not
a descent direction and therefore does not satisfy (2.5). However, as guaranteed by the following
lemma, there always exists a sufficiently large A, such that sj satisfies (2.5):
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Lemma 2.2 Assume that sy is the solution of (2.3)-(2.4) and g(x) = V f(x) is uniformly contin-

wous. If ||gk|| > 0, we have

T
im kI g
Ak—oo [kl - [lgrl
Proof. From (2.3) we have
V2,
dill = |(Akd + (1 — T)Gk) "or

§ s
S N - V2R)IGH]

— 0, as A\ — oo.

Thus we get

V2-1
2

Jim lg(zy + dy) = g(zx)[ =0
k— 00

because g(x) is uniformly continuous. From (2.3)-(2.4) and (2.14)-(2.15), we have

lsell =1 — Aed + (1 — ‘/7§)Gk)—1g(mk N \/52— 1

< NlgG@r+ (V2/2 = 1/2)di) — g(zi)ll + llgx
B Mo = (1= v2/2)||Gill

di) ||

)

and
—si gk =gr (A + (1 — \/75)6'1@)719(5% + \/52_ 1dk)
=gf (Al +(1— \/75)6'1@)7191@ + gk (I + (1 - \/75)(;1@)71[9(% + \/52_ 1dk) -
FAR gl - llg(ar + (V2/2 = 1/2)dk) — gl
T+ (1+V2/2)||Gy| A — (1= v2/2)||Gi|

as A\x > (1 — v/2/2)||G||. Therefore, from (2.16) and (2.17) we obtain

. lgw Lo +(v2/2-1/2)d) —gi |
—51, 9k et (L+V2/2) Gl A =(1=v2/2) [ Gr]
Isell - llgell — lg(ext(v2/2-1/2)di) —g(zx) [ +llgx |

A —(1-v2/2)||Gy||

el SEEEVARE — lote + (VE/2 = 1/2)dk) — gl

lg(zr + (V2/2 = 1/2)dw) — g(@)|l + Il gl

)

which gives
_ T
im —okIE 5
Ae—oo [|skll - [lgwl
On the other hand, we have
_ T
Sk 9k <1
skl - llgwll
by the Cauchy-Schwartz inequality. Therefore inequalities (2.19) and (2.20) yield (2.13).

(2.13)

(2.14)

(2.15)

(2.16)

k)

(2.17)

(2.18)

(2.19)

(2.20)

O
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From Lemma 2.2 and Algorithm 2.1, we can find a sufficiently large parameter Ay such that s
satisfies (2.5), if the iterative point zj is far away from the equilibrium point 2* of the gradient
system (1.1). On the other hand, we would adopt a small parameter A, if possible so that Algorithm
2.1 can achieve rapid convergence as xj falls into a neighborhood of z*.

3. The convergence analysis

In this section, we will analyze the global and local convergence of Algorithm 2.1. The following
theorem shows that Algorithm 2.1 is globally convergent.

Theorem 3.1 Suppose that the sequence {xy} generated by Algorithm 2.1 satisfies x, € S for
all k, where S is a closed and bounded convex set in R™, and the potential function f is twice
differentiable in S. Then {xy} is not bounded away from stationary point of f, that is

i inf ||V £ ()| =0, (3.1)

or

V2 -1
2

klim inf |V f(xy + dg)|| =0, (3.2)

where dy, is defined in (2.3).

Proof. We will prove this theorem by contradiction. If both (3.1) and (3.2) were not true there
would exist a positive constant § such that

gkl =6 (3.3)

and

V2 -1
2

IV f(r + i)l = 0 (3.4)

hold for all k, where g, = V f(zx). It is convenient to distinguish between the following two cases:

(i) sup Ak = o0, (ii) sup Ay < W for some constant W. (3.5)

Case (i). From (2.7) there exists an infinite subsequence whose indices form a set S; such that
pr <1 and limg_,oo Ay = 0o for k € S7. Because g, and Gy are bounded, from (2.3) we have

Jim [yl =0, ke S (3.6)
Thus, combining (2.4) we get
sl = [[(Aed + (1 — g)Gk)_lvf(l’k + \/52_ 1dk)||
< NuT + (=260 -l + 2L Gudi + ol
< Jonll + NG el + ollldel) o 57

Mo — (1= %2)[| Gyl
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From Lemma 2.2 and (2.5)-(2.6) we have A\ + (1 — @)Gk >~ 0 and
f(zr) — fan + k)
@, (0) — qr(sk)
o(lls1?)
sFgr + %ngksk
o([lsl*)

= 7llskll - llgell

_1|

ok —1]=|

—0, as k— oo, k€S, (3.8)

so that py > n; for sufficiently large k and k € Sp, which contradicts the definition of S;.

Case (ii). From (2.7) there exists an infinite subsequence whose indices form a set Sy such that
pr > m for k € Sa. Thus, using the monotonically decreasing property of fi and from (2.5)-(2.7),
we have

. 1
> mmllgel mind[lskll, lgell /1Gll} < > m(=sign — §S£Gk5k)

keS2 kES2
< (e= o) D (fe— fern) < (3.9)
keSa k=1
which gives
skl = 0, as k— o0, k€ Sy (3.10)
because of the assumption (3.3). Combining with (2.4) we get
V2 -1 V2
197+ Y= < I + (1= 520Gl sl
V2
< WA+ A= )GelDliskll =0, as &k — oo, k€S, (3.11)

which contradicts the assumption (3.4). O

From Theorem 3.1 we know that Algorithm 2.1 converges to an equilibrium point of the gradient
system (1.1) for any initial point 2. The time step hy = 1/Ax is small and is governed by stability
and accuracy properties of the integration scheme if the iteration point zj is far away from the
equilibrium point of the gradient system (1.1). Conversely, hy = 1/ could be large when the
iteration point xj is near an equilibrium point. In the following we will give some interpretations
on the local behavior of Algorithm 2.1. Firstly, we explore the properties of some special functions
before we analyze the superlinear convergence of Algorithm 2.1.

Lemma 3.2 Define

A 3-2V2
V(A ) = Sl ) p>0, (3.12)
A+ (1= Z)p)?
AN+ 2222
b ) = AT s, (3.13)

Tt (- )

and

372\/5 2 A+ 372\/5 )2
e ” A+ ( —iw
_ A3+ (3—2\/_)M)\2 10 27\[/12)\4' 17—é2\/§u3
(A + 52

eA ) = A+

. A>0, u>0. (3.14)
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Then the function v decreases monotonically in p and function ¢ increases monotonically in X
if A >0 and p > 0. Furthermore the function ¢ decreases monotonically in X if 0 < A < @u

or > (\/5— 1)p > 0 and increases monotonically in A if 0 < Lg“lu <A< (\/5— 1)p. Moreover,

P\ ) > @(Qu,u) = @(3\[7_4#,#) = 2\/857;1 ' L

<AL —u. 1
- > L 0SASTa (3.15)

Proof. From (3.12) we have

b p) = 22O F (=) — B0 2R+ (L )
: A+ (1= 2)p)t

1 10-72
16 2 W, (3.16)
A+ (1 =25)u)?

if A >0 and p > 0. Thus the function ¢ decreases monotonically in g if A > 0 and g > 0.
From (3.13) we get

22+ 3220 (A + (1— P)w)? - 2+ 2320 (A + (1 - P

¢)\ ()‘7 /1') =

1 )\+10—7\/§ 2
_ 2k 1M 50 as A0, p>0. (3.17)
A+ (1= 2)p)3

Therefore the function ¢ increases monotonically in A if A > 0 and p > 0.

From (3.14) we have

_/\(/\2 + ﬁfgx/iﬂ)\ + 1072%/5”2)

AN 1) =
(A +2520)°
_ A0 -2 - (V2 - 1) (318)
(A + 252p)5
which gives
24
ox(A\ ) <0, if 0<A< %u or A>(V2-1)u, (3.19)
and
24
ox(\,p) >0, if %u <A< (V2-1)p. (3.20)

Therefore the function ¢ decreases monotonically in A if 0 < A < % pwor > (\/§ — 1)p and
increases monotonically in A if #u <A< (V2—1)u. From (3.18) and using the monotonicity
property of ¢, we know that function ¢ has a local minimizer %2;1 at A = #u in A. In
addition, it is not difficult to verify that @(@u, ) = @(%u,u) and @,u > (v2 — 1)p. Thus
we get (3.15). O

The following theorem shows that Algorithm 2.1 has good local behavior.
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Theorem 3.3 Assume that {xy}, which is generated by Algorithm 2.1, converges to a local mini-
mizer x* of the function f and V2 f(x*) is positive definite. Then there exist positive constants e,
m and M such that

mHz||2 < vagf(xk)z < MHZ||2, VzeR", ap€ B(e)={z||lz—2a"] <&}, (3.21)

where the update matriz Gy = V2 f(xy) in Algorithm 2.1. Furthermore the parameter X, of Algo-
rithm 2.1 satisfies

lim A =0, (3.22)
and xp converges superlinearly to x*.
Proof.  Because x; — z* and Vf(2*) = 0, we have limy_. ||gk|| = 0, where g = Vf(zx).
From (2.3) and (3.21) we get limy_. ||dk|| = 0. Combining (2.3)-(2.4) we obtain
(Aed + (1 — ?)Gk)sk =-V/f(zk+ \/52_ 1dk)

= =gk — \/52_ “Grds + ol

== \/52_ LT + (1 - ?)Gk)_l]gk + o(|ldkl)

oI+ 22260 0ur + (- Y216 g+ ol

= —(wl + 2 _22\/§Gk)()\kj+ (1- g)Gk)*lgk +o([lskll)-  (3.23)

In the above arguments, we have used the relationship o(||d||) = o(||sk||), which can be derived as
follows. From (2.3)-(2.4) we have

()\kf—l— (1 — g)Gk)(dk — Sk) = Vf(ﬂ?k + \/5_ ldk) — Vf(mk)
Y (3.2
which gives
ldr = skl = (A + (1 — \/75)6,]6),1(\/52— 1dek + o(lldx|)l
< \/52_ 1(>\1~J+ (1- g)ak)_lak” ]l + o(lldx )
< L2l + ol
so that
(1- g)”dk” +o(l[dkll) < [Isell < (1 + g)”dkﬂ + o(||dx]))- (3.25)

Therefore, we have o(||dk||) = o(||sk]|)-

Because G, is a symmetric matrix, there exists an orthogonal matrix @y such that

QgGka - diag(:ulv e ,H'n,), (326)
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where p; are the eigenvalues of G. We denote
S=QLsk, §=QF gk (3.27)

Thus, from (3.23) and (3.25)-(3.27) we get

A + 3—2vV2 ;
5 = kQ—?[ugl—Fo(HskH) i=1,2,--,n. (3.28)
()‘k"'_ _2 /1’)
From (2.2) and (3.26)-(3.28) we have
1
@1(0) — qr(sr) = —sfgr — §S£Gk3k
1
= —(Qksr)" (Qk gr) — —(Q;‘SSk)T( £ GeQr)(QF sk)
_n)\2_|_32\/_‘uz)\k+32\/_’u12 )
—Z e, 52+ ol[s])?)
im1 Ak + =5
n 3— 2«‘”2
(M + 71)55 +o(||s]|?) (3.29)
; Ak + %Ni

by using orthogonal similarity transformation.

We will consider two distinct cases as we show that s, satisfies (2.5) for a sufficiently large k,
namely, (i) 0 < A, < gumw and (i) \p > \/Tiumm, where fi;,q, is the maximum eigenvalue of
G). We assume that k is sufficiently large such that x, € B(e) holds in the following proof.

Case (i). From Lemma 3.2 we know that the function ¢ decreases monotonically in A if A > @ 7

and (A, ) > gp(\/Tiu,u) = % ifo<A< ‘[u Because 0 < p; < fimaz, we have

Ok i) > @(?Niaui) > @(%ﬁumaaﬁﬂi)a if 0< A < gﬂia (3.30)
and
(ks pi) > @(\?Nmamui)a if gﬂi <A < \gumam t=1,2,---n, (3.31)
so that
Ok i) > @(%ﬁumamaﬂi)a if 0< A\ < gﬂmawa i=1,2,---,n. (3.32)

Thus, from (3.28)-(3.29), (3.14), (3.32), and (3.12) we obtain

4k (0) — qr(sk) Z (ks 1) 37 + o(llsll)

V2
EZQO( 5 ,Umara,UZ)gz +0(H5kH )
=1
V2 8-2v2)2 2, V2
( 9 Hmaz + /2 3 V2 W (= NmaxaMZ)% +0(H5k” )

2 Nmaa:"‘ 2 Hi

. V2
Hmaz Z¢ ,umazy,ui)91 + O(HSk” ) if 0 S Ak S T,Umaz- (333)

v

I
m|g ] M:
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From Lemma 3.2 we know that function 1 decreases monotonically in p if g > 0, A > 0. Combining
this result with (3.33), we have

V3
qk(0) — qr(sk) > T,Umar Z 7/) ,Umara ,Umar)gz + o(|[sk ” )

V2

\/5
5 /‘maxwg( //*maa:a/‘maa:)Hngz+0(H87~€H )
11v2 - 12 2 2
_ \/— Hng + O(Hgk||2)7 it 0< )\ < \/_—Mmaw' (334)
8 Gl 2

In the above arguments, we have used the fact that o(||gx||) = o(||sk||), which is derived from (3.23)
and 0 < A\ < ?umm. Therefore sy, satisfies (2.5) for a sufficiently large k if 0 < A < gumm.

Case (ii). From (3.28)-(3.29) and (3.13), we have

i 3—2\/§M2
0r(0) — ar(sk) = (A + ——— =) + olllsk*)
i1 A + 22,

> Nells1? + oIk |1?)

= O NE5D)E [lswll + o[lse]®)
=1

n A 3=2v2 .
ZV ’“—f’;gﬁouskn))%f il + o(lls]?)
= (Z 62 Over 1)) (15l + ol 12)- (3.35)

=1

From Lemma 3.2 we know that the function ¢ increases monotonically in A and the function v
decreases monotonically in g if A > 0, u > 0. Combining these monotonicity properties of ¢ and
1, from (3.35) and (3.12)-(3.13), we obtain

\/5
k(0) = qr(sk) Z¢2 5 5 Hmazs 1)37)? [lsk]| + of[lsx]|*)

i=1
n 1 \/5 L
=0 §u%a$¢2(7umam,ui)gf)2 [sill +o(llskll?)
=1
"1 V2 o\l
Z (Z §Mi1aa:w2(7umaa:aﬂmaa:)gi2)2 ||S]€|| + O(HS]C”Q)
i=1
_ V2 V2
5 Hmaz (S Hma s Hnaz) Lg% [lsk] +o([lsk[l*)
3v2 — : V2
= 2222 gl el + ollsel®), it M= L i (3.36)

We have o(||sk||?) < o(||gxll||sk]|) from (3.23). Applying this result to (3.36), we obtain that sy
also satisfies (2.5) for a sufficiently large k as \g > ‘/75 Imaz-
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From (3.29) and using the inequality a? + b? > 2ab, we get

i —2\/_ 32722 3-2v2
0i(0) — qi () ZAH P — R i) + ol sx]|?)

— Ak + #Hi 2
> Z A28, 5+ ollsil?)
- ﬂ;“&* +ofllselP)
> 2 Bl o). (37

for a sufficiently large k. Using (3.34) and (3.36), we also know that sj satisfies (2.5) for a

sufficiently large k. Thus, from (3.37) we obtain

f(@r) — flak + sk) Y
ar(0) — qx(sk)

|—ngk — 554 Grsi + ollsk]|*)

lor — 1] = |

- —sggk — %s;{Gksk — 1
< ol 1) 0, as k— oo, (3.38)
D22 |si]|2 + o[k 1?)
which gives
Pk > 12, (3.39)

for a sufficiently large k. From (2.7) and (3.39), we get (3.22).
Using (3.23) and (3.22), we have

Isk — s IAeQwl + 25260 Gy — (V2 = DDl + 252G1) i, + o(||sel]) |
sl O + 25260 T + 322G (Ml + 252G) 1gi + of|[sel)) |
o A £ 22202 (2 4 (V2 - 1)) + of||sl])
(A + Z52m)2 (A, + 2=22m) + o |5k ]))

— 0, as k— oo, (3.40)

where skN = —G,:lgk is the Newton step. Thus the sequence {zj} satisfies the well-known charac-
terization result of Dennis and Moré ([12, 13]). Hence {z} converges superlinearly to z*. O

4. Numerical experiments

In this section, we will conduct some numerical experiments for Algorithm 2.1. The test
problems are the standard 18 unconstrained optimization problems in Moré, Garbow and Hillstrom
[36].

Because we are mainly concerned with the equilibrium point of the gradient system (1.1), we
compare Algorithm 2.1 with other numerical methods for unconstrained optimization problems. In
order to show the advantages of the time step control of Algorithm 2.1, we compare Algorithm 2.1
with the second order Rosenbrock methods using the conventional local error bound for time step
control (ode232s in Matlab). We also compare Algorithm 2.1 to two variants of pseudo-transient
continuation (¥tc). In the first variant Wtc controls the time step via

Ak = Ak—1llgrll/lgr—al (4.1)
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This approach is used to compute steady-state solutions of time-dependent partial differential
equations (see [9, 11, 31, 29, 16]) and the solutions of nonlinear equations (see [10]). Since Wtc
generates the pseudo-trajectory for the gradient system and has good theoretical properties (see
[29]), we report the numerical results of Wtc for the above problems as well. The second variant
of Wtc is the trust-region approach from [25]. In this approach, the time step is controlled with
a trust-region paradigm, but not the same one as Algorithm 2.1. One can think of this second
variant as a Levenberg-Marquardt method as well.

There are four methods in our comparison:

a) Conventional Rosenbrock Method: This is just ode23s in Matlab. For detailed description
of the method, see [46, 35].

b) Trust Region Rosenbrock Method: This is our Algorithm 2.1.

¢) Wte: This is the method developed in [29] and applied to optimization problems in [30]. In
this approach the time step is controlled by (4.1). We considered other methods for control
of the time step [29], but these methods did not perform as well as the one we used, and are
not supported by any convergence theory.

d) Wtc-TR: This is a conventional trust region approach which uses ideas from pseudo-transient
continuation. The global and local convergence are addressed in [25]. This approach uses
(2.8) instead of (2.3) and (2.4) in Step 2 of Algorithm 2.1.

Our tests were conducted in MATLAB 6.5 with machine precision 10716, Algorithm 2.1 was
implemented with parameters 17; = 0.25, 3 = 0.75, 1 = 0.5, and v, = 2. We simply adopt initial
time step h = 1/\g, where

Ao = min{[|V f(z0)][, 10} (4.2)

as the default choice for Algorithm 2.1 and the Wtc method. The approximate Hessian matrices
2 f(z) are obtained by the numerical difference method.

All test examples start at the standard initial points given in [36]. All methods terminate when
the iteration point xj satisfies

llgrll < 1077 (4.3)

The numerical results are reported in Table 1. Tter (f-g-G) stands for the number of iterations, the
number of function evaluations, gradient evaluations, and Hessian evaluations, respectively. These
numbers include the equivalent function and gradient evaluations when the Hessian matrices were
computed by the numerical difference method.

From Table 1, we can see that the conventional Rosenbrock method (namely ode23s.m) re-
quires more number of iterations and gradient evaluations than the other methods. Algorithm 2.1
performs better than the Levenberg-Marquardt method and the conventional Rosenbrock method
for most test problems, and is as good as the pseudo-transient continuation method. However,
WUtc may fail to converge to the equilibrium point of the gradient system if we do not choose a
proper initial time step. Moreover, Algorithm 2.1 is second order while Wtc is only first order.
Thus Algorithm 2.1 has higher accuracy than Utc in the transient state for any gradient system.

In order to compare the robustness of ode23s, Algorithm 2.1, Wtc method and Levenberg-
Marquardt method we analyze the solutions of some test problems further.

Problem 4 is the Powell badly scaled function with a global minimum f = 0 at the point
[1.09815933 x 107°;9.106146738]. The conventional Rosenbrock method (ode23s.m), our trust
region Rosenbrock method and the Levenberg-Marquardt method all failed. However, the Wtc
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managed to stop at [—0.0001000300; —0.0001000291] which is still far away from the optimal solu-
tion.

Problem 12 is the Gulf Research and Development function with a global minimum f = 0 at
the point [50, 25, 1.5] and the local minimum f = 0.038 at the point x = [99.89537834; 60.61453903;
9.16124389] or z = [201.66258949; 60.616331505; 10.22489116]. The numerical solutions of ode23s,
Utc, and the Levenberg-Marquardt method are [21.10943580; 28.70651498; 1.29687116],
[20.35757478; 28.86321556; 1.28813195], and [5.267893580; 2.53685592; —5.06048565], respectively,
which are far away from the global minimum or local minimum. But the numerical solution
of Algorithm 2.1 is [49.94376437;25.00476559; 1.49973934] which is close to the global optimal
solution.

Problem 13 is the Trigonometric function which is known to have a global minimum f = 0 at
the point [0.042965;0.043976; 0.045093; 0.046339; 0.047744; 0.049355; 0.051237; 0.195209; 0.164978;
0.060149] and a local minimum f = 2.79506e—5 at the point [0.055151; 0.056841; 0.058764; 0.060991;
0.063626; 0.066843; 0.208162; 0.164363; 0.085007; 0.091431]. The numerical solutions of ode23s, Al-
gorithm 2.1, and Levenberg-Marquardt method are [0.055151;0.056841;0.058764; 0.060991;
0.063626; 0.066843; 0.208162; 0.164363; 0.085007; 0.091431], [0.055151; 0.056841; 0.058764; 0.060991;
0.063626; 0.066843;0.208161; 0.164363; 0.085008; 0.091432], and [0.055151;0.056841; 0.058764;
0.060991; 0.063626; 0.066843; 0.208162; 0.164363; 0.085007; 0.091432], respectively, which are close
to the local solution. The numerical solution of Wtc is [0.062492;0.064473;0.066706; 0.069245;
0.275398; 0.075446; 0.079030; 0.082273; 0.083639; 0.082089] which is far away from the global solu-
tion or local solution.

It is worth noting that we only factor the matrix once and perform two back-substitutions in
Algorithm 2.1 as equations (2.3) and (2.4) have the same coefficient matrix. Because Algorithm
2.1 does not require more iterations and Hessian matrix evaluations than Wtc or the Levenberg-
Marquardt method for most test problems, Algorithm 2.1 can be used as a workhorse to solve the
gradient system if we are mainly concerned with the equilibrium state.
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Table 1 — Numerical results of the 18 problems in [36]

Conventional Trust Region Utc Ptce-TR
Rosenbrock Method | Rosenbrock Method
n Tter (f-g-G) Iter (f-g-G) Tter (f-g-G) Tter (f-g-G)
113 90 (0-543-90) 16 (17-78-15) 15 (0-61-15) 18 (19-70-17)
2|16 110 (0-971-107) 19 (20-153-19) 28 (0-197-28) 5 (26-170-24)
3| 3 6 (0-39-6) 3 (3-15-3) 3 (0-13-3) 2 (3-9-2)
4| 2 > 700 34 (0-103-34) > 700
(Failed) (Failed) (Falbe sol.) (Failed)
51| 3 80 (0-483-80) 23 (24-116-23) 40 (0-161-40) 29 (30-114-28)
6 | 10 37 (0-484-37) 10 (10-120-10) 3 (0-144-13) 1 (15-155-14)
712 > 700 25 (26-351-25) 2 (0-157-12) 25(26-326-25)
8 | 10 80 (0-987-75) 8 (28-336-28) 21 (0-232-21) 2 (43-423-38)
0 | 4 | 147 (0-1011-147) 90 (91-481-75) 18 (0-91-18) | 140 (141-609-117)
10| 2 195 (0-971-195) 55 (55-198-44) > 700 347 (348-1038-345)
11 4 58 (0-408-58) 7 (8-43-7) 26 (0-131-26) 9 (10-46-9)
12] 3 56 (0-338-56) 121 (122-546-101) | 40 (0-161-40) 1(25-1)
(Far away sol.) (Close to global sol.) | (Far away sol.) (Far way sol.)
1310 32 (0-418-32) 13 (13-146-12) 10 (0-111-10) 2 (13-123-11)
(Close to local sol.) | (Close to local sol.) | (Far away sol.) | (Close to local sol.)
14 | 50 153 (0-767-153) 16 (17-833-16) 26 (0-1327-26) 27 (28-1228-24)
15 | 64 98 (0-6568-98) 19 (20-1255-19) 27 (0-1756-27) 2 (23-1431-22)
16 | 2 48 (0-239-47) 13 (14-53-13) 1 (0-34-11) 17 (18-50-16)
17 | 4 | 289 (0-1946-273) 51 (52-275-43) 18 (0-91-18) 56 (57-245-47)
18| 8 33 (0-356-32) 16 (17-145-14) 1 (0-100-11) 16 (17-129-14)

5. Final remarks

We have demonstrated that combining certain optimization techniques (e.g. line search methods
or trust region methods) with traditional numerical ODE methods have advantages in calculating
the equilibrium points of gradient systems or unconstrained optimization problems. One advantage
is that these methods have good global and local convergence characteristics in comparison to

the traditional error control.

Secondly, these methods have explicit physical solutions and are

more robust, compared with conventional unconstrained optimization methods (e.g. line search
methods or trust region methods). Thus such a combination is a promising area for future research.
Furthermore we believe that this class of techniques of controlling the time step can be applied to
the field of integro-differential equations if we are mainly interested in the equilibrium point. For
recent results and numerical methods of integro-differential equations, one can refer to the book
of Brunner (2005) [5].
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