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HE purpose of this Note is to concisely discuss the analytical

aspects of a number of methods for obtaining initial Lagrange
multipliers for the shooting method. Because the ultimate goal is to
use the shooting method, the partial derivatives of the state equation
with respect to the time, the state, and the control are available and
can be used to enhance the performance of these methods. The
methods considered are parameterizing the control within the
shooting method, direct shooting, collocation (direct transcription),
pseudospectral method, dynamic programming, and adjoint-control
transformation. The intent is to discuss each of these methods briefly
to present their important features.

A standard optimal control problem without path constraints is
stated, as are the corresponding optimality conditions. Next, a brief
derivation of the shooting method is presented to show what
information would be available for initial multiplier prediction and to
show how to parameterize the control within the shooting method.
Then the other methods are discussed briefly.

Introduction

II. Optimal Control Problem/Optimality Conditions

The optimal control problem considered here is finding the control
history u(f) that minimizes the performance index

J= ¢(tfsxf) (D
subject to the differential constraints
X = f(t,x,u) 2)
and the prescribed boundary conditions
1y =0, Xo = Xo,s Yty x) =0 3)

where u, x, and Y are m x 1, n x 1, and p x 1. This is a well-known
problem, and the details can be found in [1].

For the discussion that follows, it is convenient to normalize the
final time as T = 1/t;, which makes ¢, a parameter. The optimal
control problem becomes the following:
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X =tpf(t,7, X, u)ég(r,x, u,ty)
w(va lf) =0

J=¢(xy, 1),

=0, X =x, =1, “)

where the prime denotes a derivative with respect to t. This is now a
fixed-final-time problem.

Next, the final time can be made a state yét_/ by including the
differential constraint y’ = 0. The optimal control problem becomes

J = ¢(xp.yy)

70 =0,

y=0
Ylxp, yp) =0

X =g(t,x,y,u),

Xo = Xo,» =1, %)
This is now a free-initial-condition problem because yj is free.

The constraints are adjoined to the performance index by
multipliers A(t), (), and v to form the augmented performance

index:
t
7' =Gy yp + [y 00 - 1Y = Tl ©
fo

where, because y' = 0,

G=¢+ Ty, H=2M\Tg @)
The optimality conditions for this problem are given by
Y=g, ¥y=0, N=-H[, w=-H], H[=0
=0, Xxo=x., Ho=—Gl =0
=1, Y=0, )»f:sz, /JLf:GL (8)

Note that y = #,is a scalar in the stated problem, but itis treated as an
r x 1 vector of parameter states for later use.

III. Shooting Method

It is assumed that HT = 0 can be solved for the control as u =
u(t, x,y, A) so that the following two-point boundary-value problem
(TPBVP) can be formed:

7 =F(z,2), =0, x =x. o =0, h(zs) =0
©
where
X g(t,x,y,u(t,x,y,A),A)
=7 F= 0 (10)
=l T | —HI(zx,y,u(T Xy, A), A)
m —H}T(r,x,y, u(t,x,y,A),A)

The dimension of zis (n 4+ r + n + r) x 1, and the dimension of / is
(n + r) x 1. The latter is obtained by eliminating the p multipliers v
from the p+n+r final conditions (¥ =0, A,= fo and
Ky = GyT-_/)-

For given values of y, and A, the differential equation can be
integrated to obtain z, for which 2 = O 1is not satisfied. Next, Egs. (9)
are linearized about the nominal path to find the changes 8y, and §,
that drive ||| toward zero.
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The linearized z equation is given by

d(6z)

=F.), 11
dr o an

because 8x, and du are zero, the solution of Eq. (11) is given by
8z = W(t, 1) 8o (12)

where W is the (2n + 2r) x (r 4 n) transition matrix satisfying the
equations

OIIXV Oan
U = FZ\IJ, \po — érxr ([)rxn (13)
OFXI‘ OVX}’[
Hence,
8yo
(Szf:\pf[&o] (14)

The linearized final condition is given by

h. ., =—ah (15)
where « is a parameter that controls the reduction in || % || on each
iteration. This equation can be rewritten as

8y
hﬂf[ &‘;] =—ah (16)

which is solved as a linear system for §y, and 6A,.

A problem with the shooting method is that good values are
needed for y, and A, to make it work; recall that y, = ;. The rest of
this Note is concerned with getting values of y, and A, using
suboptimal control methods. Conversion of optimal control
problems into suboptimal control problems is discussed in [2].

IV. Shooting Method for Piecewise-Linear Controls

The general idea is to replace the control u(7) in the shooting
method by a piecewise-linear control: that is, N control nodes
uy,...,uy at fixed points 7y, ..., ry plus linear interpolation [3]. In
terms of the r x 1 vector,

A
y=[tp uy, .. uy]” (17)
Equations (5) become
J=¢(py,) ¥ =gxy), y=0
7, =0, Xo = X, , =1, w(xf,ylj)=0 (18)

Then, in terms of the functions
G:(p(vayl,) + VTW(XJ',)’UL HZ)\Tg(T»va) (19)

the optimality conditions (8) become

X =g, y =0, A =—HT, w =—HT
7o =0, Xo = Xo,, po=—G% =0
=1, Y =0, )»;-:GI/, /L,-:fo (20)
These equations lead to the following TPBVP:
7=F(t.z), 1=0, xg=x0, po=0, h(zy)=0
@1

where
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x g(z.x,y)
| _ 0
Sl IS e I R A S @)
m —HI(t,x,y,A)

Note that the state equation no longer depends on A, and so the
sensitivity of the TPBVP to A, completely disappears! The
remaining discussion of the TPBVP is identical with that associated
with Egs. (11-16). Upon convergence, the resulting y; and A, can be
used to start the regular shooting method.

V. Direct Shooting

The optimal control problem in Eq. (4) is converted into a
parameter optimization problem by replacing the control history u(t)
by a piecewise-linear control: that is, a set of control nodes
uy,...,uy (parameters) at the fixed points ty,...,7y. Linear
interpolation is used to form the function u (7). For given values of
the = 1 + N parameters y = [t;, uy, ..., uy]", the state equation is
solved by explicit Runge-Kutta integration to obtain x, = x,(y).
Finally, x, is eliminated from ¢ and v to form the parameter
optimization problem of finding the parameters y that minimize the
performance index

J =) (23)

subject to the equality constraints

Y(y) =0 (24)

There are many nonlinear programming codes available for solving
this problem; most are based on sequential quadratic programming.

The converged values of the Lagrange multipliers associated with
the constraints v are the v values of the optimal control problem.
Then, with the converged values of 7, and x/, the final value of the
multiplier A becomes [1]

A.szI[(tf,Xf,V) (25)

Finally, with the optimal piecewise-linear control, the differential
equations [1]

x=f(t,x,u),

are integrated backward in time to obtain A, . If the shooting method
does not converge with this ¢, and Ao, more control nodes can be used
and the process can be repeated.

To use a nonlinear programming code, it is necessary to have the
derivatives of ¢ and  in Egs. (23) and (24) with respect to y. A usual
procedure is to use finite differences, which requires many
integrations of the system equations. Because the intent is to use the
shooting method, the need for deriving the derivative F'_ provides the
derivatives g, g,, and g, . Hence, it is possible to compute the
derivatives more accurately by integrating differential equations for
transition matrices.

A=—HI(t,x,u,)) (26)

VI. Collocation (Direct Transcription)

For this method of solving the optimal control problem in Eq. (4),
controls and states are guessed at the nodes, which now represent
integration steps. Then, implicit Runge—Kautta integration is used to
define the integration formula for each step; for example, for the
second-order trapezoid rule,

Xpr = X + (B/2)[g (s X s 1) + 8(Tu1s Xy 15 U1 1)) (27)

Because the x values are guessed, Eq. (27) is not satisfied. It is forced
to be satisfied by defining the residual for each step to be

Ry = Xy — X — (h/2)[8(Th, Xps ps t7) + &(Thg1s Xpqe1s Upy 15 17)]
(28)
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and imposing all of the residuals as constraints in the parameter
optimization problem.

The parameter optimization problem is to find #;, u, ..., uy, and
Xs, ..., Xy, Which minimize the performance index
J = pxy, ty) 29)

subject to the constraints

W(XN’ [f) =0
Ry (uy, uy, xp,%5, 1) =0

Ry_1(uy_y, iy, Xy_1 Xy, 15) =0 (30)

With this method, the optimization and integration are performed
simultaneously.

It has been shown [4] that the multipliers associated with the
residuals R, are local values of —A(¢) of the optimal control problem.
Hence, the multiplier of R, is approximately —A,. If the initial
conditions on the states had been adjoined to the performance index
with multipliers &, the endpoint function and A, would have been

G=¢+ VY +E(xg—x,), hy=—-GI =—¢& 3D

Because the ultimate goal is to use the shooting method, the
derivatives g,, g,, and 8, are available. Hence, the derivatives
needed for using a nonlinear programming code can be calculated
analytically.

VII. Pseudospectral Method

One example of this method is the Legendre pseudospectral
method [5]. Here, a fixed number of Legendre-Gauss—Lobatto
(LGL) pointsis placed at 7y, . . ., Ty over the interval of integration t,
and 7, and along with 7, values for x and u, are guessed at the LGL
points. Next, after using Lagrange interpolation on the state nodes,
the differential equations x' = g(z,x,u,t;) are required to be
satisfied at the LGL points. The resulting conditions are imposed as
constraints in the parameter optimization problem. The Lagrange
multiplier A is proportional to the multiplier of x' = g at the initial
point.

VIII. Method Based on Dynamic Programming
It is known from dynamic programming that [6]

ajopt
T 0x

Ay (32)

An approximate method for obtaining A, is to select a value for x, and
to use, for example, direct shooting to obtain J°P'. Then one element
of x, is perturbed and a new value of J°" is obtained. Finally, A, is
calculated as

AJOP[

ko = Axko (33)

A complete discussion of this method for the general optimal
control problem is presented in [7].
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IX. Adjoint-Control Transformation

The adjoint-control transformation is simply the solution of the
optimality conditions for A, in terms of physical quantities for which
the values can be guessed [8]. For example, consider the launch of a
rocket over a flat moon with no condition imposed on the final
downrange. The steering angle for minimum final time satisfies the
relation

tanf=——t 4+ — 34
an )~3t+)~3 (34)

where A,, A3, and C are three constants to be determined. From this
relation, it is seen that

A

€ a6, -l [

d(tan 49)]
— 35
)‘3 )‘3 t=0 ( )

dt

Hence, it is possible to relate A,/C and A3/C to the steering angle
tan 6 and its derivative at # = 0. Reasonable guesses can be made for
these quantities. A third equation comes from H; = —1.

X. Conclusions

An often-used numerical method for solving optimal control
problems is the shooting method. However, to make it work, a good
guess is needed for the initial Lagrange multipliers. This Note
concisely summarizes many of the available options. A standard
optimal control problem without control bounds and its optimality
conditions have been stated. Following a brief derivation of the
shooting method, several methods for obtaining initial Lagrange
multipliers have been discussed: parameterization of the control
within the shooting method, direct shooting, collocation,
pseudospectral method, dynamic programming, and adjoint-control
transformation. Because the intent has been to use the shooting
method, gradient information (which is not usually available for
direct methods) can be used to improve direct shooting and
collocation.
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