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Abstract. Shift schemes are commonly used in non-convex situations when solving unconstrained
discrete-time optimal control problems by the differential dynamic programming (DDP) method.
However, the existing shift schemes are inefficient when the shift becomes too large. In this paper,
a new method of combining the DDP method with a shift scheme and the steepest descent method
is proposed to cope with non-convex situations. Under certain assumptions, the proposed method
is globally convergent and has g-quadratic local conve rgence. Extensive numerical experiments on
many test problems in the literature are reported. These numerical results illustrate the robustness
and efficiency of the proposed method.
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1. Introduction

Optimal control has broad applications in diverse areas, such as engineering, eco-
nomics, ecology, etc. This paper considers unconstrained discrete-time optimal
control problems (UDOCP) in the following format:

N
min L(U) = (X, Up) + gn+1(Xn1) (1)

t=1
where X, 11 = fi(X;,u), t=12,...,N, (2)
X1 = X; (given and fixed), (3)
X=[X.X,....Xp 11", Xk € R", t =1,...,N +1, (4)
U=T[u],uj,....,ull”, u, e R", t=1,2,...,N. (5)
Here, U is the control policy with controls u,, r = 1,2, ..., N; X is the trajectory
with states x,, t = 1,2, ..., N + 1, associated with control policy U; L : IRN™ +—

IR is the total loss function with stagewise loss functions g; : IR" x IR" — IR,
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t=1,2,...,N,andgys1: R"— R; f; : R"XIR" — IR",t =1,2,...,N,are
transition functions. In general, the following standard assumptions are imposed:

STANDARD ASSUMPTIONS

1. g, and f; are twice continuously differentiable functions for all z.
2. The level set Q(U|p) = {U : L(U) < L(U|p)}, where U] is the initial control
policy, is bounded for any U|g € IRM"™.

The differential dynamic programming (DDP) method, a combination of the dy-
namic programming (DP) method and Newton’s method, is the first algorithm
which takes advantage of the special structure of the general UDOCP. The DDP
method was introduced by Mayne [10] in 1966, and was further developed later by
Jacobson and Mayne [6] in 1970. The DDP method does not require discretization
of the control or state space. Hence, it overcomes the dimensionality problem of
DP. Moreover, the DDP method has been proved to have g-quadratic local con-
vergence under the standard assumptions [7, 12]. Besides these, when Mayne [10]
introduced the DDP method, he suggested an inexact line search scheme for the
DDP method as well. This was further refined by Jacobson and Mayne [6] in 1970.
The line search scheme ensures the DDP method to be globally convergent [14].

However, the DDP method could break down when the problem is non-convex.
In 1984, Yakowitz and co-workers [12, 14] employed a shifting technique from
nonlinear programming (NLP) to deal with non-convex situations. They also proved
that the DDP method with a shift scheme together with the standard inexact line
search scheme ensures global convergence. Nevertheless, they did not mention
how the shift should be computed. In 1991, Liao and Shoemaker [7] suggested
an ‘adaptive shift’ procedure to determine the shift. Their procedure consists of
two steps. In their Step 1, a constant shift is selected. While in their Step 2, an
active shift is calculated for each stage by using the minimum eigenvalue of the
Hessian matrix. They also proved that the DDP method with the adaptive shift
will eventually converge quadratically. The adaptive shift, however, is problem
dependent. In addition, shift schemes are inefficient when the shift is too large.
The goal of this paper is to introduce a new scheme to overcome these shortfalls.

In the context of NLP, shift schemes can be viewed as a kind of compromises
between Newton’s method and the steepest descent (SD) method [9]. When solving
some very nonlinear UDOCP, all existing shift schemes become inefficient, partly
because the SD method was not used. This fact motivates the authors to develop a
new efficient one for UDOCP by adopting the SD method.

The SD method for UDOCP was also sketched by Mayne [10] in 1966. Since
its convergence rate is only linear, it is rarely used in numerical implementation.
However, when the second derivatives could not provide useful information, the
SD method becomes attractive. In this paper, the SD method is revised so that it
can be combined with the DDP method with a shift scheme to form a new efficient
method for solving the general UDOCP.
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This paper is organized as follows. Following this introduction, a globally con-
vergent DDP method with a shift scheme is summarized in Section 2. In Section 3,
the SD method for UDOCP is addressed. A modified algorithm together with a
global convergence analysis for the SD met hod is provided. In Section 4, a new
efficient method for solving the general UDOCP is proposed. This method is a
combination of the DDP method with a shift scheme and the revised SD method.
Global and local convergences of the new method are also proved. In Section 5,
numerical results on eight test problems available in the literature are presented to
show the robustness and efficiency of the new method. Finally, in Section 6, some
concluding remarks are drawn.

2. The DDP method for UDOCP

The DDP method is an iterative method that combines the DP technique and New-
ton’s method. In each iteration, a nominal control policy U is given. The aim of each
iteration is to find a successor control policy U so that the total loss L(U) < L(U).
This successor control policy will be used as the new nominal control policy for
the next iteration unless some stopping criterion is met.

Generally speaking, the DDP method consists of two sweeps in each iteration:
the backward sweep which computes the feedback laws and the forward sweep
which updates the control policy and trajectory. These sweeps and some conver-
gence results are summarized in the following sub-sections. Notice that all the
functions, derivatives, vectors and matrices in the following are evaluated at the
nominal control policy U and the corresponding trajectory X.

2.1. THE BACKWARD SWEEP WITH A SHIFT SCHEME

The goal in the backward sweep is to find linear feedback laws for N individual
stages,

u=0+po+Px-—-%X), t=12,...,N, (6)

where p, € IR™ and P, € IR™ " are computed backwardly by solving a se-
guence of sub-problems. Suppose that [u], € R,i = 1,2,...,m, is the i-th
element of any vector u € IR™; V,g € IR™ is the gradient vector of any func-
tion g(u) € CY(R™, R); Juf € IR™™ is the Jacobian matrix of any function
f € CYR™, R"); and V2,8 € R™™, V2, € R™™, Vi,g € R™"
and VX%Xg € IR™" are the second-order derivatives of any function g(x,u) €
C?(IR™™, IR), where x € IR" and u e IR™. The following procedure is the
backward sweep of the DDP method with a shift scheme presented by Yakowitz
and Rutherford [14]. The aim of using a shift scheme is to deal with non-convex
situations.
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2.1.1. The backward sweep with a shift scheme:
1. Initialize the following variables,
ON+1 = Viy1&N+1

_ 2
SN+1 - VXN+1-,XN+lgN+1'

2. Forstaget = N, N — 1, ..., 1, compute the followings,

oy = Vx,gt + (Jx,ft)TUt-H,
B = Vu,gt + (Ju,ft)TUt+1,

Ar = G )7 Si1Q £ + V2 8+ Y _004ali (V2 LF1),

i=1

B, = (Qu, /) Sis10 f1) + V28 + Y _[o11ali (V2 A1),
i=1

Cr = Qu ) 'SnQu f) + V2 8
+ Y 004adi (V2 o, L1 + 50+ s
i=1

Pr = _Ct_lﬂl"

P, =-C'B,

O =611 — /O,Tﬁt,
oy =a; + PITﬂ,,
S =A, +P/B,

where s, is a shift parameter to ensure that C, is positive definite.

2.2. THE FORWARD SWEEP WITH A LINE SEARCH SCHEME

()
(8)
©)

(10)
(11)

(12)

(13)

(14)

(15)
(16)
(7
(18)
(19)

In the forward sweep, the nominal control policy and the corresponding trajectory
are updated based upon the feedback laws obtained in the backward sweep and
the transition functions. The following procedure is the forward sweep of the DDP
method with the inexact line search scheme in Jacobson and Mayne [6]. The aim

of using a line search scheme is to ensure global convergence.

2.2.1. The forward sweep with a line search scheme

1. Select three small positive scalars 6, x < 0.01 and A < 0.01.
2. Initialize the line search parameter 1 = 1.
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3. Repeat the following inexact line search procedure until the control policy for
this iteration is found.
(a) Forward sweep:
(I) Set X1 (L) = X;.
(ii) Forstagetr =1,2,..., N, compute:

u,(A) =0, + A p; + P [X:(A) — X1, (20)
Xi+1(A) = fi (Xt (A, Ut()\))- (21)
(b) Compute the loss L(U(1)).
(c) Check the reduction in loss:

If the right-hand extreme of the Goldstein and Armijo conditions is
satisfied, that is,

L(UM) —L(U) < —x-k -6, (22)
then the control policy for this iteration is found. So, let

U=U®), (23)

X =X(), (24)

and stop the inexact line search procedure. Furthermore, if
61 < 6 - max{1, [L(U)]}, (25)

then U is the optimal control policy.
Otherwise, the inexact line search procedure should be continued by
cutting the step size, such as, setting 2 = A/2 and go to a). However, if
the new step size is too small, that is

A< A, (26)

then the inexact line search procedure fails to reduce the total loss while
satisfying (22). Then the algorithm fails.

2.3. GLOBAL CONVERGENCE AND LOCAL CONVERGENCE

Under some assumptions, the DDP method has been shown to converge glob-
ally [14] and locally with g-quadratic rate [7, 12]. The following lemmas ensure
that the DDP method given above converges globally and is locally g-quadratically
convergent.

THEOREM 2.1 Suppose that the standard assumptions hold. Let {U|;} be the se-
quence generated by the DDP method. Then any accumulation point of the control
policy sequence {U|,} is a stationary control policy with respect to L (U).
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Proof. From the DDP method, it is easy to see that U|, € € (U|g) for all k’s.
Therefore, from the standard assumptions, the two sequences {U|,} and {X]|;} are
bounded, where X| is the trajectory associated with U|,. Then from the standard
assumptions and the DDP method, there exists an M > 0 such that s, < M for all
t’s in all iterations, where s, is defined in (14). From the Theorem of [14] (p. 42),
the result can be established. O

THEOREM 2.2 Suppose that the standard assumptions hold, and g,’s and f;’s
have continuous third-order derivatives in level set Q(U|o) for any U|y € IRN™.
Let {U|:} be the sequence generated by the DDP method, and {U|;} converge to
U* which is a solution of UDOCP, and X* be the trajectory associated with U*.
If s, = 0 for all #’s and all k’s, then the DDP method is locally g-quadratically
convergent.

Proof. From the DDP method, it is easy to see that U|, € (U|p) for all k’s.
Therefore, from the standard assumptions, the two sequences {U|;} and {X|;} are
bounded, where X|; is the trajectory associated with U|,. From the proof of The-
orem 1 in [7], it can be easily seen that the closed bounded convex set D can be
replaced by any closed bounded set D. Therefore, from Theorem 1 in [7], the result
can be established. O

3. The SD method for UDOCP

The SD method for UDOCP proposed in this paper is an iterative method that
combines the DP technique and the SD method for NLP. Similar to DDP, the SD
method for UDOCP also consists of two sweeps in each iteration: the backward
sweep and the forward sweep. These sweeps and the convergence analysis of the
SD method are addressed in the following sub-sections.

3.1. THE BACKWARD SWEEP

Same as the DDP method, the goal in the backward sweep is to find control laws
backwardly by solving a sequence of sub-problems. However, instead of using
Newton’s method at each stage in the DDP method, the SD method is adopted.
Hence, the negative gradient of each stagewise objective function is taken as the
search direction. The detail of the procedure is described as follows.

Let Au, € IR™ and AX, € IR" be the perturbations at stage ¢ about the nominal
control and state, respectively, that is,

AU,=U,—L_,II, t:1,2,...,N, (27)
AX,:X,—)_(,, t:1,2,...,N+1. (28)
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Let R,11(X,+1) € IR be the linear approximation to the cumulative loss from
stage r + 1 to stage N + 1, that is,

Rii(Xqp1) =11 + O}Z_;_:LAXH—L (29)

where r;41 € IR and 0,41 € IR". Let V,(X,,U,;) € IR be the cumulative value at
stage ¢, that is,

ViXe, Ur) = (X, Up) + Rt+1(ft(xt7 Ut))- (30)

Then, the linear approximation to V;(x;, u,) can be expressed as follows:

LP(V)) (%, Uy) = v, + o] Ax, + B! Au,, (31)
where

v, =g +r+ € R, (32)

O{, = szg[ + (Jx,ﬁ)TUt+l (S mn, (33)

Br =V, 8 + (Ju,ft)TUt+1 e IR". (34)

From the DP decomposition, the sub-problem at stage z is:

min -V, (%, uy). (35)
Hence, to solve the sub-problem by the SD method, the search direction is taken as
b (Notice that g, # 0, otherwise U, is the solution to the sub-problem.) Thus

812 s
the control law can be written as:

) B,
t — Uy — s 36
= A(nﬁtn) (30)

where A (0 < A < A < 1) is the line search parameter of the SD method; X is a
small fixed parameter. Therefore, the linear approximation to the cumulative loss
from stage r to stage N + 1 can be obtained by substituting (36) into (31). This
gives

R(X;) =1+ UITAXt’ (37)
where
re=v — AlBill, € R, (38)

Hence, assuming Ry, »>(Xy+2) = 0 and repeating the above steps from stage N + 1
to stage 1 backwardly, N control laws can be found. In summary, the backward
sweep of the SD method can be written as follows:
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3.1.1. The backward sweep

1. Initialize the following variables,

0N+1 = 07 (40)

ON+1 = Wy 1 EN+1- (41)

2. Forstaget = N, N —1,..., 1, compute the followings,

o = Vy, 8 + (\]x,ft)TUH-la (42)
Br = V8 + (Ju,ft)T6t+1» (43)
0, = 9t+1 + ”ﬂt“27 (44)
o, = o. (45)

3.2. THE FORWARD SWEEP WITH A LINE SEARCH SCHEME

To ensure the global convergen ce, some line search scheme is necessary. To de-
velop an inexact line search rule for the SD method based on the Goldstein and
Armijo Conditions, the following lemmas and theorems are important. Notice that
all the functions, derivatives, vectors and matrices in the following are evaluated at
a fixed control policy and the corresponding trajectory.

LEMMA 3.1
Ve & + Oy, )T (%, L), t=1,2,...,N,
Vo, L = d ! 1+1 46
i { Vin118N+15 t=N+1. (46)
Proof. Fort =1, 2, ..., N, itis straightforward to see
N+1

VL= Vg
i=t

N+1 T T
aXt—t—l) ( 0gi )
= W& + (
Xest i—l‘Z-HL 3 Xt BXH_l
= Vx,gt + (thf,)T(thHL).

Therefore (46) can be obtained. O

LEMMA32 Forr=1,2,..., N,

VoL = V8 + Qu, f)7 (%, L). (47)
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Proof. Fort = 1,2, ..., N, itis straightforward to see
N
VoL =) Vg
i=t
N T T
0 X1 d gi
=V
ui i=21-|;1 ( au, 0 X411

= Vo & + Qu )" (%, L.

Therefore (47) can be obtained. O

409

LEMMA 3.3 Letd, = —%2 r=1,2,..., N, where r, is obtained by (38), then

da

N
=Y lBill, and 61>6,>--->6y>0.
i=t
Proof. From (38) and (32), we have

re = (& — MBillo) +riv1

N N

= & =) lBilla+rya
i=t i=t
N+1

N
=> g =2Y_lBil,
i=t i=t

Thus,

an XNjnﬁ I
LU VP
da P

This proves the results. O

LEMMA 3.4

WL=0<= 8=0,t=1,2,...,N < 06, =0.
Proof. First we prove

oo=V%L fortr=1---,N+1

by induction backwardly in . From (41) and Lemma 3.1, we have
ON+1 = VXN+18N+1 = VXN+1L-

Now, we assume that

Jt+l - VXH»lL’

(48)

(49)

(50)

(51)

(52)

(53)

(54)
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Then by Lemma 3.2 and (43),

VoL = V8 + Qu, f)" (%, L)
= Vu,gz + (Ju,ft)TUH—l
= ﬂt- (55)
Moreover, by (45), (42), and Lemma 3.1,
Ul = O{,
= V& + (\]x,ft)TO't+1
= Vx,gt + (Jx,ft)T(Vx,HL)
=V, L. (56)

Thus, by the induction principle, (52) is true. Therefore, (52) and (55) imply that
the first part of the theorem holds.
Now, the remaining part of the theorem can be shown easily. From Lemma 3.3,

N
01=> 1Bl (57)
=1

Therefore,

01=0 B, =01=1,2,....N
<— B, =0,r=12,...,N. O

From the results of Lemma 3.3 and Lemma 3.4, the inexact line search rule based
on the Goldstein and Armijo conditions for the SD method can be written as
follows:

LU)—LU) < —A-«-04, (58)

where « € (0, 0.01) is a small fixed parameters. Notice that, (58) is the right-hand
extreme of the conventional Goldstein and Armijo conditions only. The left-hand
extreme of the conventional Goldstein and Armijo conditions is not necessary be-
cause the use of a backtracking strategy can avoid excessively small steps. In con-
clusion, the forward sweep of the globally convergent SD method can be written
as follows:

3.2.1. The forward sweep with a line search scheme:
1. Select three small positive scalars 6, ¥ < 0.01 and A < 0.01.
2. Initialize the line search parameter A = 1.

3. Repeat the following inexact line search procedure until the control policy for
this iteration is found.
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(a) Forward sweep:
(I) Set X1 (1) = X;.

(ii) Forstagetr = 1,2, ..., N, compute:

B ut—x%, if B, £0,
U () = { o BT (59)
Xir1(A) = fi (Xt (A, Ut()\))- (60)

(b) Compute the loss L(U(1)).
(c) Check the reduction in loss:

If the right-hand extreme of the Goldstein and Armijo conditions is
satisfied, that is,

L(UW) —L(U) < —x -« - 64, (61)
then the control policy for this iteration is found. So, let

U=U®), (62)

X =X, (63)

and stop the inexact line search procedure. Furthermore, if
61 < 6 -max{1, |L()]}, (64)

then U is the optimal control policy.

Otherwise, the inexact line search procedure should be continued by
cutting the step size, such as, setting > = 1 /2. However, if the new step
size is too small, that is

A< A, (65)

then the inexact | ine search procedure fails to reduce the total loss while
satisfying (61).

3.3. CONVERGENCE ANALYSIS

Since the SD method is a stagewise NLP procedure, so the theorem of global
convergence of descent methods in NLP can be applied (Theorem 2.5.1 in [4]).
The following theorem is a revised version for the SD method.

THEOREM 3.1 Suppose that the standard assumptions hold. Let {U|;} be the
sequence generated by the SD method for UDOCP, where k is the iteration index.
Then the SD method either stops in finitely many iterations with {V,L|;} = 0 for
some k or generates an infinite sequence such that {MyL|;} — 0.
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Proof. From the SD method, it is easy to see that U|, € Q(U|p) for all k’s.
Therefore, from the standard assumptions, the two sequences {U|,} and {X]|;} are
bounded, where X| is the trajectory associated with U|.

Now we verify that {U|,} satisfies the Goldstein and Armijo conditions (58).
Equations (55), (57), (59), and the Taylor expansion of L(U) indicate

L(UJg41) — L(UJp) = =201 4+ o(|U 41 — UlilD)- (66)

Since k € (0, 0.01), (59) indicates that by choosing a proper A, (58) can be always
satisfied.

In addition, the standard assumptions imply that Wy L | is uniformly continuous
in 2 (U|p). Then from Theorem 2.5.1 in [4], the results of the theorem hold. O

4. A combined method for UDOCP

In this section, a new method that combines the DDP method with a shift scheme
and the SD method is proposed to solve the general UDOCP. The algorithm and its
convergence analysis are addressed in the following sub-sections.

4.1. THE ALGORITHM

The new method consists of two parts: the DDP method with a shift scheme and
the SD method. In each part, two sweeps are involved: the backward sweep and
the forward sweep. The algorithm of the new method is listed as follows. The key
strategy of the method is to adopt the DDP method with a shift scheme whenever
possible.

1. The DDP method with a shift scheme:

(a) The backward sweep:
Perform the backward sweep as stated in Section 2.1 except when the shift
s; must be greater than a pre-selected non-negative scalar § to guarantee
the positive definiteness of all C,’s. Whenever this occurs, the iteration is
restarted by using the SD Method.

(b) The forward sweep:
Perform the forward sweep as stated in Section 2.2.

2. The SD method:

(a) The backward sweep:
Perform the backward sweep as stated in Section 3.1.

(b) The forward sweep:
Perform the forward sweep as stated in Section 3.2.
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4.2. CONVERGENCE ANALYSIS

To prove the global convergence of the proposed method, the following lemmas
for the DDP method are required.

LEMMA 4.1 For 6, obtained in (17), we have

61>60,>--->0y>0. (67)
Proof. From (17) and (15),
N
=Y BIC'B. t=12.._.N. (68)
i=t
SinceC;, t =1,2,..., N, are positive definite, the result follows directly. O
LEMMA 4.2
WL=0 <= 5=0,r=12,...,N < 6, =0. (69)

Proof. Following exactly the same steps as discussed in the proof of Lemma 3.4,
this lemma can be proved easily. O

The following theorems provide the global convergence and locally g-quadratic
convergence of the proposed method described in Section 4.1.

THEOREM 4.1 Suppose that the standard assumptions hold. Let {U|;} be the
sequence generated by the method described in Section 4.1 for UDOCP, where k is
the iteration index. Then the method described in Section 4.1 either stops in finitely
many iterations or generates an infinite sequence such that {WyL|,} — 0.

Proof. From the method described in Section 4.1, it is easy to see that U|; €
Q(UJp) for all k’s. Therefore, from the standard assumptions, the two sequences
{Ul} and {X|;} are bounded, where X]|; is the trajectory associated with U|y.
Therefore, Wy L|; is uniformly continuous in 2 (U|p). In addition, the positive
definiteness of C, matrices and the definition of positive scalar § guarantee that
the angle between U|;.1 — Ul and —VyL(U|;) is uniformly bounded away from
orthogonality.

Mayne in [10] (equation (26)) has achieved the following result

A
LUle+1) = LU = =21 = )01 + 0(3?). (70)

This ensures that (22), or the Goldstein and Armijo conditions, holds for DDP. On
the other hand, (66) guarantees that (58), or the Goldstein and Armijo conditions,
holds for the SD method. Therefore, we can say that the sequence {U|;} satisfies
the Goldstein and Armijo conditions.

The above discussions indicate that the conditions of Theorem 2.5.1 in [4] are
all satisfied. Therefore, using Theorem 2.5.1 in [4], our results hold. O



414 CHI-KONG NG, LI-ZHI LIAO AND DUAN LI

THEOREM 4.2 Suppose that the standard assumptions hold, and g,’s and f;’s
have continuous third-order derivatives in level set Q(U|o) for any U|y € IRN™.
Let {U|;} be the sequence generated by the method described in Section 4.1, and
{U|¢} converge to U* which is a solution of UDOCP, and X* be the trajectory
associated with U*. If s, = 0 for all #’s and all £’s in a neighborhood of U*, then
the method described in Section 4.1 is locally g-quadratically convergent.

Proof. From the principle of the combined method, we know that the DDP
method with a shift scheme will be adopted whenever possible. In addition, the
assumption that {U|,} converge to U* and s, = 0 for all #’s and all &£’s in a neigh-
borhood of U* ensures that the DDP method with a shift scheme should be used in
that neighborhood. Thus by Theorem 2.2, the proposed combined method is locally
g-quadratically convergent. O

5. Numerical experiment

In this section, the proposed method is examined on eight test problems available in
the literature. These test problems are provided in the Appendix. The objectives of
the experiment are to show the robustness and efficiency of the proposed method.
To implement the tests, the parameter of the Goldstein and Armijo conditions,
K, is set to 1e-8; the tolerance of line search, A, is set to 1e-10; and the parameter
of the stopping criterion, 6, is set to 1e-12.
For each test problem, 144 tests are carried out with different combinations of

three parameters:
1. The number of decision times N: Four choices of the time stages are investig-
ated, N + 1 = 10, 30, 50, and 100.
2. The starting point U|q: In order to have unbiased results, nine starting points
are selected, [U|o]; = 0, £0.2, £0.4, £1 and £10,fori =1,2,..., Nm.

3. The maximum shift allowed s§: To show the robustness and efficiency of the
proposed method, § = 100, 1000, 10000, and § = oo are selected. Notice that
the case of § = oo is just the conventional DDP method with a shift scheme.

The numerical results of the first three test problems with N + 1 = 100 are dis-
played in Tables I-I1, respectively. Since the numerical results of the remaining
five test problems share the similar behaviors, they have been omitted. In each
table, the followings are reported:

Maximum shift: max(s)
Total number of iterations

(Number of iterations using the SD Method): k (kSP)
Final 0;: 01k

Final Euclidean norm of the gradient of the total loss:  ||VyLl«ll,
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6. Concluding remarks

In this paper, a new method that combines the DDP method with a shift scheme and
the SD method is proposed to solve the general UDOCP. Based on our analysis and
discussion in earlier sections, we can see that this new method en joys the following
advantages.

First, the proposed method is robust. In Section 4.1, the proposed method is
shown to have global convergence under the standard assumptions. From the nu-
merical experiments reported in Section 5, all cases can converge to local minim-
izers rapidly. These results confirm the global convergence property. Furthermore,
the proposed method can solve a problem when the DDP method with a shift
scheme failed (see Table I1). This shows the robustness and attractiveness of the
proposed method.

In addition, the proposed method is extremely efficient. In Section 4.1, the
proposed method is shown to be locally g-quadratically convergent under some as-
sumptions. This property is also verified in our numerical experiment in Section 5.
Besides the proposed method could save up to 99.9% in the number of iterations
in the experiment (Table I). These results indicate the efficiency of the proposed
method.

Since the Newton method for UDOCP shares the same computational structure
as the DDP method [13], it is expected that the Newton method can be also com-
bined with the SD method to form a new globally convergent and efficient method
for solving UDOCP.
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Appendix
A. Testing problems
Problem 1: [8]

N n m n
min >3y (%1 +0.25) + Y ([u,l; +0.5)* t + > (IXn4als +0.25)°
j=1 i=1

=1 i=1
where

X1 =A% +BuU +p-x'Cu)-e t=12...,N,
x1=1[0,...,01" € R",

05 ifk=i,
Ac R, [Al,=14025 ifk=i+1, i,k=12,...,n,
—0.25 ifk=i—1,

i—j

Be R™, [B],; = L i=12....n j=12....m,

[Bl; " m i n, j m
r

CeR™™, [Cl,=—"20, i=12...n j=12...m,
’ n—+m

e=[1,---,11" € R",
u=1 n=4, m=2
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Problem 2: [8]

lu, |
an,nz[sm ( ’2)+1}+||XN+1||2

where

[XI+1]i = Sln([xt]l) + [K . W(ut)]iv i = 17 27 cee,n, =

ili=gs i=12....n

KeR>" [Kl;=%2 i=12..,n j=12,...,m

@n) >

W:R"— IR", [Wu)]; =sin((ul;), j=12,....m

n=4 m=2.

Problem 3: [14]

Zexp 1% 115 [sm (” ’”2)+1}+exp(an+1||§)

where

Xl+l:Xt+K'W(ut)’ t:1’2""7N’
[Xl]i=%v i=1,2,...,”l,

KeR™, [K],; =2 =12 ...,n j=12....m

o 100 *
W R" — IR™, [W(up]; =sin(luly), j=12,.
n=5 m=05.

Problem 4: [1]

N

ok k
min > ;(Xf QX + ru?) + EXJTVHQXNH

417



418 CHI-KONG NG, LI-ZHI LIAO AND DUAN LI

Problem 5: [3]

5k l 5k
min -l l5 + Skuf +5k > (I I3 + uf) + - Ixwa 3
=2

where

c[1— (%12?] X1 — [X ]2 +

Xl+l =X + 5k |: [Xt]l

] t=1,2,..., N,

x; = [0, 1]T, k = ﬁ,

n=2 m=1
Problem 6: [3]
N
min - kY (2 +u?)
t=1

where
xt+1:x,+k-(x,2—ut), r=1,2,...,N -1,
1
X1=1, k:m,
n=1 m=1

Problem 7: [11]

N
min % Z {[xt + exp(u,)]2 + u,z}

=1
where

xH_l:x,—{-eXp(u,), t:1,2,...,N_1,
xy =0,
n=1 m=1

Problem 8: [7]

N
min > "sin?(x? + u?) + sin’(x} ;)

t=1
where
Xr41 :xtz—l—x,u,, t=1,2,..., N,
x1=73,

n=1 m=1
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Table I. Numerical results of Problem 1 with N+1=100*

[Ulol;, Vi § max(s) k(kSP) 011k IV LIkl
0 oo 0 5(0) 9e-15 8e-08
100 0 5(0) 9e-15 8e-08
1000 0 5(0) 9e-15 8e-08
10000 0 5(0) 9e-15 8e-08
0.2 00 le71 526 (0) le-13 3e-07
100 0 5(1) 5e-12 2e-06
1000 0 5(2) 5e-12 2e-06
10000 0 5(1) 5e-12 2e-06
-0.2 00 0 4(0) 4e-20 1e-10
100 0 4(0) 4e-20 1le-10
1000 0 4(0) 4e-20 1le-10
10000 0 4(0) 4e-20 1e-10
0.4 00 1e163 937 (0) le-12 8e-07
100 0 8(2) 5e-17 6e-09
1000 0 8(2) 5e-17 6e-09
10000 0 8(2) 5e-17 6e-09
-04 00 1e87 187 (0) 2e-17 4e-09
100 0 6 (1) 2e-13 4e-07
1000 0 6 (1) 2e-13 4e-07
10000 0 6 (1) 2e-13 4e-07
1 00 le301 T 8e-03 2e+16
100 0 9(3) 4e-17 6e-09
1000 0 9(3) 4e-17 6e-09
10000 0 9(3) 4e-17 6e-09
-1 00 1e207 T 4e-01 1le+66
100 1 10 (2) 3e-16 2e-08
1000 1 10 (2) 3e-16 2e-08
10000 1 10 (2) 3e-16 2e-08
*Computer overflow was observed for [U|g]; = £10, i =1,--- ,n.

T The stopping criterion was not reached after 10000 iterations.
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Table 1. Numerical results of Problem 2 with N+1=100

[Ulo];. Vi § max(s) k(kSP) 011k IMU LIkl
0 S 1 7(0) 2e-19 1e-09
100 1 7(0) 2e-19 1e-09
1000 1 7(0) 2e-19 1e-09
10000 1 7(0) 2e-19 1e-09
0.2 0 10000 25 (0) 2e-14 2e-07
100 100 11 (3) le-15 2e-08
1000 1000 18 (2) 9e-17 3e-08
10000 10000 25 (0) 2e-14 2e-07
—-0.2 00 10000 21 (0) 2e-15 2e-07
100 100 73 (3) le-21 le-10
1000 1000 18 (1) 5e-13 2e-06
10000 10000 21 (0) 2e-15 2e-07
0.4 S 1000 30 (0) 5e-17 1e-08
100 100 19 (2) le-17 4e-09
1000 1000 30 (0) 5e-17 1e-08
10000 1000 30 (0) 5e-17 1e-08
—-0.4 00 1000 239 (0) 3e-18 5e-09
100 100 27 (2) 2e-15 7e-09
1000 1000 239 (0) 3e-18 5e-09
10000 1000 239 (0) 3e-18 5e-09
1 S 1000 27 (0) 1e-27 5e-13
100 100 30 (2) le-21 4e-10
1000 1000 27 (0) 1le-27 5e-13
10000 1000 27 (0) 1e-27 5e-13
-1 S 1lel2 687 (0) 2e-18 2e-09
100 100 197 (154) 2e-18 9e-10
1000 1000 416 (1) 6e-15 2e-07
10000 10000 324 (1) 2e-15 le-07
10 00 lel2 2925 (0) 2e-13 4e-05
100 100 764 (321) le-16 1le-08
1000 1000 2255 (5) 1le-18 4e-10
10000 10000 2699 (7) 6e-13 3e-07
-10 S 1e9 2661 (0) 8e-18 1e-09
100 100 1241 (29) 5e-16 3e-08
1000 1000 1668 (7) 2e-18 2e-09

10000 10000 2446 (3) 3e-16 1e-08
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Table 111. Numerical results of Problem 3 with N+1=100*

421

[Ulo);. Vi § max(s) k(kSD) 011k IMU LIkl
0 00 1 517 (0) 1le-10 1e-05
100 1 517 (0) le-10 1e-05
1000 1 517 (0) le-10 1e-05
10000 1 517 (0) 1le-10 1e-05
0.2 00 1e86 206 (0) de-11 7e-06
100 10 13 (1) 4e-11 2e-08
1000 10 13 (1) de-11 2e-08
10000 10 13 (1) 4e-11 2e-08
-0.2 00 1e78 2647 (0) 1le-10 1e-05
100 100 17 (1) 3e-11 2e-08
1000 100 17 (1) 3e-11 2e-08
10000 100 17 (1) 3e-11 2e-08
—0.4 00 Computer overflow while initialization
100 1 15 (3) de-11 7e-09
1000 1 15 (3) 4e-11 7e-09
10000 1 15 (3) de-11 7e-09

*Computer overflow was observed for [U|g]; = 0.4, £1, £10, i =1, - ,n.



