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This paper contains progress reports of NASA-sponsored

studies in the areas of space flight and guidance theory.
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authors first derive some formulas of Keplerian motion
involving their six elements, then the perturbation equations,
and finally, present the first order solution. It is inter-
esting to observe that no critical angles occur in the second
order solution, but that they will appear in a third order
solution.

The tenth paper by R. E. Wheeler of Hayes International
Corporation presents a statistical procedure for estimating
the ,accuracy that can be expected of a given guidance func-
tion. Variations due to changes in launch times, vehicle
parameters, and other disturbances are considered. The
procedure establishes an upper bound for 2-sigma limits and
checks the validity of such limits.

The eleventh paper by R. E. Wheeler of Hayes Inter-
national Corporation presents the derivation of a mathematical
model for fitting the steering function. No end conditions
were considered since all constants of integration were
combined with unknown constants in the expansion.

The twelfth paper by Daniel E. Dupree, James O'Neil,
and Edward Anders of Northeast Louisiana State College
presents a method of developing a function _N+I(B')
previously derived in Progress Report No. 5. The method
is detailed in the report and will be implemented here in
the near future.
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SUMMARY

Dirac's generalized Hamiltonian dynamics is described and applied first

to a particular optimization problem and then to a general class of such problems.

It is shown that the Dirac formulation leads to a Hamiltonian to which the

Pontryagin Maximum Principle can be applied. Further, this Hamiltonian has

the property of being canonical in all of its variables, and is thus susceptible

to treatmentby the methods of classical celestial mechanics. The report

closes with a brief discussion of how perturbation techniques, based on the

Dirac Hamiltonian, might be developed for the solution of optimization problems.
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I. INTRODUCTION

The purpose of this report is to formulate a generalization of the

PontryagLn approach for application to optimization problems. This generali-

zation will add nothing new to the basic equations to be solved, but is, rather,

intended to lead to perturbation procedures for the solution of these equations.

In the Pontryagin formulation of optimization problems a function which bears

close resemblance to a Hamiltonian function is introduced. It differs from

most classical Hamiltonian functions in two respects: First, the classical

Hamiltonian for most problems in dynamics is quadratic in the momenta

whereas the Pontryagin Hamiltonian is linear. The second difference is that

the Pontryagin Hamiltonian is canonical only in the state variables and their

conjugate momenta. In the Pontryagin approach, the control variables are

determined, not from Hamilton equations, but by the PontTyagin maximum prin-

ciple which says that the Hamiltonian must be a maximum in the control variables.

The generalization consists in defining a new Hamiltonian, to which the maximum

principle can still be applied, but which is canonical in all the variables. The

advantage of this new Hamiltonian is that all the methods of classical dynamics

now become available for the solution of the problem. In particular, the classi-

cal perturbation theories can be applied for obtaining successive closed form

approximations for the solution. Most current efforts to solve optimization

problems involve numerical integration with the serious defect that initial values

of the momenta must be found from an initial set of trial values by some differ-

ential correction procedure whose success will in general depend on how close

these trial values are to the actual initial conditions.

The construction of the new Hamiltonian is based on a technique developed

by Dirac for problems in which the Lagrangian function is linear in the velocities.
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It is shownin SectionHI that the construction of a Hamiltonian for such problems

involves special difficulties that are not present in the usual problems of

classical dynamics for which the Lagrangian is quadratic in the velocities.

Dirac's motivation for this work was his interest in relativistic gravitational

fields and quantum electrodynamics. In both problems the Lagrangian is

linear in some of the generalized velocities, so that the difficulties that are

involved in the construction of a Hamiltonian are identical with those involved

in optimization problems. Thus the Dirac formulation, although not originally

intended for this purpose, can be applied to optimization problems.

It will be seen that the new Hamiltonian, which will be referred to as the

Dirac Hamiltonian, will be linear in all the momenta problems for optimization.

This fact makes it very attractive from the point of view of development of a

Hamilton-Jacobi perturbation theory since the Hamilton-Jacobi equation will be

a linear partial differential equation of first order.

Section II presents some general background material. In Section HI,

the construction of the Dirac Hamiltonian is discussed in some detail. Section

IV presents a development of the Dirac Hamiltonian for a time optimal point-to-

point transfer problem. In Section V the connection between the Pontryagin and

Dirac Hamiltonians is discussed for the example of Section IV, and in Section V

the theory is extended to more general problems. Finally, Section VII presents

a brief discussion of the ways in which perturbation procedures might be developed

for the solution of optimization problems.

H. BACKGROUND

In the Pontryagin formulation of optimization problems, the variables are

classified as state variables x. which must satisfy certain equations of motion1

and control variables Yi which appear in the equations of motion:

_i = fi (x,y) , i = 1,2,...n. (i)
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From the state variables xi and a set of adjoint or conjugate variables ¢i a

Hamiltonian function Hp is constructed which is canonical in the variables

x i and their conjugate momenta ¢i" That is, the Hamilton equations

5 Hp 5 Hp

ki- 5}i _i- 5x i
(2)

are satisfied. The Hamiltonian is constructed so that the Hamilton equations

for x i are just the equations of motion, and the equations for _bi serve to define

the conjugate functions $ i" The Hamiltonian Hp is not canonical in the control

variables Yi since no momenta conjugate to the Yi appear and hence the Yi are

not given by partials of HI) with respect to their momenta. The subscript P is

used to distinguish the Pontryagin Hamiltonian from a conventional Hamiltonian

which is canonical in all of its variables.

For a problem which optimizes x with
O

_:o fo (x,y) ,

an additional variable _)o is introduced and the Pontryagin Hamiltonian has the

form

n

Hp= _ _bifi(x,y).

i=O

(3)

(4)

For a time optimal problem fo = 1, and it is shown (page 20 of Ref. 1) that $o

is a negative constant, which may be taken as -1 without loss of generality.

As mentioned above, the Pontryagin Hamiltonian is not canonical in the

control variables. The control variables are determined from the Maximum

Principle which says that Hp must be a maximum in the control variables if the

optimization is a minimization. It is shown in this report that a technique

developed by Dirac may be used to define a Hamiltonian H D which is canonical

in all of the variables. This Hamiltonian is usable as a Pontryagin Hamiltonian

for application of the Maximum Principle and has the added advantage that the

12



transformation theory of Hamiltonian dynamics is now available for the solution

of optimization problems. It is evident from Eq. (4) that Hp is linear in the

momenta _bi and this property will also hold for the Dirac Hamiltonian HD,

which in fact is linear in all the momenta Pi conjugate to the coordinates qi'

which will be seen to include not only the state and control variables, but also

the Lagrange multipliers associated with the Lagrangian formulation of the

problem. Thus, for example, the Hamilton-Jacobi equation obtained by substi-

tuting

(5)

in HD will be a linear partial differential equation for the generating function S.

Its solution would lead to a canonical transformation, defined by S, to new

canonical variables _i and Qi obtained from Eq. (5) and the following equation:

5S(q,_)

Qi = 5 c_. (6)
1

The Hamiltonian may be written

H D = HD (_i) (7)

in terms of the new variables, so that

5 H D 5 HD

(xi- 5Q i -0 Qi: 5(_--_. =vi=c°nstant (8)

or

Q i = vit +/_i " (9)

Even ifthe Hamilton-Jacobi equation is not solvable, the standard perturbation

procedures of celestialmechanics would now be available by writing H D as the

sum of HD0 and HD1 with HD0 selected to represent a solvable problem and HDI

treated as a perturbation (Ref. 2, pp. 62-74).
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In order to obtain the Dirac Hamiltonian H D, it is necessary to start from

a Lagrangian formulation. For a time optimal problem the Lagrangian function

is

n

i=l

(10)

where the k. are the usual Lagrange multipliers associated with the equations
1

of motion regarded as differential constraints. To pass from a Lagrangian to

a Hamiltonian formulation, one first defines momenta Pi conjugate to the

variables qi (which include the x i, Yi and ki) by the equation

_L
pi =-

For the Lagrangian (10), the momenta conjugate to x i, Yi and k i are

5L =li, 5L =0 , p .=SL -0
Pxi = 5_--_ Pli = 5I i Y_ 5Yi

(ii)

(12)

The Hamiltonian is conventionally defined as the function

n

H= Pi _li - L.

i=1

(13)

It is readily shown that this Hamiltonian is a function only of the q's and p's and

is independent of the _l'S. This is done by considering the variation in H produced

by variations in the q's, _l'S and p's consistent with the defining relations (11)

for the p's, but otherwise arbitrary:

_n n n _L n _L

i=l i=l i=l i=l

n n

(14)
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The variation in H is independent of the variations in the _l'S and hence it must

be possible to write H in such a way that it depends only on q's and p's. In

conventional problems in dynamics, Eqs. (11), defining the p's, may be uniquely

inverted to give the _l'S as functions of the q's and p's. These expressions for

the tl's may then be substituted for H in the defining Eq. (13) to give a unique

expression for H as a function of q's and p's.

For the optimization problem, with the Lagrangian (10), the relations of

Eq. (14) still hold, so that the Hamiltonian is still independent of the _t's. It is,

however, no longer unique, as may be seen by direct use of Eqs. (12) and (13):

!
n n n n n

i=l i=l i=l i=l i=l

!
n n n n

+
i=l i= 1 1 i= 1 i= 1

(15)

n

n _ = number of control variables

since the first three sums vanish by virtue of Eqs. (12).

use of Eqs. (12) to write the Hamiltonian as

n

H' =_ Pxifi - 1

i=1

One can again make

(16)

which has, of course, the same "value" as H, but has a different functional form.

The form (15) would require that all velocities vanish if it is considered as a

"true" Hamiltonian, canonical in its variables. The form (16) is substantially

the Pontryagin Hamiltonian and is canonical in the state variables.

15



III. THE DIRAC HAMILTONIAN

In References 3 and 4, Dirac has developed his Hamiltonian formulation

for problems in which constraints among the coordinates and momenta are

implied by the defining equations for the momenta. The treatment in Reference

3 is more detailed and also more difficult to read than that in Reference 4.

Most of the development in Reference 3 is for a Lagrangian homogeneous of the

first degree in the velocities. While this restriction involves no loss of general-

ity (the Lagrangian may always be transformed to this form, as shown in Refer-

ence 5), it does not appear in Reference 4. The results of the two analyses are

substantially the same. The treatment in Reference 4 is in a form more useful

for optimization problems. The contents of References 3 and 4 are presented

below, for direct application to optimization problems.

The starting point for Dirac's development is a Lagrangian which is a

function of N generalized coordinates qi and their velocities _li :

L = L (q,tl) (17)

from which momenta Pi conjugate to the coordinates qi are defined by

bL

Pi = _i (18)

As noted in Section II, if Eqs. (18) may be inverted to give each _ti as a unique

function of the q's and p's, the classical Hamiltonian development follows. If

this is not the case, the classical definition of the Hamiltonian becomes ambiguous,

as illustrated by Eqs. (15) and (16). Actually these two equations are special

cases of an infinite number of forms for the Hamiltonian:

(19)
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where H 1 is any form such as in Eqs. (15) or (16), the am are arbitrary functions

of the q's and p's, and the_'s represent the constraints among the q's and p's

implicit in Eq. (18) defining the p's:

(Pm (q'P) = 0 (20)

These constraints may arise because some of the _'s do not appear in Eqs. (18)

or because of redundancy of these equations in the q's. Strictly speaking, the

expressions (19) cannot really all be regarded as Hamiltonians since by a

Hamiltonian one usually means a function of coordinates and their conjugate

momenta such that the tiamilton equations

b H 5H (21)
_i - b Pi Pi : - _--_.

are equivalent to the equations of motion of the system described by the

Lagrangian L. Thus, the question that Dirac asks is "How may coefficients

u m be chosen from all arbitrary coefficients a m in Eq. (19) so that, given some

H 1 satisfying

HI= )_, Pitli- L (22)

the function

H = H1 +_ Um_O m

m

(23)

is the Hamiltonian for the Lagrangian system L?" As shown in Section II, the

function H1, defined by Eq. (22), may be regarded as a function only of q's and
I'

p s. Since the _m are also functions only of q's and p's, the function H of Eq.

(23) satisfies the first condition for a Hamiltonian, i.e., it is a function only of

coordinates qi and their conjugate momenta Pi" It remains to determine the u m

as functions of the qi and Pi such that the Hamilton equations describe the motion

of the system. It will turn out that the Hamiltonian so obtained is not unique. The

essential reason for this is discussed at the end of this section.
17



It is necessary to make a few remarks about the functions q_m before

proceeding. These functions are assumed to form a complete, independent set

of constraints on the q's and p's implied by Eqs. (18). The term " independent"

means that no constraint, say q_k' is implied by the remaining constraints. In

this connection, it should be noted that independent constraints q_k = 0 and

independent functions ¢_k are not synonomous terms. The functions q and 2

are independent but the constraints q = 0 and q2 = 0 are not independent; each

implies the other. The term "complete" means that every constraint implied by

Eqs. (18) is also implied by Eqs. (20) and conversely. It is obvious that the

number of constraints M cannot exceed the number of coordinates N. If the

Lagrangian is independent of some velocity, say _tk, it follows that the momentum

Pk conjugate to qk vanishes so that one constraint would be

_1 = Pk = 0 (24)

If the Lagrangian is homogeneous of the first degree in the velocities, the

momenta will be homogeneous of degree zero in the velocities and hence depend

only on the ratio of the velocities. Since there are only N-1 independent ratios

of velocities and there are N p's, at least one constraint among the q's and p's

must exist. Still another way in which constraints might arise occurs when the

velocities [t 1 and _t2 appear, for example, only in the form _11 + _l2. Then

5L

Pl = P2 - 5 (_t 1 + _12) (25)

and the corresponding constraint is

q_ = Pl - P2 = 0 (26)

In the following development the assumptions made on the nature of the

constraints is that they be independent, complete, and differentiable. The pur-

pose of this last condition will appear immediately.

It has already been seen (Section 1I) that the variation in H1, induced by

variations in the q's, _l'S and p's consistent with the defining equations for the

momenta, may be written

18



6H1 _tli6Pi _ 8L
= _ _. 6qi

i i

(27)

The condition on the variations in the q's, tl's and p's implies not only that Eq.

(18) holds (this was used to cancel out the 6 _1terms) but that they be such that

the induced variations in the q_'s shall vanish -- that is that the constraints not be

violated. Thus, the following relations among the 6 q i and 6 Pi hold:

5q_m= _- b_q___TM 6q i _ bq_m 6pi 0
:_, b qi + ' BP_" =
i i

(28)

These equations may be interpreted as saying that of the 2 N variations, 5 qi

and 5pi, some M may be determined in terms of the remaining 2 N - M. At

this point the meaning of the independence of the q_'s may be more precisely

stated: the _'s must be such that Eq. (28) form a consistent independent set of

linear equations in the 5 q i and 6 Pi"

Recalling that H 1 is a function only of the q's and p's, and using the condi-

tion of differentiability on L which implies dffferentiability of H 1 with respect to

its variables, one may write the variation of H 1 in the form

bH 1 - bH 1

6H1=_ bqi 6qi + _. -_-i 6pi
i I

(29)

If there were no constraints the 5q i and 5 Pi could all be regarded as independent

and matching coefficients of the 6q i and 5pi in Eqs. (27) and (29) would lead to

the usual Hamilton equations. With constraints present, one may proceed as

follows: Multiply Eq. (28) by the undetermined multiplier (-urn) and sum over

m, add Eq. (27) and subtract Eq. (29) to obtain

=0 (30)

19



Now think of some M of the 5 qi and 5Pi as being determined in terms of the

remaining 2N - M by Eq. {28) and require that the u m be such that the coeffi-

cients of these M variations vanish. The remaining (2N - M) 6 qi and 6Pi may

now be regarded as independent, so that their coefficients must also vanish.

Thus all coefficients in Eq. (30) are to vanish and, making use of the Lagrange

equations

d 5L 5L

_i =_- _'q-i - 5qi
(31)

one obtains

5H 1 5(D m
_li- --- +_u m

Pi 5 Pi
m

5H1 _ u m b(Pm
Pi= 5qi _ 5qi

m

Since the _m all vanish, it follows that for any variable x

5 5 ¢Pm 5 u m 5 ¢_m

_--'xUmCPm=Um 5x +¢m 5m Um 5x

(32)

(33)

and hence, defining the Dirac Hamiltonian

HD=Hl+_Umq_m

one may conclude that H D is a Hamiltonian with Hamilton equations:

(34)

5 H D 5 H D

_ti = 5p i f°i - 5q i
(35)

The coefficients u may be determined as functions of the q's and p's asm

follows. The equations of motion (35) obtained from the Hamiltonian (30) must

be consistent with the constraints (20). This means that not only must the q_m

vanish, but so must their time derivatives. That is, for each m
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_m

i i

=C bq i \ bp--_. _ Um• + bPi j
1 m

(36)

Um% 
!-_ _Pi \_qi _qi _
1 m

It generally happens that no u's will appear in some of Eqs. (36). In this case,

additional constraints among the q's and p's appear, whose time derivatives

must also vanish. Those constrair_ts associated with the defining equations for

the p's are denoted by q_m and are called primary constraints. All other con-

straints are denoted by Xi and are called secondary constraints. Only the

primary constraints appear in the Hamiltonian. All constraints must have

vanishing time derivatives, so that secondary constraints arising from _bm = 0

may lead to additional secondary constraints. This process of equating time

derivatives of constraints to zero must be repeated until no further secondary

constraints appear. There will then remain a number of equations for the u m

which may be insufficient to determine all M of the um. The case in which the

remaining equations are insufficient to determine all of the u m requires special

discussion. Any inconsistency in either the constraining equations or the

equations for the u indicates an original Lagrangian formulation containingm

inconsistencies.

To see how this process works in detail, it is desirable to introduce the

Poisson Bracket notation. If _ and 7? are two dynamical variables (functions of

q's and p's) their Poisson Bracket (P. B.) is defined by

_qi _Pi _Pi _qi
i

(37)
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from which it follows immediately that

I'_,_] =- [_,_] E_,_]=O

[_,_] =n[_,_ ] +_[_,n]

The Usefulness of this notation lies in the following relation :

(38)

5 qi + bPi
i

-_--_- 5HD _ 5HD

i

where use has been made of the Hamilton Eqs. (35).

(34) for Hl_one obtains

m

Recalling the definition

(39)

=[_j, H1.] + _ UmJ]_J, _m] + _ _mE EJ'Um J

m m

(40)

--E_, H1]+_Um[_J,_m-]

m

on making use of Eqs. (38).

The condition that a primary constraint have vanishing time derivatives

may now be written

22



_,: [o,,.,]+Lum[_,,On,]_0
m

(41)

It may happen that for some ¢)k' [_°k' _°m ] vanishes for all m, and in this case

[ ]_0k, H 1 =0=XI 142)

would appear as a secondary constraint. Secondary constraints could also

arise by elimination of u's among some of Eqs. (41). Let the independent

secondary constraints obtained from Eq. (41)be denoted by Xi. Itis now re-

qnired that all_(ishould vanish; that is

_i =Exi , H1]+ _ Um [Xi,_m] (43)

m

and Eqs. (43) may lead to further secondary constraints.

constraints have been found, there will remain a number of independent linear

equations in the um.

When all the s_ondary

It is now necessary to provide a further classification of the constraints.

A constraint is defined as first class if its P.B. with H 1 and with every other

constraint vanishes either identically or by virtue of the constraints. All other

constraints are second class. Suppose that a set of the primary constraints,

denoted by _k' is first class. It follows that

E_,"_q=E_,_3=E_.×_]=0 (44)

Thus

_:[_ .,]+Zu_[_o_]:0
m

_m' =i_m l' H1] +Z un,Eom,,_]
m_

=0 (45)

(cont'd on next page)
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 iExi  11+ umj×iOm 0 ,45 ,oontd 
mCk

and none of the equations requiring time derivatives of the constraints to vanish

contain the uk. Therefore, the uk are undetermined and the first class constraints

appear in the Hamiltonian H with undetermined multipliers. Dirac shows in his

paper that the multipliers associated with the second class primary constraints

are uniquely determined by those Eqs. (45) corresponding to the second class

constraints. The equations corresponding to the first class constraints, whether

primary or secondary, yield no information of the u's.

The Dirac Hamiltonian, given by Eq. (34), is now determined in terms of

any H 1 consistent with Eq. (22) and the u's determined from Eq. (45). The u's

so obtained will, of course, depend on the particular form selected for H I . The

Dirac Hamiltonians obtained from different choices for H 1 may appear, at first

glance, to have different forms. This brings up the question, noted at the be-

ginning of this section, of the ambiguity in the Dirac Hamiltonian. It is, of

course, immediately obvious that first class primary constraints introduce an

ambiguity since their u coefficients are undetermined. There is a further ambiguity

which arises from the fact that the Hamiltonian has been constructed to be a

function only of q's and p's. Further, the Hamilton equations are satisfied and

are such that all constraints are maintained. The validity of the Hamilton

equations was obtained from the first order variation of H I and the ¢p's. blow,

suppose that some function g (q, p) is such that its first order variation

-- _ qi + _P--_l 5pi
i i

2
vanishes by virtue of the constraints. Such a function is q_k or cos ¢Pk :

2#



8 2) 0 since =0

since sin q_k=0

(47)

Since any such function may be added to the Dirac Hamiltonian without changing

either the Hamilton equations or the validity of the constraints, an additional

ambiguity is introduced besides that inherent in the existence of first class

constraints. The Dirac Hamiltonians obtained from different choices of H I

all lead to the same final equations of motion and all maintain the same con-

straints. Hence, they must differ only by functions whose first order variation

vanishes.

The introduction into H D of additional terms whose first order variation

vanishes has a very practical application:it frequer_tly makes possible the elimina-

tion of some of the variables from the Hamiltonian, and reduces the number of

equations which must be solved. Just how this works is illustrated in the time

optimal orbit transfer problem discussed in Section IV.

IV. THE DIRAC FORMULATION
FOR A TIME OPTIMAL TRANSFER PROBLEM

This section illustrates how the Dirac Hamiltonian formulation is applied

to optimization problems for the following time optimal transfer problem. For

simplicity, the two dimensional problem is chosen. The state variables are the

coordinates x and y, their time rates of change _ and 7?, and the mass, m. It is

assumed that initial and final values of all state variables are specified. The

control variables are 0, the direction of thrust, and the rate of fuel flow which

is assumed bounded between zero and some fixed upper limit ft. Thus, the

equations of motion for the problem are:

2
__V +ct_cos _ sinem

(48)
5V +cflcos2_ cos 0

:_=r/ _/- by m
2

n_ = - fl cos 0_

25



where the thrust is, of course, -crh, and the constraint on the fuel flow is

carried by the variable _. Forces other than thrust acting on the vehicle are

assumed derivable from a potential function V(x, y) dependent only on position

of the vehicle. The transfer time is to be minimized, subject to the equations

of motion (48), which are to be regarded as differential constraints. Since the

Dirac formulation can give information only on first order variations in the time

integral of the Lagrangian, no information on the nature of the extremals for

this integral appears in this section. In the next section the Maximum Principle

is incorporated in the theory, and discussions of the nature of the solution ob-

tained in this section are thus deferred. Introducing Lagrange multipliers, the

Lagrangian for this optimization problem is

L= I+X 1 (_- _)+ X2 (_,-_7)

(_ 5V cflcos 2)'3 _ sin 8+ +Sx m

2

+)'4(/7+sySV cflCOSm (_cose)

2
+ cos

(49)

The Lagrangian L contains, explicitly, the differential constraints and the bound-

ing constraints on rh. It does not, however, contain the constraints on the initial

and final values of the state variables. This omission means that the constants

of integration from the Hamilton equations must be ultimately used to determine

initial values for the control variables and the Lag-range multipliers. It will be

seen later that this represents a serious defect in the theory, and that an effort

should be made to find a Lagrangian formulation which explicitly includes all

constraints on the problem to be solved.

In the Lagrangian (49) the state variables x,y,_,r/and m, the control

variables O and _, and the Lagrange multipliers )'i will all be regarded as

coordinates. The only velocities appearing are those corresponding to the

state variables. The momenta conjugate to the coordinates are obtained by

differentiation of the Lagrangian with respect to the corresponding velocities:
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Px = )'1

Py = )'2

P_ = )`3

PT} = )'4

Pm )'5

p)'. = 0
1

Pe = 0

p=0
(50)

No velocities appear in the defining equations for the momenta and thus all of

these equations represent primary constraints. Further, all of the constraints

are independent. The constraints are labeled as follows:

q)l = Px - _'1 = 0 q)6 =P)'I = 0

cP2--Py-)'2=O cp7 =pk 2 =0

CP3=P_-)'3=0 ¢P8 =p)' =03

g_4 =pr_-)'4 =0 _09=p)' =04

CP5 Pm- )'5 0 CPl0 P)'5

_°11 = Pe = 0

q)12 = P_ 0

(51)

The function H 1 is selected to be

= (bV cflcos 2H1 )'I_ +)'27/-)'3 _-_- m _ sin8 (52)

bV cB cos2af

- )'4 k,'-_ - m

which is consistent with Eq. (22).

cos e> )'5 fl c°s2- _-1

To obtain the expressions for the@'s, it is necessary to obtain the P.B. 's

of the cp's among themselves and of each q_ with H 1. The P. B. 's of the q_'s

among themselves are
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[(Pl'(P6]= - [(P6'(Pl] - - 1

[(P2'(P7 ]= - [(/)7'(P2] = - 1

[(P3'(P8] =- [(P8'(P3] = -i

[q:)4'(/)9]= - [(P9'(P4] = - i

[(P5'(PI0]= -[(PI0'(05]= - 1

all other [(0i, (pj]
= 0 (53)

and the P.B's of the_'s with H 1 are

[(Pl' H1] = X3 _b2V+ X4 _b2V
bx 2 bxby

F(p6, H 1] =-#

_2 V 2 V
= -- + X4 _-----

[_2' H1] X3 5xSy 5y2 Fq)7' H1] = -_7

[(P3' HI] = - )'1
H 7=SV-cflc°s2c_ sin8

[q)8' 1 _ 5x m

[q_4' H1] = - >'2
H ] 5V cfleos2_

E 9' 1 m cos O

[(P5' H1] " c_0°s2(_2 (X3sinO+X4c°sO) [(Pl0'H1] = fi c°s2
m

oL

[_11' HI] = - offmc°s2 (_ ()'3 cos O - >'4 sin 8)

{° }[¢)12'HI] =fisin2(_ _(l 3 sin O+X 4cos e)-x 5 (54)

The time derivatives of the _0's are obtained by making use of Eq. (40) and they

must be equated to zero:
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61=-u6+)'3 b2V+k4b2V
bx 2 bxby 0

b2V

62 =-u7 + k3 bxby

b2V
+)'4 2 -0

by

63 = - u 8 - k1 = 0

64 = - u 9 - k2 = 0

65 _ ulO + cB cos2_= 2 (k 3sinO+k 4cos O) =0
m

(55)

2
bV c/_cos a sinO=O

68 =u3 + bx m

bV cficos 2 (_cos 0 =0
69 = u4 + b y m

2
$i0=u5 +Sc°s _ =0

c B cos 2 cz
611 = - m (k 3 cos 0 - k4 sin O) = 0

(° )612=fisin2 c_ m()`3 sin 0 + )'4 cos 0) - )'5 =0

It will be noted that the first ten q_'s give immediately the first ten u's. No

u's occur in the last two and hence the requirement that611 and 612 vanish

leads to two secondary constraints:
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2
×1 =c°s _(k 3cose-k 4sine)=0

} 0X2 =sin2(_ (k 3 sin 8+X 4cos e)- k 5

(56)

where the factors c, f_ and m, known to be nonvanishing, have been omitted.

Thesesecondary constraints are, in a way, somewhat embarrassing since

they both appear as products, so that further discussion requires consideration

of the various combinations in which the factors may vanish. The occurrence

of this problem is, however, not surprising; it is just the way in which the

"switching function"in the conventional theory would first appear. To complete-

ly specify the "switching function" requires consideration of second variations

to distinguish minima from other stationary values of the time integral of the

Lagrangian. There is no provision for this in the Dirac theory, and further

discussion of this point will be deferred. First, the Dirac Hamiltonian is

obtained and in the next section the way in which the Maximum Principle

complements the Dirac theory is discussed.

The ways in which the vanishing of the X'S may be guaranteed are:

Case 1. cos (_ = 0

Case 2. sin _ = 0, k 3 cos 8 - k 4

Case 3. k 3 = k 4 = X5 = 0

Case 4. k 3 = )_4 = sin _ = 0

Case 5. k3

sin 8 = 0

C

cos 8-k 4sin8 = 0, -_ ()'3 sin 8 +X4 cos 8) -X 5
=0

For a complete analysis of this time optimization problem, each of these

possibilities should be examined in detail with recognition of the fact that the

nature of the problem may require the use of different Hamiltonians for differ-

ent portions of the final optimum trajectory. Since, however, the purpose in

this report is merely to illustrate the application of the Dirac technique to op-

timization problems, only the first two possibilities are discussed. These

correspond to the conventional solution of the problem by the Pontryagin

principle. It might be mentioned that the occurrence of possibilities 3,4, and 5
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I+ P_I ()'3 _2V+ )_4 5x_yJ + P>,2 (_X3 5x 5y
b x 2

- _1 P},3 - X2 PX4

2
C _ COS CL

2 (X3÷

m
sin 0 + k 4 cos 0)PX5

-X 1cos 0+_2 sin0

+ k 3 sin0+X 4cos 0 P0 (64)
(cont'd)

The form of this Hamiltonian differs from that of case 1 only in the P0 term.

It will be recalled that it was stated in Section IV that the Dirac Hamiltonian

is not unique and that terms whose first variation vanishes identically may be

added at will. One way in which differing Dirac Hamiltonians could be obtained

would be to start with the k's in H 1 replaced by the momenta conjugate to the

state variables, which is consistent with the first five primary constraints. Had

this been done, the resulting Dirac Hamiltonians (59) and (64) for cases 1 and 2

would have Px' Py' P_ and PT?instead of k1, X2, k3 and k4, respectively. It is a

relatively easy matter to show that the difference between these Hamiltonians does

indeed have vanishing first order variation. Consider, for example, the difference

D 1 between the PX1 terms:

52V 52V

D1 = PX1 ((k3 - P_) _x--_ + (X4 - pr/) _-_-_-y . (65)

for which the variation is

5D 1 = 5 PX1 _(k3 - P_) b2---V (X4 - P_7) 52V5x 2 + 5xSy

_ _ 52V
+ PX1 _ (5_. a 5p_) 52VSx2 + (SX 4 - 5pr/) _"_y (66)

+ + (6 ._2V -,_
(X3-P_)( 552V_ (_'4-Pv/)\ 5xSy)J"

Dx 2j
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The constraints q_3 and _4 guarantee that the first bracket vanishes and the con-

straint q_6 guarantees that the Pkl term vanishes independent of the variations in

PXI' X3' P_' x and y. The remaining terms in the difference of the two HD'S

are treated similarly. Thus, the HD obtained is essentially independent of whichever

of the two forms outlined above is selected for H1.

The fact that any term of vanishing first variation can be added to H D

without changing its essential character may now be used to transform the

Hamiltonians (59) and (64) into the same form. This is achieved by eliminating

the variables 0 and P0" It is readily verified that one of the functions

sin e+ P_7cos e Tips2 + p2 (67)gl=P_
2

vanishes for case 2 as a consequence of the X2 constraint. Further, the varia-

tion in g is given by

Pf_ _ + icos 0:F f ? 2 J 5P1_8gl= in(s 0q: / 2 2 .- 5Pc -

2 _/P_ +P_ _ _P_ +P_?

+ (p_ cos O-p77sinO)SO

(68)

and again from the X2 constraint the coefficients of 5 p_, 5 p_ and 5 0 vanish.

Finally, since any function f multiplied by g will also have vanishing first order

variation, it follows that p_ sin 0 + p_.cos 0 may be replaced by ± p_ +p_
in the Dirac Hamiltonian (64). Since 0 and hence 0 are undetermined by the

Hamiltonian (59) for ease 1, the same substitution may also be made there.

The Hamiltonians now differ only in their P0 terms, and since the dependence

on 0 has been essentially replaced by p_ and P_7 these terms may be omitted

without loss of generality.

Anticipating the results of application of the Maximum Principle, it may

be noted that for case 2, it will be required that p_ sin 0 + Prl cos 0 must be

positive. Using this condition, one obtains the Dirac Hamiltonian as
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HD

2
V 5V eft cos

=Px _ +py _-p_ 5x P_ + m 2 2

p _ 52V )Pm fl cos 2 52V + Pr/ 5xby
- _ - 1 + PX1 _ b x 2

52V _ 52V'_

+ PX2 (P_ 5 x 5 y + Pr/5 y2 l ) - Px PX3 - Py PX4

(69)

+ c/_ cos 2 _ 2 2PC Px52 +
m

and, finally, at this stage the terms in PXi may be omitted in the same way as the

Pe" All of the essential information is carried by the state variables, their

momenta, and the control variable _ with the Hamiltonian

5V 5V
HD=Px _ +pyvl-p_ 5x Pr/Sy

cBcos2_ _p 2 2 2 (70)+
m _ +p_-Pm_COS (_ 1

which is canonical in all the variables. This is a very compact form for the

Hamiltonian. It has, however, one disadvantage. The momenta p_ and p_

enter irrationally. There may, therefore, be some advantage in retaining the

dependence on e, together with the two forms (59) and (64) for the Hamiltonians

corresponding to cases 1 and 2_respectively.

V. INCORPORATION OF THE MAXIMUM PRINCIPLE
IN THE DIRAC FORMULATION

The Dirac Hamiltonian obtained for the time optimal problem described

in Section IV was written in a number of different forms. It was noted that the

terms in the momenta conjugate to the state variables were just the Pontryagin

Hamiltonian
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Hp = Px _ + Py
b V c°s2 O)

7?-P_(_x "-cBm 0_ sin

(_bV cBcos 2_ cos 8)-PmBCOS 2
- P_ _-b'y m

ol

(7i)

so that corresponding to Eqs. (59) and (64)

b2V + _'4 b2v >
H D=HP- l+Pxl(X3bx 2 bxby

b2V X4 b2V_+ + _ -klPk3-k2Pk4PX2 (k3bxby by2-"
(72)

with

+ c flcos 2 ( X3sinO+k 4 cos O_px5 +ullpO2 ..
m

Ull undetermined for case 1

- X 1 cos O+k 2 sinO

Ull= X3sin@+ X4cos 0
for case 2

(73)

Now the Pontryagin principle requires that Hp be maximized with respect

to the control variables. Since the only way in which Hp and H D differin their

dependence on the control variables is in the Pk5 term in H D, and since P),5

vanishes, maximization of Hp with respect to the control variables implies the

corresponding maximization of H D and conversely. The first condition for

maximization is that

b Hp _ _ H D
-0

blip = bH D
-0

be be

(74)
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These conditions are guaranteed for H D which has been so constructed that the

Hamilton equations will yield vanishing time derivatives for p_ and PS' the

momenta conjugate to (_ and 8. It was these conditions which led to the secondary

constraints with five cases to be considered. Only the first two cases, corres-

ponding to the conventional Pontryagin formulation of the problem, have been

analysed in detail.

In the conventional treatment, the bounds on rh are not explicitly written

into the Lagrangian. To obtain the conventional Pontryagin Hamiltonian, one

could just omit the cos 2 (_ factors in Eq. (71) and apply later the condition that

the fuel flow, represented by fl has lower bound zero and upper bound, say,

f_max" Thus, the conventional Pontryagin Hamiltonian can be written as

5V 5V c__ _ "_
Hp = Px _ + Py _? - P_ 5--x- - P_ _- + m _P_ sin 8 + p_? cos 8/- Pm .B

(75)

with

0 < f_ < Bma x (76)

In this form Hp varies linearly with fl and hence the maximum of Hp with respect

to fl will be on one of the bounds, and which bound is to be used will be determined

by the sign of the switching function

k =c__ sin 8 + (77)
m _ p_ cos - Pm

according to the criterion that

k<0

(78)

k_0

The maximization with respect to O requires that
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Hp

_-_ =-_ <p_ cos 8 - p_ sin 8_= 0

_2H

_ cB \_p_sinS+ 8_0
5 82 m P_7cos

(79)

The first of these conditions implies that

sin 6) + P_7 cos 8 = ± 4 / p2 + p_72 (80)P_

and the second requires that the + sign be used in Eq. (80) for/_ _ 0.

It will be noted that the Dirac formulation with the bounds on n%included

in the Lagrangian requires (for cases 1 and 2) that the bounds of the fuel flow be

used and that Eq. (80) hold. The selection of the positive sign in Eq. (80) and

the operation of the switching function according to Eq. (78) are the essential addi-

tional information obtained from the Maximum Principle. It should be mentioned

that if the bounds on rh were explicitly included in the Pontryagin formulation

(i. e., by writing the constraint on Ifl as/_ cos 2 _ the same five cases for investi-

gation would appear as for the Dirac theory.

The analysis of this time optimal transfer problem has shown that the

Dirac formulation can be used instead of the Pontryagin formulation and that

the Maximum Principle can be applied to the Dirac Hamiltonian. It is shown

in Section VI that these conclusions can be extended to a general class of optimiza-

tion problems.

VI. THE DIRAC FORMULATION FOR A CLASS OF
OPTIMIZATION PROBLEMS

The construction of the Dirac Hamiltonian for application to more general

optimization problems is not difficult to carry out. Suppose, for example, that

the optimization problem is to minimize the time integral of a function f0 (x, y)

where x represents the state variables x 1, x2,..., x N subject to the differential

constraints
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-- fi (x, y) (81)

and y represents the control variables Yl' Y2' """ 'YK" It will be assumed that

any bounded control variables are replaced by an expression of the form

2 sin 2 (82)
Ymin cos _ + Ymax

where Ymin and Ymax are the bounds on the control variable. A similar form

will be employed for any bounded state variable with the differential equations

suitably rewritten in terms of the parameter a. Thus, it may be assumed that

the state and control variables are all unbounded.

Introducing Lagrange multipliers, the Lagrangian for the optimization is

N

L = fo (x,y) + _ Xi i - fi (x,y (83)
.-J

i=1

with coordinates x 1, x2,...,x N, Yl' Y2"'" 'YK" kl' X2""XN" The momenta

conjugate to these coordinates are

P xi = ki i = 1,2,3,... ,N

Pki = 0

Pyk _ 0
k= 1,2,...,K

(84)

It is convenient to write the corresponding primary constraints in the form

¢Pi = Pxi - ki = 0

_i = Pki = 0 (85)

a_ = Pyk = 0

As before, the function H I is defined by
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N

i i=l

(86)

and the Dirac Hamiltonian is given by

N N K

i=l i=l k=-i

(87)

where the u's, v's and w's must be suitably determined from the requirement

that the time derivatives of all primary and secondary .constraints must vanish.

To obtain the time derivatives of the primary constraints, use is made of their

P. B. 's among themselves and with HI:

[@i, }j]---[}j,@i]=-6ij

_x +_.
1 1

J
(88)

._, byk + by-'---k
J

from which one readily obtains

N N K

L 5 [_i, _j] +L _ [_i, 5]+L wk[_i,_k] =- vi
j=l j=l k=l

N N K

j=l j=l I_--1

(89)

(cont'd on next page)
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N N

j=l j=l

K

k=l

=0 (89) (cont'd)

so that

_i=-vi )Xj _x i

J

5 f0
+ -0

5x.
1

=u. -f. =0i i

_£-_Xj _Sy_ 5f0= + _y_

J

=0

From the $ and _ equations one obtains the u's and v's:

_j_ 5 f0

v,-_-___j _x. _x_
J

(90)

Uo _ fo

1 1

The _ equations do not contain any of the undetermined multipliers u i, v i, w k

and hence are secondary constraints ×£:

5 f0 _

× :___+__05 y_
J

(91)

(92)

whose P. B. ' s are:

r b2 f. b2fo

L×__,]:-7,_ ._L +
J

(93)

(cont'd on next page)

42



bY£bY k
J

7X£, H 1 J = 0

(93)

so that

N N 52fj 52f0 ",
+

_(£=1 ui(-_i _jSxiSY £ b'xibY£ J
i=1 j=l

N 5 2f. 52 fo

-ii=1 vi_£ k=l j=l 5YkbY£ bY£bYk

(94)

These equations may or may not lead to further secondary constraints depending
52f.

1 . At any rate, completion of the calculation of the w k and deter-
on the b yk 5 y£

mination of the existence of first class constraints is a routine matter for any

particular problem. The Dirac Hamiltonian becomes, on using the expressions

for the u's, v's, _'s, _b's and t_'s

N N N

C '- +lWk _0kHD= i X35-f0+ a ujtoj+ ) vj_j

j=l j=l j=l k

N N

:L xjS- o+ 5%J-5 )
j=l j=l

N N

b fi _ bf0

->_, £(_ _b-'_./- 5"--_jjPkj+_WkPyk
j=l i=l a " k

N N
5 fi

L pxj_j- _o- _ h pxj_.+
j=l i,j=l l

N
5 fo

j=l J k

(95)

= Hp + terms linear in Pkj and Pyk

(cont'd)
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where some of the w k may vanish and others may be indeterminate, indicating the

presence of first class constraints. The function Hp is
N

Hp = - f0 + _ Pxj f'l (96)

j=l

which is consistent with the Pontryagin formulation.

This Dirac Hamiltonian may be used in place of the Pontryagin Hamiltonian

inthe Maximum Principle, since any contribution of the terms in Pkj and Pyk in

the application of this principle will contain Pkj or Pyk as vanishing coefficients.

VII. HAMILTONIAN TECHNIQUES FOR THE SOLUTION
OF OPTIMIZATION PROBLEMS

In the preceding sections a Hamiltonian formulation for optimization prob-

lems has been developed. It has been applied to a particular optimization problem

and it has been seen that the Maximum Principle can be incorporated in the formu-

lation. Further, it has been shown that this formulation can be generalized for

other optimization problems. In this section a perturbation theory for the solution

of optimization problems is outlined. First, however, one comment should be

made on a defect of the method.

This defect is that the constraints on the initial and final values of the

state variables have not been explicitly incorporated in the formulation. Just

how this might be done is far from clear. It may, however, be noted that in-

corporation of the bounds on fuel flow leads to secondary constraints which imply

that the fuel flow operates on its bounds for cases 1 and 2 without recourse to the

Maximum Principle. Explicit inclusion of constraints on the initial and final

values of the state variables might lead to additional secondary constraints on

the control variables which would automatically fit the final solution of the

Hamilton equations to initial and final values. It will be recalled that, in

addition to cases 1 and 2, which have been discussed in some detail, cases 3, 4,

and 5 may occur. These cases probably correspond, in some sense, to singular

solutions of the problem which are significant only for particular sets of initial
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and final values. Their treatment and interpretation would be greatly clarified

if the initial and final values were made an integral part of the formulation.

It should be mentioned that the theory developed in this report assumes

that a complete set of initial and final values has been imposed on the state

variables. No difficulty is anticipated in relaxation of this limitation. Incorpora-

tion of transversality conditions into the Dirac formulation appears to be straight-

forward. This would, of course, have to be done for application of the theory to

orbit transfer problems.

The theory as developed in the preceding sections is in a form particularly

suitable for the Hamilton-Jacobi approach. The Hamilton-Jacobi equation de-

rived from the Hamiltonian H D in the forms (59) and (64) would be a linear first

order partial differential equation. Neither of these equations separates. One

could, however, undertake a perturbation procedure and write

H D = HD0 + HD1 (97)

with HD0 selected to represent a solvable problem. The selection of HD0 would

depend on the particular problem to be solved. In general, one undertakes to

split H D so that not only is the HD0 problem solvable, but also that HD1 is, in

some sense, small compared with HD0. It would also be desirable to choose

HD0 in such a way that its Harnilton-Jacobi equation is separable. It is not

easy to satisfy all of these conditions on HD0, as will be seen from the examples

discussed below. Considerable further analysis is necessary before a satis-

factory perturbation theory for optimization problems can be worked out in de-

tail. Two ways in which the theory might be applied are:

Low Thrust Problems

For such problems it is assumed that the maximum thrust is small com-

pared with the gravitational forces acting on the vehicle. In addition, some of

the gravitational forces might be small in comparison with others. Thus,

HD1 might be chosen to include all terms involving B (since if the thrust is

small, fl is small) as well as those terms involving the small gravitational
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forces. Then HD0 would represent the optimal trajectory for a vehicle moving

under a gravitational force derivable from a potential V0. If the potential V 0

is just the two body potential then HD0 represents the classical Kepler problem

in a rather unconventional form. For the problem discussed in Section IV, for

instance, there would be many more variables than are normally associated

with the two body problem because of the presence of the p's. Further, the

Hamilton-Jacobi equation associated with HD0 does not separate for this case.

Since, however, the solution of the two body problem is well known, it should

be possible to somehow construct a solution of the Hamilton-Jacobi equation

which could be used as a basis for a perturbation theory for the low thrust

problem. *

High Thrust Problems

In this case one could select HD1 to include all terms involving V since

the gravitational forces would be assumed small compared to the thrust. The

Hamiltonian HD0 would then represent the optimal trajectory for a vehicle with

no forces other than thrust. The associated Hamilton-Jacobi equation does not

separate for this case either. As in the low thrust problems, however, the

solution for the HD0 can be obtained in closed form and is available for use in

the same way as the Kepler problem for the low thrust case.

It thus appears that the development of a Hamiltonian perturbation theory

for optimization problems is feasible. Further work in this area is planned, and

results will be submitted as they are obtained.
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INTRODUCTION AND SUMMARY

This is the final report on contract NAS 8-11020 entitled "Optimum

Trajectory Study".

In this section we will try to give a verbal account of the problems

considered, the reasons for considering them, and the main results ob-

tained. The remaining sections, while having independent introductions,

will contain the mathematical analysis.

The major objective of this study was to examine the use of Hamilton

Jacobi partial differential equations in determining fields of optimum

trajectories and to study sufficiency conditions° Since a great number

of optimal control problems can, with a slight reformulation, he posed as

time optimal problems, our attention is focused throughout on problems of

this type°

If given initial data, say time t = to, state x = x° for a time

optimal problem, the reachable set (in Euclidean (n+l) dimensional time--

state space) is defined to be the set of all points (t, x) with time

t _t and state x such that it can be attained in time t by a trajectory
o

of the dynamical system with an admissible control° Under very mild con-

ditions on the dynamical system equations and the control set, it is

known that a time optimal point to point transfer will lead to a tra-

jectory which lies on the boundary of the reachable set. Conversely,

trajectories which lie on the boundary of the reachable set are excellent

candidates for being time optimal for some point to point transfer, and

thus conditions which single them out are of interest° Now a point is on

the boundary of the reachable set if in every neighborhood of it there are

points not in the reachable set_ ioeo_ points not attainable by trajectories
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of the dynamical system. This leads one naturally to notions of

controllability°

Following the definition of Kalman 9 a linear system is said to be

completely controllable at time to if every state can be attained

(with _2 control) in finite time by a trajectory of the system having

arbitrary initial data (to, Xo)o Thus one can examine whether the terminal

data has been chosen so that the mission is possible° It is of further

interest to define local controllability, ioeo, a system is locally con-

trollable along a solution trajectory _t) if for some tI _ to all

points in some state space neighborhood of _(t l) are attainable in

time tI by trajectories with admissible controlso Obviously trajectories

along which a system is locally controllable cannot remain on the boundary

of the reachable set, and hence this becomes a test for optimality° It

might also be remarked that while for linear systems one could expect

global controllability results, for nonlinear systems it is natural to

expect only local resultso

In Section I_ the Kalman criterion for complete controllability for a

linear system is derived in a simple manner (corollary Iol) and an ex-

tension is obtained for a special form of nonlinear system (Theorem io2)o

e

In Section II, the nonlinear system x(t) = g(t_ x(t))+H(t,x(t))u(t),

x an n vector, H an nxr matrix_ u and r vector valued control with

1 _ r _ n, is studied° If B(t_ x) is an (n-r)xn matrix, of maximal rank,

such that B(t,x)H(t,x) _ O, the local controllability of the above system

is shown to be closely related to the integrability of the pfaffian system

B(t,x)dx - B(t,x) g(t, x)dt = Oo In particular_ the above nonlinear

system is defi_ed to be completely controllable if the associated pfaffian

system is not integrableo Theorem IIol then shows that in the special
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case of a linear system, this definition yields a criterion for complete

controllability equivalent to that Of Kalman. This new criterion is use-

ful since it does not depend on the knowledge of a fundamental solution

matrix for a time varying linear system. Its use is demonstrated by ob-

taining the result that an n dimensional system, formed from a single n_

order linear time varying differential equation of the form x(n)(t) +

al(t) x(n-l)(t) + o o . + an(t) x(t) = u(t), is completely controllable.

(Here u is a scalar valued control)° This result was previously known if

the functions a.(t) were constant°
I

The remainder of section II deals with local controllability in a

neighborhood of singular arcs° It is shown that local tests, which

depend on examining the controllability of the variational equation along

a singular arcwill always be non-conclusiveo Along an optimal singular

arc the system is truly not locally controllable, however it is shown by

example (example IIo2) that singular arcs can exist along which the system

is locally controllable° These can be thought of as inflection points in

function space, of the functional (time) which is to be extremizedo They are

analogous to inflection points which arise when extremizing a real valued

function F on a manifold in Euclidean space; ioeo, non-extremal points at

which the map F induces on the tangent space of the manifold into the tan-

gent space of the reals, vanishes_

These arcs are singular also in the sense of the classical calculus of

variations, hence the Hilbert differentiability condition fails to hold along

them, and classical sufficiency conditions fail.

In section III, the study of feedback control via the Pontriagin maximum

principle and Hamilton Jacobi theory is begun° Often the feedback control
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which the maximum principle prescribes, is discontinuous in the state

variables, which in turn leads to a Hamilton Jacobi equation with dis-

continuous coefficients° This is impractical both from a theoretical and

computational viewpoint° The first part of section III deals mainly with

the reason for this discontinuity, and yields conditions such that the

maximum principle would prescribe a continuous or even C1 (once continuously

differentiable) control° Theorems IIIo4 and III.5 then show that whenever a

control problem merely satisfies the conditions of Fillipov for the

existence of an optimal control_ there exists an approximate problem (the

precise definition of this precedes theorem IIIo4) for which the maximum

principle gives a C1 control_ and such that for any given E _ O, an

optimal trajectory of the original problem will be in an _ neighborhood

of that for the approximate problem°

The remainder of section III deals with the Hamilton Jacobi theory for

these smooth approximate problems, and for the special case of the control

appearing linearly_ an easy construction for the approximating problem is

shown_ while an example (example IIIol) is worked out in detail to

demonstrate the results°

Two sets of references are given, the first for sections I and II_ the

second for section IIIo
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CONTROLLABILITY AND THE SINGULAR PROBL_

INTRODUCTION TO SECTIONS I AND II

The concept of complete controllability of linear systems was

introduced by R° E. Kalman [i I. It is part of the purpose of this

paper to extend the concept to nonlinear systems, with control appear-

ing linearly. All systems considered are of this form.

Geometrically, a linear system is completely controllable at time

t if any state can be attained in finite time by a trajectory of the
o

system having arbitrary initial data x° at time to. The motivation for

the extension of this concept to nonlinear systems came largely from

results obtained in 12] and from the geometric interpretation of non-

integrability of pfaffians given in [31 and [4]. In particular, Cara-

theodory gives an argument to show that if, for a single pfaffian equation,

there are points in every neighborhood of a given point which are not

"reachable" from the given point by curves satisfying the equation, the

equation is integrableo This result was generalized to systems of

pfaffians in [4]° There is a difficulty in applying these ideas to

pfaffian systems which are quite naturally associated with control systems

having control appearing linearly. (See _ Ilo) The reason for this is that

usually the independent variable t appears explicitly in the pfaffian

system, hence its integral curves, which can be related back to solutions

of the control system, and are used to connect neighboring points to a
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given point, must have t parametrized as t(O-), a monotone function of O- .

[] []This is no___tthe case in the proofs in } and 4 , and with this restriction,

_n general the results of these papers are no longer valid.

The relation between singular problems and controllability arises

qu_ _e naturally from the pfaffian approach and can be anticipated from

results obtained by LaSalle in [5]. In _ II we define the concept of a

totally singular arc, _oeo_ an arc satisfying the differential constraining

equations, for which there exists an adjoint vector such that the maximum

principle yields no information as to the optimality of _ of the com-

ponents of the control along this arc. In particular, if the system

were linear and admitted no totally singular arc, the system would be

proper in the sense of LaSalle 15] and completely controllable in the

sense of Kalman [6 I. Even if the controls are merely restricted to be

_2 (L_besg-_e dntegrable) functions, it is shown that totally singu-square

Jar arcs can exis, and comprise some or all of the boundary of the attain-

able set_ thereby being optimal trajectories for certain time optimal

control problems° Th_se are also precisely the arcs along which the system

need not be ]_cally co_trol!able_ _.oeo9 if we assume initial data x° given

at time t _ there _ exist points in every state space neighborhood of a
C

_v(t!) of a _ot_y s_ngular arc ___ which are not attainable inpoint

time tI > tO by trajectozies of the system with _2 controls° Here _v

denotes the solution of the system with control Vo Precisely, if for every

> to there exist points in every state space neighborhood of _v(tl) ,t1
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attainable with _2 control in time tl, the arc _v is totallywhich are not

singular. However it is shown by example that there do exist totally

singular arcs about which the system is locally controllable.

_I. COMPLETE CONTROLLABILITY FOR LINEAR AND MILDLY NONLINEAR SYSTEMS

Throughout this section H will denote an nxr matrix valued function

of t, which is in_ 2 [to, t I ] for any given finite tl_to.. Controls

will be _, vector valued functions, We begin with the following basic
-L

Lemra a.

Lemma I. 1 A necessary and sufficient condition that there exist an

rxn matrix valued function V(t)in_ 2 [to, tl], such that for some

tl> to, II(T)V(T)dT is non-singular, is that for some tI > to

O

ttl H(T) lIT (T)d T is non-singular0

O

Proof sufficiencyis immediate by choosing V(T) = HT(T). To show

necessity assume there exist V_ tI 5_ to?such that _ tl H(_)V(T)d_ is

i Jto innon-singular, but H(T)HT(T)d'_ is singular for all i>t o,

particu]ar _ -: tl° o This implies there exists a constant vector c _ 0

(C )such that c }I(T)HT(T)dT cT= O, and since H(T)HT(T) is positive

o [ ]semi_def_nit(_, we obtuin cH(t)_-O a]most everywhere in to, t] . Thus
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ttl H(T)V(T)dy = 0 which contradicts the non-singularity of

O

tlH(T)v(T)dT°
O

We next consider the system

(i-i) _(t) H(t)u(t) x(t) Xo,

Define

_t tlM(t o, tl)_ H(T)HT(T)dT °

O

Theorem I.I A necessary and sufficient condition for the system (i-I)

to be completely controllable at to is that there exists tI >t o such

that M(to, tl) is non_singularo

Proof_ (Sufficiency) Let _ be any given point in En, Euclidean n

space° We w_ll show _ is attainable from x at time tlo Indeed pickO

u(t) = HT(t)_ 9 _E n. We desire _ = x(tl) = X(to) +(fttl H(T)HT(T)d_I_

or _= M-l(to_t3) (_ _ X(to))O o

o This
(Necessity)° Assume M(to, tl) is singular for all tl>t °

implies (see proof of lemma Iol) that there exists a constant vector

c _ 0 such that c H(t)_-----O popo Since x is arbitrary, let it be such
O

that c o xo = 0o We will show the point c is not attainable from Xo.

+  (T)u(T)d.TIndeed suppose for some u and tl_ c = x °

O
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IIII2C • C = C =CoX
o

the fact that c_ O. •

Corollar_ 1.1 (Kalman)

_t tl H(T)u(T )d 7" O, a contradiction to+ c =

o

The linear system

(1-2) £(t) = A(t)x(t)+ H(t)u(t) , (t) =xx o o

is completely controllable at to if and only if

t1

o

(te,T)H(T )HT(T ) _ T (to,T)aT is non-singular for some t 1 > t o.

Here _ (t,T) denotes a fundamental solution of the homogeneous system

x(t) = A(t) x(t).

Proofs Make the transformation y(t) = _ -l(t_ to) x(t).

satisfies (1-2) if an only if y satisfies

Then x

(1-3) _f(t) = _ (to,t) H(t)u(t), Y(to) = Xoo

(Note _ (to, t) = _ =l(t, to). ) From the transformation, it

follows 'that the system (I-2) is completely controllable if and only if

the system (1-3) is completely controllable, i.e., from theorem I.I that

there exists a tl.> to such that

t _I

o

(t c, 7" ) H(T ) HT(T ) _ T (to , T)d T is non-singular. 1
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Some special results for nonlinear s_stems

We next consider the nonlinear system

(1-4) x(t) = g(t, x(t)) + H(t)u(t), X(to): x °

with the assumptions_ i) IgJ(t,x) l _ M, j = I, 2, .oo_ n.

ii) IgJ(t_x) - gJ(t9 _)I< m Ix = _II , J : I, 2, o.o, no iii) g is

continuous as a function of t for each Xo

_ tlA ain let M(to,t 1) = H(T)HT(T)dT o
o

Theorem Io2 A sufficient condition that the set of points attainable

by trajectories of the system (1_4) with_ 2 control be all of En is

that M(to, tl) be non-singular for some tl> toO

Remark Rather than state the theorem in this manner, one might con-

sider merely ss_ving that the system (1-4) is completely controllable at

t o However, this notion has not been defined for nonlinear systems, and
o

it does not seem reasonable to this author to define it in such a global

fashion for these systems°

Proof For arbitrary u9 (1-4) has a solution designated _Uwhich

satisfies

t .t

o o

H(T )u(T )dT .

Let Y be any given point in Eno We desire a control such that for some

point finite tl> to, _u(tl) : X,o It suffices to consider controls which
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comefrom a finite dimensional subspace of _2' in particular the controls

considered will be of the form u(t) = HT(t)_ where _ _ En. Hence the

notation _ rather than _u will be used.

Define a mapping _8 En---_E n as follows:

Let_ (_) g(r, _ (r))dT , and define

o

_(_)-----M-l(to. tl)[_- _(_)- Xo]o From 41-5)it follows that

a fixed point of _will yield a value _ such that _ (tl) = _.

It is well known that with the conditions imposed on g [7, th. 7.4 -

Chapter I ] , _is a continuous function of _ in the topology CIto, tll _

i.e., the topology induced by the supremum norm. Thus _(_ ) is a continuous

function of _ , and _'_is a continuous function of _ .

We next show that there exists aK such that ll_l] -< K_II_(_)II <-- K.

Letting II_ll = _- I_ ] _ andl[ M-l[]be any matrix norm, since IgJ]_M,
i=l i

for any _, IIo((_ )II _ n(t I - to)M:

_t_ _ II.-_(_o_t_>]l[l[_ll+nM(t 1 - to)+ I]Xol]] ' it follows that

for any _9 [I_(_ )]] -_ K, hence in particular _maps the ball

II II-<co°t ooous   nto
Remark The result obtained in this theorem is not surprising in view of

theorem (I.!) and the boundedness condition on the vector g. Also the

condition M(to, tl) non-singular for some tl>t ° is much stronger than
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it need be. For example, if we consider a linear system of the form (1-2)

and H(t) is a column vector with one componentzero, then M(to,tl) is

singular for all t I __ t o, yet the system can certainly be completely

controllable.

_II. NONLINEAR SYSTEMS WITH LINEAR CONTROL_ THE SINGULAR PROBLEM

In this section, we consider extending the notion of complete con-

trollability to systems of the form

(2-1) x(t) = g(t, x(t)) + H(t, x(t))u(t)

where g is an n-vector, H an nxr matrix, while u is an_2 control vector.

It is assumed that g and H are C1 in all arguments. Throughout, the

stipulation l_<r<n is required to hold.

Let B(t, x) be a Cl, (n-r)xn matrix with rank (n-rank H) at each

point (t, x) in some domain_ of interest, such that

(2-2) B(t,x) H(t_ x)---_0 , (t, x) 6_o

Since r< n, we know that rank B >__I for all (t, x).

With the system (2-i), associate the pfaffian system

(2-5) B(t, x)dx -Bit , x) g(t, x)dt : O.

Let b be an arbitrary linear combination of the rows b _ of B,

taken with C1 scalar valued coefficients g_(t, x), _.eo,
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T-" ))
b(t, x) = L O{_ (t, x) b v (t, x). Throughout, b will be used to

denote such a linear combination which is no___tidentically zero.

Definition Iioi The pfaffian system (2-3) is integrable at the point

CI(_, _) if there exists a scalar valued function _(t, x) and an

> 0 such that for some b,

_Vx(t,x) = b(t,x), _Vt(t,x) ---b(t,x) • _(t,_)

for _ t<_ +E , Ix - xi<6.

Essentially this states that for some b,

(2-4) b(t, x)dx- b(t, x) • g(t, x)dt

is an exact differential in a "neighborhood" of (_, _). It should be

noted that any integrating factor can be included in the coefficients

of the linear combination of the rows b y .

The notion of integrability of a pfaffian system is, of course,

related to the property of completencess of an associated system of partial

differential equations° To show the relation, let C(x), x 6E n, be a

smoctb (n-r)xn matrix, and K(x) a smooth nxr matrix, both of maximum

rank, such that C(x)K(x) _ 0. With the pfaffian system

(2-_) C(x)d__-o

we associate the system of partial differential equations KT(x) _f(x) O.
_x
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Each row ki of KT can be considered as defining a vector field X i which

locally generates a one parameter semi group of diffeomorphisms, iTi(t)I ,

see for example 18, p. I0]. In turn, such a semi !group determines a

"I

vector field. If for each i, j = i, 2, ..., r and for all arbitrarily

smallfixedT, thevectorfielddeterminedby  Tj(T)Ti(t)Tj(-T) 

is linearly dependent on the fields Xi, the system of partial differential

equations is said to be complete. If it is not complete, the number m of

linearly independent fields formed in this manner is called the index of

both the pfaffian system and the associated partial.differential equation

system [4].

From the results in i4], it easily follows that the pfaffian s2stem

(2-4) is integrable (definition II.l) if and onl 2 if the index m is such

that m+r _ n. If the index m is such that m+r = n, Chow 141 shows that

there is a neighborhood of a point xoC En such that all points in this

neighborhood are attainable by curves satisfying (2-5). From the view-

point of local controllability for a control system, we can interpret this

as follows. If the pfaffian s,ystem associated with the control system

(2-5) x(t) = K(x(t))u(t) , X(to) = xo

has index m_ where K is a continuous nxr matrix function of x 6 En

with _onstant rank r, and m+r = n t then ever 2 point in some neighborhood

of x is attainable by trajectories of (2-9) with measurable controls°

Indeed, since all points in some neighborhood of x ° are attainable by
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absolutely continuous curves satisfying C(x,(t)) x(t) = O almost every-

where, we must only show that such a curve also satisfies 42-5) for some

control u. But C(x(t)) x(t) = O_x(t) is a linear combination of the

columns of K(x(t)), Since CK---_O. Thus there exists u(t) such that

x(t) = K(x(t))u(t) for almost all t. Since K has rank r, it has a con-

tinuous left inverse on its range, from which it follows that u is

measurable.

Before stating an explicit criterion for complete controllability of

a system of the form (2-1) one may askz What should one expect the

definition to _ield? This can presently be answered as follows. Since

the definition should extend that given for a linear system of the form

(1-2) which is a special case of (2-i), one expects,

a) If g(t, x) "=A(t)x, H(t, x)-------H(t), then the criterion which

defines complete controllability at t for (If.l) should be
o

equivalent with the condition _ (to, t)H(t)HT(t) IT(to , t)dt

-t
o

non-singular for some tI > to, as given in corollary I.i.

b) There should be a geometric interpretation of the condition,

e.g., what points are attainable from the initial point in finite

time? In the linear system there were global attainability

results, i.e., any point could be attained from the initial

point via a trajectory of the system. In the nonlinear problem,

one would expect at most local results of this nature°
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The approach will be to state a criterion for complete control-

lability of (2-1) which we will show satisfies a). We then use this

criterion to try to establish a geometric interpretation as mentioned

in b). Of course, how the definition of complete controllability should

be extended is somewhat a matter of personal opinion.

Definition 11.2 The system (2-1) is completely controllable at

(_, _) g_ if the associated pfaffian system (2-2) is not integrable at

(_, _).

It will next be shown that this criterion is equivalent to the con-

dition given in corollary 1.1 for the special case of the linear system

(1-2). In this case it suffices to take B = B(t) in forming the pfaffian

system equivalent to (2-3). Also, in taking the linear combination of the

rows of B to form the single pfaffian as in (2-4), we can consider the

scalar functions _ as function of only t. Indeed we must only show

that if the pfaffian form

(2-6) b(t)dx - b(t) A(t)x dt

has an integrating factor, then this _ntegrating factor, denoted bye,

can be taken as a function of only t. To obtain this, suppose_(t, x)

is such that.(t, x) b(t)dx -_(t, x)b(t)A(t)x dt is an exact

-- b i - _ bJ= O for all i, j = l, 2, ..., n, and
differential. Then_x j xi

b +_b = -_x b A x -/_b A. Define_(t) =/_(t, 0), noting that for
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the linear system_= (to,_)x En which implies (t, O)_for t >t .
o

It follows that _(t) is also an integrating factor•

S_nce it is sufficient to consider both/_ and the O(_ as functions of

only t, there is no loss of generality in considering that if the pfaffian

system

(2-7) B(t)dx- B(t) A(t)x dt = 0

associated with (i-2) is integrable, then (2-6) is an exact differential.

Since x appears linearly, definition II.l simplifies for such systems,

and is: The pfaffian s2stem (2-7) is integrable at the point _ if there

exists a CI scalar valued function_(t, x) and an_ 0 such that for

some _,

 Vx(t, = b(t),

for T_t<_ + 6 . (Notes

and_tx exist and are equal).

_t(t, x) =-h(t) A(t) x

Under the assumptions on B and H, _xt

Defioe_

_t tl t)dtW(to, r.!) = _(to, t)H(t)H T(t) _T(to , •

o

Then corollary I•i states that the system (1-2) is completely controllable

at to if and only if there exists a tl>t o such that W(to, tl) is non-

singular.

Remark 1. If A and H are constant matrices, Kalman [1] shows that this

condition _s equivalent to the condition: rank [A, AH, . An-Q]• • _ n@
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Remark 2. While the above condition given for the constant coefficient

case can be directly checked, W(t o, t I) depends on knowledge of a

fundamental solution _(t, to) which is not always easily obtainable.

Remark .,_. It is easily seen that W(to, tl) is a positive semi-definite

matrix. Thus if W(to,t I) is non-singular, W(to, t) is non-singular for

all t__t I.

The main purpose of this section will be to show that the condition

11.2 for complete controllability of (1-2) is equivalent to W(to, tl) being

non-singular for some tl>t o. Th_s condition has the advantage of not

depending on knowledge of a fundamental solution.

Before stating the main theorem, a simple computation yields,

for to< tl<t2,

W(t o, t2) = W(t o, tI) + _(t o, t!) W(t I, t2) _T(t o, tl).

Thus if W(tl, t2) is non-singular (positive definitive) it follows that

W(to, t2) is also _on-sin_lar (positive definite). The reverse im-

plicatic_ need not be t:_e.

Theorem IIo] A necessary and sufficient condition that W(tl, t2) be noN-

singular for all t2 > t I is that the pfaffian (2-7) be not integrab]e at

t 1•

For ease in both using and proving this theorem, we list the implications

and their contrapos_tives.
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I.A Necessary condition, W(tl, t2) non-singular for all t2 > tI

----'-:->pfaffian (2-7) is not inte@Table at tI.

I.B_ Necessary| contrapositive, Pfaffian (2-7) integrable at tI -_

W(tl, t2) is singular for some t2> tI.

IoC Sufficient condition8 Pfaffian (2-7) not integrable at tI

---_W(tlt t2) is non-singular for all t2> tI.

I.D Sufficient| contrapositive, W(tl_ t2) singular for some t2 > tI

------_pfaffian (2-7) is integrable at tI.

Proof, (We shall prove I.B and I.D)

Assume the pfaffian (2-7) is integrable at tI. Then there is

a vector b, which is a linear combination of the rows of By and an

> 0 such that b(t) = -b(t)A(t), for tI_ t< tI + _ . Let

_(t, tl); _(tl, ti) : I, be the fundamental solutionof i = A(t) x.

piThen the vector b admits the representation b(t) = c (t, tl) =

o }(tl, t) forsomeconstantvectoro° LethCt)be _ colu_ of_(t).

Then 0 = b(t)h(t) = c _(tl, t) h(t). Since h was an arbitrary column

of H, and W is positive semi-definite, we have c W(tl, t) cT = 0 for

tl_ t <t I +_ showing that there exists a t2>t I such that W(tl, t2)

is singular°

Assume, next, that W(tl, t2) is singular for some t2> tI. From

remark 3, it follows that W(tl, t) is singular for all tl_ t<t 2.

This implies there exists a vector c(t2) such that c(t2)W(tl, t2)cT(t2 ) --O°

69



Since the _ntegrand of the integral defining W(tl, t2) is continuous,

c(t2) _(tl, t)H(t)HT(t) _T(tl, t)cT(ty)_0 for tl_ t<t 2.

It follows that O------c(t2) +(tl, t)H(t)--z c(t2) _-l(t, tl)H(t), thus b

defined by b(t)_ c(t2) _°l(t, tl) is an admissible vector in the sense

that b(t) H(t)=---0, i.e., b lies in the subspace spanned by the rows of B.

Define the scalar valued function_(t_x) = c(t2) _-l(t, tl)x.

Then _x(t, x) = b(t), _t(t, x) = -b(t) A(t)x for tl< t<t 2 showing

that the pfaffain (2+7) is integrable at tl. I

The following illustrates the advantage of a definition of complete

controllability for linear systems which does not depend on knowledge of

a fundamental solution.

It is known that an n dimensional system which is formed from a

single n_ order equation having constant coefficients and the control

as forcing term is com_219tely controllable. We next show that this is

also true for time v_ems of the form

x(n)(t) + al(t) xCn=i)(t) + o.o + an(t) x(t) = u(t).

Specifically we shall show that for any toy the associated pfaffian is

not integrable implying W(to, tl) is non-s_ngular for all tl> to.

We take the equivalent linear system of the form

y(t) = A(t) y(t) + h(t) u(t) where

A(t) =

d

0 _ 0 ..... 0

0 0 1
@ •

o 0 o 0

" 0
@ O

0 0 "I

-an9 -an+ 1 9 _ o o o _ _a]

, h(t) =

0

o

e

©

e

0

1
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One can choose B(t) as the (n-l)xn matrix

=

I

"I 0 0 ... 0 0

0 i 0 .o. 0 0

• • •

• @ •

• • •

0 0 0 . . . 1 0

The pfaffian system equivalent to (2-7) is then

(2-8) dxI - x2dt = 0

dx2 - x} dt = 0

@ @

• @

dXn_ I- Xndt : O.

If (2-8) were to be integrable there must exist scalar valued functions

o(j(t), not all zero, so that the single pfaffian

n-I n_l

j=I j=l

is an exact differential. But this would imply o(j(t) = O, j = I, 2, ...,

(n-l), which shows (2_) is not integrable for any @

o
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Geometric Interpretation_ Local Controllabilit2_ and the Singular Problem

By associated a pfaffian system of the form (2-3) with the system (2-1),

it is conspicuous that the stress is taken away from the functional form of

the elements of the matrix H_ and p_aced only on what the range of H(t, x),

considered as an operator on E r, is. Th_s obviously should be the case

when controls are required to be only _ functions.

In [9], Markus and Lee consider a system of the form x = f(x, u)_

f e CI in En x_, where_a compact set contained in Er with O in its

interior, is the range set of the control. Assuming f(O, O) = 0 and

letting A = fx(O, 0), H = fu(O, O), it is shown that if the linear system

@

x = Ax + Hu is completely controllable, then the set of points from which

the origin can be reached in finite time by trajectories of x = f(x, u),

is an open connected set containing the origin@ Kalman [i0] pointed cut

that a similar result can be obtained for a system of the form x = f(t, x, u)

by assuming tbe linear apprcxima.t_on is completely controllab]e in terms of

the criterion gi_en in _,_,![a.r? - I°io

The system

X(to) = x0

where x is an n vector 9 f is a C2 vector valued function and u is a r vector

valued measurable contro1_ is sa_d to be locally controllable along a

solution

v

corresponding to control v if for some tl>t ° all points in
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some state space (n dimensional) neighborhood of _ v (tl) are attainable in

time tI by trajectories of (2-9) with admissible control.

It would be somewhat falacious to say that a time dependent system

is locally controllable, say at the origin, if all points in a neighborhood

of the origin in state space are attainable by trajectories of the system

in finite time. To see this_ we consider the following example of G. Haynes.

Example i,

e

x2 = xI + (sin t) u .

An integral of the motion is seen to be x I sin t - x 2 cos t = O, which one

can picture as a rotating (with time) line in Xl, x 2 space. As t varies

from 0 to 2 7_, all points of E 2 are swept out by this line. Now mnltiply

the first equation by cos t _ the second by sin t and one obtains by adding|

__d (xidt cos t + x 2 sin t) = u or
\

t

Xl cos t + x2 sin t = _0 _(T) aT
. Combining this with the

integral of the motion, gives

tXl2(t) + x22(t) = _0 d7 I

2

implying that as time increases, the

two dimensional neigh_ orhoods of the origin of E 2 which are attainable

also increase.
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Since all solutions lie on a surface in (t, x) space, one would

hardly feel that the system should be termed locally controllable and is

not locally controllable by the definition given above.

We next proceed with an analysis_ similar to that used in the papers

[9] and [10], to examine local controllability about a given trajectory of

the system (2-i). Let X(to) = 0 be initial data for this system v an

arbitrary_2 control and _v the corresponding solution. Let u(t_),

_ En, be a family of controls such that u(t; O) = v(t), u_ exists, and

denote x( o i_)as the response to u( o 9_). Then x(. ;_) satisfies

t

x(t,
O

[g('r, x(T;_)) + H(T,x(_;_))u(_;_)] d _.

ft

x_ (t; O)_Jt
0

+Hx(T,_V(T))v(T)] x_ (T, o)

r

where H V is an nxn matrix with i j-_element H v .
X X.

•//=1 a

For each t i_ t , we view x(t; _) as a mapping _ = x with

0__v(t)o Let Z(t_ _v u_) denote the Jacobian matrix x_ (t_ 0).

We have_ If for :tome __z_u____LZ_}__J_ is non-singular_ the attainable

set at 7 contains a neighborhood of the point Wv(i). Let _(t, to) be a

fundamental so]ution matrix of the system

x(t) = [gx(t,_v(t)) t hx(t,_v(t))v(t)] x(t). Then
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o

From lemma I.I and corollary I.I we have

Theorem 11.2 (Kalman) A necessary and sufficient condition that there

exist an rxn matrix u_ such that Z(tl; _v u_) is non-singular for

some t I > to is that the linear system

is completely controllable°

In terms of the pfaffian approach the equivalent theorem is

Theorem II._ A necessary and sufficient condition that there exist an

rxn matrix u[ such that Z_tl9 _v 9 u_) is non-singular for some tI_ to,
.D

is that the pfaffian system B(t, _v(t))dx - B(t, _v(t))

tl_ to, ioeo, that

(2-10)

is no_._ttand exact d_fferential for any b which is a linear combination of

the rows of B.

The same method, when applied to a system of the form (2-9) yields

Theorem I!._' A sufficient condition that there exists a tl_t ° such that

all points in some state space neighborhood of _v(t2) for all t2> tI are
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attainable in time t2 by trajectories of (2-9) with admissible controls,

is that there exists a tl_, to such that the pfaffian system

B(t_ v)dy- B(t_ v) fx(t, wv(t)_ v(t))y dt = 0

is not integrable at tlo [The notation B(t_ v) is used to denote the

dependence of B on the reference trajecto.ry, specifically

B(t_ v) fu(t,_v(t)_ v(t))_ 0,]

It is interesting at th_s point to see the implications of the

assumption that (2_I0) i_ an exact differential° This implies and is

implied by

(2-11) _t b(tg_v(t)) -- -b(t_v(t))[gx(t,_v(t)+ Hx(t_v(t))v(t)] ,

which can be recogni.zed aB the so-called adjoint system of the maximum

principle Ill] approach to the time optimal problem for system (2-1).

It should be noted that if b(t, _v(t)) satisfies (2-11.), then it is an

adjoint vector which is orthogonal to all of the columns of Ho S_nce the

maximum principle (for control components bounded by one in absolute value)

n

implies_ choose u_J_t) _ sgn Z bi(t_ _v(t))HiJ(t9 _v(t))_ in this case
i=l

it yields no information°

I shall de_igaate such a problem a_ one which admits a tota11.y

si_iar arc _9 i°eo_ where _he maxlm_nm principle yields no informat_ on

in the time optimal problem_ for any components of the optimal control°

The arc would be slngu]ar_ but not totally singular, if there is an adjoint
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vector orthogonal to some, but not all columns of H.

Theorem 11.4 The pfaffia_ form (2-10) is an exact differential if and

only if_ v is a totally singular arc.

Pro cf_ It has been shown above that if (2-10) is an exact differential,

then the vector b satisfies (2-I1), which implies _v is a totally singular

arOe

If _v is a totally singular arc, _there exists a vector p(t) such

that i) p(t) H(t,_v(t)) _ 0 and it) p(t) = -p(t)

Igx(t ,_v(t)) + Hx(t,_v(t)) v(t)l . From i) we oonclude that p(t) is

a linear combination of the rows of B(tg_v(t)), while II) implies that

this linear combination, (2-I0)_ is an exact differential. I

To summarize_ _v not a totally singular arc implies the pfaffian

form (2-10) is nc___t,an exact differential which implies there exist

_ to and u_ such that Z(T, _v u_) is non-singular and the attainable

set at time t contain_ a neighborhood of the point _v(_). The contra-

positive of _his statement provide_ an interesting characterization of

totally sJno_ular ar4s, loeb, if for every tl>t there exist points inO

every state space neighborhood of _v(t]) which are not attainable in time

tI withc_ 2 controls, the arc _v is totally singular. On the other hand,

as will be shown by example, a total3y singular arc can remain on the

boundary of the attainable set_ and thus provide a time optimal trajectory.

Theorem 11o5 If the system (2-1) is not completely controllable at to,

Z(t,_ v _ _) Js s_ngu]ar for all t> to,_ u and all reference trajec_

torles _ _ _ioeo_ every t_ajectory _? is totally singular.
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Proo_____f_Any vector b, which is a linear combination of the rows of

B, satisfies b(t, x)H(t, x)_O. Thus for any vector v(t),

_x [b(t, x)H(t, x)v(t)l _ O, or v(t)HT(t, X)bx(t, x)_

-b(t, x)Hx(t, x)v(t). Evaluating this identity at the point (t,_v(t)),

substituting into 42-11) and expanding of the left side yields

(2-12) bt(t,_v(t)) + b(t,_v(t))gx(t,_v(t))+g(t,_v(t))bxT(t,_v(t))_

v(t)HT(t,_v(t)) [bx(t_v(t) - bxT(t,_v(t)) I .

This identity provides a necessary and sufficient condition that (2-10)

be an exact differential, _ . that _v_oe , be totally singular.

Now assume the system (2-1) is not completely controllable. This

means that for some b, a linear combination of the rows of B, the pffafian

form b(t, x)dx -b(t, x)g(t, x)dt is an exact differential, or

bt(t,_)_-b(_ 9 x) g_(t9 x) ®g(t, x) bxT(t , x)

bx(t,_-_ b_T(_ x)mOo

Evaluating these two :identit_e_ at (t, _v(t)) for an &r'bitrary control v

shows that (2_12)i_ $ati_f:ied_ hence every trajectozoy _v is totally

singular°

A conjecture which one might be tempted to make is that if the

system (2-1) is comp!etely controllable, it admits no totally singular

arcs. This is not true, as the follow_ng example from 12 1 shows.
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Example II. I

xl = x12 - x!2 x2 u Xl(O ) = I

° ()
x 2 = - x 2 + u x 2 0 = 0 .

For the time op¢imal problem of reaching the point (2 9 0), it is shown

in [2] that u--O is the optimal control 9 if the restriction ]u(t)l__ i

is imposed, and it easily follows that this is also optimal in the class

of _2 controls.

For this problem, one can use for the matrix B, the single vector

b = (i, x12 x2). The associated pff_fian equation is

d.xI + x!2 x 2 dx 2 + _i 2 (x22- l)dt = O.

Let x = (xl, _2) , a(x) _- (l, x12x2, x12(x22- ])),. Then (curl K(x)).

a(x) = 2 x 2 [12_ 09 thus the pfaffian is not: intesTable.

Theop,i,o.l.p_th_-,'o=_.hepo_,t(i,O) to (_<,0),_<> l, is oh-

tai.ned wi.th -- :"--,- and

/__

_o:t,) j_ Th_,s is a totally sin_alar ar_.

{o.
To show this,

we note b(t_Q$°(t)) N: (], 0).

b(t _c(t))clx =b(,tg<_()) [gx(t, ) + Hx(t , ) 0

2_ 1
= _1 _ _ _" -": .... dto
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-2 x I

Let a(x, t) =- (1, O, i_--7 )o Then (curl _)° _ =--0 which implies the

2 x 1

pfaffian dxI + 0 dx 2 - 1--_-_"dt = 0 is integrable, and (po is a totally

Singular arc. Here the arc _e is on the boundary of the attainable set°

It should be s,'rezsed at this point that it has no____tbeen shown that

if .for some _o_, .... ol v,, the matrix Z(t, , u ) as singular for all t >_ to,

and u_ then suffi_;iently small n neighborhoods of a point _v(t) co,_-

tain points not attainable in time t, from initial data 0 given at t .
o

In fact it will next be shown (Example If°?) that this is not the case. To

do this we must produce a time optimal problem which posse._es a totally

sing_lar arc wh:lc_h _<ields neither a maximum or minimum. Since the arc _s

totally singular_ Theorem _r._+ shows that on_ c_unnot conclude that the

system is locally controllable along this arc by considering the linearized

equations as in Theorem i!o?o However the use of theorem II.5' on certain

arcs which differ from the singular are but have some poir,ts in common with

it_ will e_t,_bl!sh the local controllability.

We ,-,.on!-_id,_r _:;cn,rol syste_£s off _ne form studied _q [2]:, ,ioeo,

(2 i3) o

x{O) = x
o

' ,d " ,J '\
I (t)l <_ z o

We asstune th_._ i,_ :_o_,_ ri:gion of interest cf stato space._

cI¸
and that Ai, ]_<_ i = l_ ": are in .
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The pfaffian system associated with (2-15) is the single pfaffian

equation

(2-15) B2(x)_%.o B_(_)_2 ÷ A(_)dt= o.

SLnce i(x)_ 0 and maitiplication by a factor does not change inte-

grability, this can be rewritten as

(2-_6)
B2(x) B2(x)

dx I -_ dx 2 + dt = O.

Letz(x)=/B2(_) h(_) 11
_----_ 9 - _ _ _ then a necessary and sufficient

condition that the pfaff_ar. (2-16) be integrable at a point (t, x) is

that Z(x) - curl Z(x) -_ C i, a z_eLghborhood of ×. Computing yields

where _>(x) (usin_ _e _._+a__ -` of [2]) can be directly __-omputed from
\

the right sld,es <af t_e d;£'T_r nt/al equations (2-i5)o

Let v he a ',,tLn._-_>J=-_. :._nt:e/ (this is 3-,_f_ficient continuity when

the control app_a,e, ,ine_ri#) s_, sfylng v(t) <1, and let ypv be the

co_'espondi.._g tlaje_tory of (2-I })o

V

Theorem lI_6 I£ for- some _]_>_ to_ _ (-_" ....._onot a 7er.o of 03, then

for any t2_> tl all point_¢ in. at,me state space neighborhood of (_v(t2)

are attainable by traje_tories c£ (2._I_)_ in time t. _ with acLmissib]9

COntVOiSo

81



Proofs The variational equation for the system (2-13) about the

trajectory _v is given by

_(t) = [Ax(_V(t))+ v(t)Bx(_v(t))] y(t)+ B(_V(t))u(t)

(AI) (Bi)
where A = _ B = . The pfaffian equivalent to 42-10)

A 2 B 2

for this variational equation is

42-17) B2(_v(t))dy I- B1(_v(t))dY 2 + (-B2(_v(t)),Bl(_V(t)))[Ax(_V(t)) +

v(t)B ydt o

A sufficient condition that (2-17) be not integrable at tI is that

(-B2(_V(tl) ),Bl(_V(tl) ))[ Ax( _v(tl))+
(2-18) _t (B2(_v(t))'Bl(_V(t)))]t=t 1

v($i) BX(_'_(¢I))] , WhiCh is implied

byf_)(/_v(t)) _ 0 as c_u be _hown by a straightfoI_'ard calculation.

[In terms of Theorem I_._, (2=_8) _tats_ that _v(tl) is not a potent of a

singular arc. In ['_ pgo 9?] it is ehown that for _ systems of this type

singular arc_ are characterized by the fact that 6Ois zero along the=.

It follows that if _V(¢l) is not a zero of _D, then it is no____ta point of

Oa singular arc, hence (_7) ,is not integrable and the conclusion of the

theorem follow_.] I
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It should be stressed that the integrability of (2-16) requires

60 (x) = Z(x) " curl Z(x) to be zero in a neighborhood of a point, while

Theorem 11.6 deals only with the value of _O at a point. It is possible,

Example II.I, to have the pfaffian (2-16) not _ntegrable at a point (_, _)

which u9(_) sunni have  v(7 ) -at = O, yet a trajectory V such that = x

and the system is not locally controllable about _v.

We next give the example of a problem which is locally controllable

along a totally singular arc.

Example II.2 (A singular arc _°(t) such that all points in a neighborhood

of _O(tl) are attainable in time tio)

Consider the system

@

x 2 = 1 + x2 Xl2 u x(O) - 0

Then _(x) 1, IA_(x) = x.± 2= _ hence if we were to consider the time

optimal probiem of reaching the flnal point xf(O, _), the Greens theorem

approa<:h [2], yle]ds the f'_..iO'W:_..g

x 2

x]
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the optimal arc being shown by the arrows. There is an arc along which

6&)= O, i.e., x I -_ O, and while this can be attained with the control

u -----0 it yields neither a maximum or minimum to the time optimal problem.

This arc we designate as _o

._£o1°(t)__o?,°Ct>
/

It is easily checked that the variational equation along _o is no___t

completely controllab]eo

Now consider a relation x I = k I san k 2 x2, kl, k2>O with k2>47_.

It will be shown that for kI sufficiently small, there exists a unique

admissible continuous control _(t) with trajectory_ _ which has
l

((Xl, X2)_ Xl = k I sin k 2 x29 x2_D_O _ as its track.

From the Greens theorem approach [2 I and the symmetry of O-)(x)about

the line Xl= 0, the parametrization of _ must be such that the even

numbered crossings of the x 2 axis 9 counting only crossings which occur for

x2>O _ one must have

o 2._/'F)(tr,lu ( 2nTTk2) _ 0 _I ( k2

_2u(_ ) _ 2n/W ).
k2 = k2 = _2 ° ( k 2

We will be interested in the case n = i, so that 2"--'_<i/2. It will

k 2 _

be shown that there is local control]ability along _u and since

_p
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_u (__2)= _o(- 2_ 2_k2 )_ it will follow that a neighborhood of

o 2_
( --_2 ) iS attainable in time 2_k2

First we will show tk_t for kI sufficiently small, there is a

unique continuous u which leads to a trajectory _u having

_(Xl, x2)s xI = k I _in k2 x2, _2> O} as
its track. Differentiatiou

of the track relation with respect to : yields

Xl(t) = k I k 2 [ cos k 2 x2(%) ] [2(t) •

Substitution from the system equations leaves

u(t) "_-.klk 2 [cos k2x2(t)] [1 + x2(t)xl2(t)u(t) ] .

For any control u,

f_

xz(t) "JO _-(T)d%

[Jo'so
exp - u_(_-) I_(_) ,_ d _ _ T .

0

Substi_ating these in (2-19) yields an expression of the form

where the definition of the non!Jnear operator_is obvious° Let
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C [0, _] denote the space of continuous vector valued functior_u on the

interval [0, _], with the supremum norm, and B_ the closed ball of radius

in this space. It is easily shown that for k I sufficiently small but

positive,u 6 __klWU 6 _, andk_Wis a contraotin_map. Thus

kl_has a unique fixed po-_nt in B_, call this point _. Then _Lis not

a singular trajectory, since k! positive implies _(t) _ O, and _u has the

desired track.

Now for 0 < tl< _
k 2

hence not a zero of L_).

m

, _u(t l) is not a point of the singular arc,

From Theorem II.6 it follows that all points in

neighborhood of --_ou(t2), for any t2> tI are attainable in time t 2 bysome

trajectories with admissible controls, hence this_ is true for t2 = k2

To determine local controllability along _a by use of the fundamental

solution of the variational equation about this trajectory would be a

virtually impossible task.

In concluding, it shou_J be noted that totally singular arcs were de-

fined with no mention made of tr_nsversality conditions. It is possible to

use these condit_on_ _n _ery sp_,_ia] oases, to rule out the exiaten,._e of

singalar arcs i,_ the <,l:t_mal strategy. Also, for a time optimal problem

for a system of _,he form

@

(2-2o) _(_) . g(_(t)) • H(,(t))u(t)

the maximum principle yields the fact that the HamJltonian is constant

along the optimal path. We shall show that this cannot be used to rule
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out totally singular arcs, since such arcs automatically satisfy the oon-

dition even though the Hamiltonian is seemingly a function of time along

them.

For the system 42-20) wfth any given control u(t) we define the

Hamiltonian for the time optimal problem as

_(t, _, p)=p _ g(x) , p . H(x) u(t) + 1.

A necessary condition is that _is a constant along the optimal tra-

jectory, it need not be so on a non-optimal trajectory. Define the ad-

joint system as

(2-21) p(t) =-p(t) gX(x,(t)) -p(t) Hx(x(t))u(t )

Theorem 11. 7 The Hamiltonian for the system (2-20) is constant along

any totally singular arc.

u

Proofs We defined a tota31y singular arc as an arc _ which

satisfies (2-20) for which there exists and adjoint vector p(t) satisfying

(2-21) such tha_ p(t)H(_U(t))_O for a set of t v_lues having positive

measure o Then

42_22) d _(t_ _u(t)gp(t))---- d [p(t) o g(_U(t)) + ii __ pigi + Pigx_i _ .

@

From (2a20) gi= sDiu = Hik Uk °

i " Hik

From (2_21) pi gx_ = - P_J _ Pi _ Uk ° Substituting in (2-22)
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_. _u • [_u._ ][__ _x ]_.u_{t, (t),p(t))_ Pi i " Uk + - Hik Ukdt

Hik *ul _d [p(t)H(_U(t))l_ 0o [-_-_ _u_u _---- ___

from the condition p(t)H(_U(t)) _ O.
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III. THE EqUIVAL_CE AND APPROXIMATION OF CONTROL PROBLEMS

INTRODUCTION TO SECTION III

In this section we will be concerned with the time optimal feed-

back control problem for an n vector system of the form

(3-1) x(t) = f(t, x(t), u(t)) , x = dt

where the control u is an r vector valued function with values in a

given set Uo The major interest Will be in feedback controlso

One of the difficulties in the theory of optimal feedback control is

the discontinuity of the control with respect to the state variables,

which the necessary condition termed the maximum principle, so often

shows to be the caseo Letting H(t, x, p, u) _ p o f(t, x, u) - i;

u*(t, x, p) be so that H(t, x_ p_ u*(t, x_ p)) _ H(t_ x, p, u) for

all u £ U, and H*(t, x, p) 5 H(t, x_ P9 u*(t, x_ p)), the Hamilton-

Jacobi equation approach [1] often leads to a partial differential

equation with discontinuous coefficients_ while the Hamilton/an equations

of motion which describe the system (the characteristic equations of the

Hamilton-Jacobi equation) are of the form

o _ o

(3-2) x - _p H*(t_ x_ p) , p = - _H*(t, x, p) o

The maximum principle of Pontriagin, for time optimal problems, assures

us that if u*(t) is an optimal control 9 x*(t) the corresponding optimal

trajectory, then there exists an absolutely continuous n vector p*(t),

not identically zero_ such that H_(t_x*(t),p*(t)) _ H(t_x*(t),p*(t)�u*(t))

while x* and p* satisfy equations (3_2) o The usual use of the maximum
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pri_ciple proceeds, however, by attempting to generate candidates for an

optimal trajectory by solving a two point boundary value problem for the

system (3-2). Since u* may be discontinuous, the fundamental questions

of existence and uniqueness of solutions to these equations cannot easily

be answered.

An alternative would be to restrict the controls to be continuous,

or even Cl, (continuously differentiable) functions and attempt to gen-

erate within this class a sequence of controls which will in some sense

tend toward the optimal control° In doing this, however, one must

seemingly discard the maximum principle which is one of the most useful

tools for generating optimal controls, for it so often demands dis-

continuous controls.

The approach taken here is not to forcefully restrict the class of

approximating controls, but instead to generate a class of approximating

C1problems whose solutions will be continuous or controls and will tend,

in a given sense, to the solution of the original problem.

For the system (3-1) let R(t, x) = If(t, x, u): u_U I . We shall

@

say that the time optimal problem for a system x = g(t, x, v), v C V is

equivalent to that for the system (3-1) if Ig(t,x,v):v £ V_ = R(t, x) for

all (t,x) in some domain of interest° For given _ _ 0 we define the time

e

optimal problem for the system x = h_ (t, x, v), v £ V(_) to be an

-approximate equivalent problem to the time optimal problem for (3-1)

if d _lh£ (t,x,v):vey(6)l , R(t, x_ _ for all (t,x) in the domain

of interest° Here d(Q,R) is the Hausdorff metric distance for sets in

Eno

Intuitively equivalent problems have the same optimal trajectories (as

will be shown) while the optimal trajectories of £ - approximate equivalent

91



problems will be close (uniformly) to those of the original problem.

It will be shownthat under appropriate conditions (essentially the

Fillipov existence conditions [21 ) the approximating problems can be

chosen in such a way that the corresponding feedback controls are con-

tinuous9 or even of class CIo In certain cases this allows the Hamilton-

derived in [I] 9 to be utilized for the constructionJacobi theory, as

of fields of optimal trajectories and optimal feedback controls°

Although we deal only with the time optimal problem, it should be

noted that for a problem of the form x'(_) = f(T-, x(Y-), u(Y-)), with

the functional to be minimized being [_f

J

the scalar valued function o_

of independent variable

t"

tCT) = I 06(6", x(_)9 u(_))d_

_(O- _ x(O" )9 u(_-))dO- where

f-
O

satisfies _(d" _ x, u)___ _ =_ O, the change

reduces the problem to an

equivalent time optimal problem for the system

. [y(t) = _(15"(t)_y(t)gu(t)) f(Y-(t),y(t),u(t)) --_g(t,y(t),u(t)).

THE MAXIMIZATION OF pot WITH r IN A STRICTLY CONVEX SET

Our motivation is to choose approximating problems for which the

maximum principle will yield smooth controls° Let r*(p) be the function

which maximizes the functional F(p_r) _ por for fixed p _ E n- [O_ ,

r e R a given compact set in Eno We begin by examining conditions on

the set R which will insure that r" is smooth since it is a maximization

of this type which causes discontinuities in the control°
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Definition° If S is a set contained in En (Euclidean n space) a support

hyperplane is a hyperplane M which lies on one side of S and SAM _ _ ,

the empty set.

Definition. A convex set R contained in En will be said to be strictl_

convex if it contains more than one point, and every support hyperplane

has at most one point in common with No

If R is a compact set in E n we denote its boundary by _Ro

Lemma IIioi. If R is a strictly convex set in En, then R has internal

(interior) points° (This result depends on finite dimensionality).

Proof Let ro, o rl'rI_ R, r # and VI be the linear variety of

dimension one determined by these points° Let M 1 be any hyperplane con-

taining Vlo Since M1 contains two points of R it is not a support plane

and there exists a point r2 _ R, r2 _ MlO Let V2 be the linear variety

determined by ro, r2,rI and ° V2 has dimension two° Let M2 be a hyper-

plane containing V2o Again there is a point r3 _ R, r3 _ M2. We con-

tinue inductively getting at the (n-l)st step a linear variety Vn_ 1 of

dimension (n-l) determined by the points ro_ o o o _ rn_lO Then there

exists a unique hyperplane Mn_ 1 containing Vn_l, and again a point

rn C R, rn _ Mn_l o Since R is convex it contains the convex hull

of the set of points ro, o o o , rn_ and since the vectors rI - ro,

are linearly independent, they determine an
r2 - r° _ o o o , rn ro

n cell which has non void interiorol
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Lemma 111.2. Let R be a strictly convex, compact set in En. Then for any

fixed p _ En - tO } , the function F(p, • ) attains its maximum value at

a unique point r'(p) = r° Q _R.

Proof For any fixed p, F(p, ' ) is a continuous function o_ the compact

set R and hence attains its maximum there. Suppose the maximum is attained

Ro Let N(r o) be a neighborhood of r containedat an interior point r° o

in R. Then p • r o is an interior point of the real interval p. N(r o) =

_p-r: r _ N(ro) ) , contradicting the fact that F attains its maximum at

r .

O

To show uniqueness, assume F(p, ° ) attains its maximum at r , while
• O

rI _ r° belongs to R and F(p, rl) = F(p, ro )° Define

r(o(_) = _r ° + (i - o_ rl, - co -_ o_ -_oo o It follows that

F(p, r(_))= F(p, ro) for every such point r(_)o If for some _ ,

r(o_) is an interior point of R, the argument of the previous paragraph

would show a contradiction to F(p, - ) attaining its maximum at roo Thus

the one dimensional linear variety V = _o_r ° + (1-o_)rl: - oo-=_-_ col

does not intersect the interior of R_ which is not empty by Lemma IIIolo

theorem 3o6-E [31 there exists a closed hyperplane M containing V suchBy

that the interior of R lies strictly on one side of M. It follows that M

is a support plane for R_ and since M contains more than one point of R,

this is a contradiction to the strict convexity. I

Theorem IIIol Let R be a strictly convex_ compact set in En. Then the

function r*(p) (shown to be well defined in lemma III-2) is continuous.

Proof Suppose Pn _ pc Since R is compact, some subsequence

the sequence _r*(Pn) 1 converges to a point of R, and there is noof

loss of generality in assuming it is the original sequence, ice.
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let r'(Pn) ._ rI. We suppose rJ(p) = r2 / rI and seek a contradiction.

From the definition of r*, F(p, r2) =_F(p, r 1); let

F(p, r2) - F(p, rl) = $ >0.

Since F is continuous there exists an N _ 0 such that

IF(pn, - F(p, and IF(p,5) - F(pn,r'(Pn)l 

for n__ N. Then F(Pn , r2) - F(Pn, r*(Pn)) =_ IF(P, r2) - F(p, rl) ]

+ [F(Pn , r2) - F(p, r2) ] + [F(p, rl) - F(p n, r*(p n))]='_/2 for

n __N, a contradiction to the definition of r*(pn), t

We next examine when the function r*(p) is Clo

Definition. For y _ En, IYl =

Lemma III.3. Let R be a strictly convex, compact set in En which has a

unique outward unit normal n(r) at each point rE _R. Then for fixed

p _ E n - [0_ , F(p, • ) achieves its maximum at the unique point

r £ _R such that n(r ) = p/l Pl o
--0 o

Proof Assume without loss of generality that zero is an interior

point of R.

For x eE n, let I(x) = [a: a >0, a-lx e R I and define

p(x) = inf. a.
a gI(x)

; _(x) is called the support function of R, or also the

Minkowski functional. We note that if r £ _R and y is any vector, then
o

for a real scalar 4> O, _Y + r
o 6 _ R

_(oLY+r o)

and for _ sufficiently small, is in a neighborhood of r @

O

95



From lemma 111.2, we know F(p, • ) achieves its maximum at a unique

1 /_y+r
be the point+ Let g(y, ro) = lira _ o

point on _R, let r ° O_+----_O _P
( y+ro)

Since dR has a unique outward normal at each point, g(y, rO) = -g(-Y,ro).

Since p . r° ___ p r for all r_ _R in a neighborhood of ro, it follows

that p • g(y, ro).< 0 for all yo Assuming there exists y such that

p • g(y, ro)< 0 implies p • g(-y, ro) >O, a contradiction. Thus

°) presentsp • g(y, r = 0 for all y, or a necessary condition that r °

F(p, • ) a maximum is that p be orthogonal to the support hyperplane at r o

o

Since R is strictly convex it is easily shown that there are exactly

two points which satisfy this necessary condition, one with outward

normal P/IPl giving F a maximum, the other with normal -P/IPl which

gives F a minimum°

Definition. We say that a strictly convex_ compact set R in En has a

smooth boundary if there exists a unique outward unit normal n(r) 6 C 1

defined on _ R° (Actually we consider n as a restriction of a C1

function in a neighborhood of r6 _R, see, for example, [4] pgo 27)+

Theorem IIIo2° If R is a compact set in E n with smooth boundary having

positive Gaussian curvature at all points, then r+(p) _ Clo

-r
o

Proof Since it is assumed that the unit normal to _R is of class Cl,

the Gaussian curvature is a continuous positive function on _Ro But _R

is compact, thus the Gaussian curvature is bounded away from zero. From

theorem 5.5 [5 , Pg° 35] it is easily followed that R is strictly convex°

From lemma 111.3, we have thar r'(p) satisfies n(r'(p)) _ P/IPI° Let

rO = r+(Po) be an arbitrary point on _ R o
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The method will be to utilize the implicit function theorem on a

relation of the form g(r, p) = n(r) - p/Ipl •

Let _1 _ n-1, . . . , be a local coordinate system for a neighborhood

of r on _ R. Then the inclusion map from _ R r E n determines n
o

¢2  nl) Xn( n-l)smooth functions Xl( , o . . , , . . • , , • • • ,

or briefly x( ¢ )o Assume x(O) = r° and let VI be a measurable neighborhood

of zero in the local coordinate system.

Let Sn-I be the unit (n-l) sphere; we consider n(" ): _R -- Sn-l.

Define 9( • ) : VI --_" Sn-I by n(x (_)) = @( _)o Thus

n 6 CI _ 9 £ CI .

Let _: _p) : p/%p, , p g e - {0_; then _6 CI. Our approach

will be to utilize the implicit function theorem on the relation

We note that G _ CI, and if _o = _Po ) then G(O, _o ) = O. Also

G_ (O, _o ) = 9_ (O). It must be shown that det(O_ (O)) / O.

From differential geometry we recall that as _ varies in VI, x(_)

traces out a region V2 on _R while the normal 9(_) traces out a region

V 3 on the surface of the unit sphere. Let K(_ ) denote the Gaussian curvature
\

of _R at x(_ ), and A3 the "area" of V3o Then

VI VI

arbitrary (but measurable)and 96_C I this implies det_ 9(_)) = K(_)./ \
w

By assumption K is positive at all points of _ R, hence

det(O_ (0)) / O. The implicit function theorem now gives the existence

CIof a function _(_) such that G( _ (_), _) = O.

Then r*(p) = x( _ (_(p)))6 Clol
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The following is an example of a strictly convex set R with smooth

boundary and a point at which the Gaussian curvature K is zero, for which

r'(p) is not C1.

4
Let part of the boundary of RC _ consist of the curve y = x , the

rest so as to make R strictly convex and with smooth boundary. We restrict

our attention to the defined part of the boundary, in particular to the

point (O, O) at which K is zero°

The outward normal is given by (4 x3, -1)o Let p =(Pl' P2 ) have P2

negative and Pl near zero° To compute r'(p) _ (x_(p), y'(p)) we compute

4
the point on the curve y = x where the normal has direction numbers

V3

(-Pl/P2 , -i)o This gives x'(p) = (-Pl/4 p2 ) _ y,(p) = (-Pl/4P2) 4/3

x'(p) is seen to not be continuous at Pl = O.
and _ Pl
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APPROXIMATION OF OPTIMAL TRAJECTORIES

The Time Optimal Problem

Consider the system (3-1), with U a compact set, and initial data

x(t o) = Xoo Let S be a smooth (C2) manifold in the (n+l) dimensional

(t,x) space with the property that for any t2, t3, [(t,x)£S: t2 _ t _ t31

is compact in En+l° The problem is to find a measurable function u = u(t)

having values in U, such that the solution of the initial value problem

for (3-1) with u = u(t), intersects the target S in minimum time; i.e.,

is an optimal trajectory.

We next give the conditions of Fillipov [2] , which insure the

existence of an optimal (open loop) control, and optimal trajectory for

the time optimal problem.

Existence Conditions

(3-3) f(t,x,u) is continuous in all variables t,x and u, and is

continuously differentiable with respect to Xo

(3-4) x- f(t,x,u) _ C( Ix 12+ I) for all t, x, u.

(3-5) R(t,x) _ I f(t,x,u):u 6 UI is convex for every t,Xo

(3-6) There exists at least one measurable function u(t) with values

in U, such that the corresponding solution of the initial value,

problem for (3-1) attains the target S for some tl_> to .

Equivalence of Problems

Let the same time optimal problem, as posed for (3-1), also be posed

for the system

(3-7) x(t) = g(t,x(t),v(t)),

where g satisfies condition (3-3)° Let Q(t,x)

v(t) _ V, a compact set,

Ig(t,x,v):v _ V I o
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Theorem 111o3 Assume the existence conditions are satisfied for the

time optimal problem for the system (3-1) o Let _(. ; u') denote the

optimal trajectory and u* the optimal control° Then if Q(t,x) = R(t,x)

for all (t,x), _( • ; u*) is an optimal trajectory for the time

optimal problem for the system (3"7) and there exists a measurable

function v'(t) with values in V such that _ (t; u') = g(t,_(t;u*),v*(t))

almost everywhere°

Proof f_t, _(t_ u*)_ u*(t)) is a measurable function of t_ with

values (almost everywhere) in R(t, _(t; u'))_ therefore in Q(t,_(t; u*))o

From lemma 1 of Fillipov [2] _ there exists a measurable function v*(t)

with values in V such that f(t_'(t_u*),u'(t))=g(t_(t_u*),v*(t)) almost

o

everywhere° It follows that _(t_ u*) = g(t_(t;u*), v*(t)) almost

everywhere.

Now if _ • _ u*) were not an optimal trajectory for (3-7), ioeo,

_( ° _ v) provides a better time, the same argument shows that _ ° ; v)

is a solution of (3-1) for some measurable control u with values in U9

thereby contradicting the assumed optimality of _ - _ U*)o_

This theorem stresses the fact that in seeking optimal trajectories9

it is the set function R(t,x) which is of major importance_ not the

function f(t,x_u) or the control set Uo

When the conditions of theorem IIIo3 are satisfied we define the time

optimal problem for the s_stem (3_7) to be equivalent to that for (3-1)o

If the existence conditions are satisfied for the time optimal problem,

from conditions (3_4) and (3_6) we can obtain a compact region of (t,x)

space to which analysis can be restricted° Indeed for t _ t _ t1

condition (3-4) implies any solution x(t) of (3-1) satisfies

ix(t)l 2 2(IXol + l) exp (2C Itl-tol )o Here Ix(t)l stands for the usual

Euclidean norm° Henceforth, we denote by _ the compact region of (t,x)
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space defined by t o__ t m2 t I , ixl2_ (iXo I 2+ 1)exp (2C 12tl-toi ).

Definition. The Hausdorff metric topology for non-empty compact sets in

Em is derived from the following metric: The distance between two non-

empty compact sets X and Y in the smallest real number d = d(X,Y) such

that X lies in the d neighborhood of Y and Y lies in the d neighborhood

of Xo

Approximate Equivalent Problems

Definition° For given £ =_ 0 the time optimal problem for the system

" EIxx = h6 (t,x,v)_ h£cor, tig_ :,"_s ._n _XV(6_)_ is said to be an 6

approximate equivalent problem to the time optimal problem for (3-1) if the

set - [h R(t,x) and

d(R(t,x,£ ), R(t,x))--_ for all (t_x)£ _ o

Since h6 (tgxg • ) is continuous on the compact set V(e), R(t,x,£)

is compact°

Theorem IIIo4o Assume that the Fillipov conditions (5-3)_ (3-4) and (5-5)

are satisfied for the t_me optimal problem with system equations (3-i)o

Then for every _-:> 0 there exists an 6 approximate equivalent problem

o

with system equations x = h g (tgxgv), vCV(_) which satisfies the

following propertieso

a) The control set V(6) can be taken to be the unit ball of En,

which we denote Bno

cOO _b) h E is a function on /Yx Bn, while for each (t,x)£

h E (t,x,.) is one-one on B--_ Eno

R(t,x,£) _ __h6 (tgx,v)_ vcBnl has smooth boundaryc) The set

having positive Gaussian curvature°
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d) The (single valued) function v*(t_xvp) with values in Bn which

o h_maximizes H(t_x_p_v_ _ ) = p (t_x_v) - i for each (t,x)6

p _ E n- {0!, is C1 in t_x_ and po Actually v*(t,x,p) _ % Bn = S n-l,

the (n-l) sphere°

The proof will proceed by obta_nlng a simplicial approximation to

in which the diametere of the simplexes are sufficiently small. For

each vertex (ti_ xi) of a slmpi.ex_ we approximate the convex set

R(t_, xi) by a strictly convex set Q(ti_ xi_ _ ) having positive

Gaussian curvature° A ve_tor func.tio__ gC(ti_ xi; o ) is then con-

structed so that Q(t i x._ "_7_ = i g#_ (+i xi; v)_ v_Bn_ _ and by use

of gE _ the set_ functi,:n Q :_s extended _ontin_Jous]y to all of _Y in

such a manner _ ti_,atfor each _t_,__>(• _ _ Q(t_x; 6 ) has smooth boundary

with posi*_ve _,-:u_:_slanc_r_at'.:_o The desired function h 6 is then ob-

tained by smoo"h_ng the fuu_-t_o_ g:: _r_ _ne variables (t_x) via the

Friedrick_ mollifier techr, lq_e

Proof R(t_x) i,_ ,:..'.r_,._n,__ :n the Ha:usdorff metric topology_ on the

compact set __ o For an). _ > _:"ie_. _,> 0 De such that

d(R(t_x)_R(t_'_"i")_"{./8 _r:ene'_e_= _i_,,_:_x_(_.._x_)l< _o Let O- n+l be
" g

any bounded g_:o_etr_,: _m;._e× _hi,:-_ contains _ _ and K be the geometric
- g

comp]e_ co_,_s_]ng c.f tnie: _=_ng_e _mp_e_o By baryc, en_.ric subdivision

K can be subdlvided into a geometric romp[e× K _ consisting of a family
g g

of geometric _impie_s _ __ n÷l ":• , _ each having diameter less than _o

Each point (t_x),Z_ :/.._"has a ur_ique representation of the form

n_2

where the

(n+2) points (ti_ ×,)_ or_ the _ert_c,.s of' the geometric simplex from

the family _ ef_ r_+_ _g ! _, wt_,,_ tn_, i,o:nt (t,_x) belcngso Without loss of
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generality we can now consider the union of the members of r--_6_n+l)
g

which have all vertices in _' as a new domain of interest; call this

domain again _o

Let (ti, xi) be an arbitrary vertex in _. Then R(ti, xi) is con-

vex° Let ]Q(R(t i, xi), _/4) be a convex 6/4 neighborhood of

R(ti, Xi)o From [6 , pgo 38] there exists a strictly convex set

Q(ti, xi, £ ) contairdng 7_(R(ti9 xi) , £/4); having an analytic boundary

with positive Gaus_ian curvature_ and such that

d(Q(tigxi9 6 )_ Yt(R(ti_ xi)_ C/4 ))< g/4o

tFor each (ti, xi) g _ we cons ruc_ a corresponding set Q(ti, xi, _ ) as

above° We next proceed to define a set valued function Q(t,x, _ ) on all

of _ o

It can he assumed without ]oss of generality that O C R(t,x) for all

(t,x) C _ o Indeed if this were not so_ one could choose a point

U and construct new set_ S(t_x) _ _ f',t_x_u) - f(t,X_Uo)_ u 6 U}
U O

which satisfy this property°

Let Bn be the unit ball in En_ Sn_l its _ surface and vI n-i_ooo_V a

sn-_! ncoordinate system on while v measures distance from the origin°

Then a ray from_ the origin through (vl_ v2_ o o o 9 vn-1, i) strikes

_Q(ti_ xi_ f ) in a unique point which we denote g_- (ti,xi_vl ,vn-l,l)$©oo °

sn_19This defines g_ (t1_x i • ) on o to extend Jt to Bn let

v = (v19 _ ° o _ n) Bno Define g_i (ti_ x i_ v) as that point in

Q(ti9 xi_ £) which lies on the ray through the origin and

vI n_l !)( , o o o , v _ and is such that

_x n

!ge(t, x V!,ooo,n-lfl
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Then g_ (ti_ xi, ' ): Bn ------_ Q(ti_ xi_ _ ) in a one to one fashion°

We will define Q(t_ x, C ) on all of#_ by extending the definition

of g _ to all (t,x)_ _ o

n+2

Assume (t_x)E _ o Let (t_x) = _ _i (ti9 xi) be the unique

i=l

representation of (t_x) in terms of the vertices of the geometric

simplex of K _ to which it belongs° Define
g n+2

g£ (t,x_v) = [ _i gC (ti_ xi _ v)_ vEBno

i=l

Then if

Q(t,x, 6 ) = Ig _ (t_x_v):vf-,B n! it follows that:

i) _(R(t,x)_ _/8)CQ(t_x_£)o Indeed_ from the choice of _ ,

_(R(t_x)_ 6/8)C_(R(ti_ xi) _ £/4)CQ(ti_ xi9 _ ) for all

vertices (ti_ x i) of the simplex in which (tgx) is contained°

But Q(t_x_£) = L _ Q(ti_' xi_ _ )° Thus if a point is in

_(R(t_ x)_ {::/8) it is Jn Q(t_x_ _ )o

ii) d(Q(t_x_)_ R(t_ x)) _ 36/4o To show this one notes that

R(t i, x.)<_,l '_(R(tj_ xj)_ _/4}_.Q(tj_ xj_ _) for all

i_ J : i_ 2_ o o o _ n+2o Therefore

d(R(t_x)_Q(t_x_£) _ d(R(t_x)_ R(ti_, xi)) +

d(R(ti_ x±), _j % Q(t 3_ xj_ C. ))_=_ _/8 +

max [d(R(ti_ xi)_Q(tj_ xj_ E )] __< E/8 +
J

max [d(R(ti_ xi),R(tj_ xjl)+d(R(tj_ _j)_Q(tj_ xj_E))]___
j
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ill) Q(t,x, £ ) is strictly convex, with smooth boundary having positive

Gausslan curvature9 for each (t,x) o Indeed of K(t,x,v 1,...,v n-l)

is Gaussian curvature at the point g(t,x,v 1,ooo,vn-l, i)6 _R(t,x,_),

n+2

then K(t,x,v I ,,n-l) = _ °_i K(t i, xi9 vI ,vn-l)9ooo 9oo0 •

i=l

iv) From the construction, EC (c,x,v) is analytic in v for fixed (t,x)

and continuous in (tvx) for fixed Vo

Combining the results of i) and ii) shows that for (t,x)_,

_(RCt�x), _/8) C Q(t_x�£)C _(R(t,x)_ 3_/4)o

It will next be shown that using g_ (t,x,v) one can construct a mapping

fh 6 (t,xvv) on _ x Bn --_ En such that if R(t,x,_) = h(t,x,v):vqB n ,

then R(t�x9 _) is a strictly convex_ compact set containing R(tvx);

d(R(t,x, _)_R(t?x�)) _ 6 _ _R(t_x96) is smooth with positive Gaussian

curvature, and if n(t_x_h _ (t_x_v I n-i_ooo_V ,i) is a unit normal to

_R (t_x�£) at h 6 (t_x_ v I n-I CI_ooo_V _ i) then it is a function of all

arguments.

For s_mplic_ty of notation let y = (t_x) denote a point in _ , and

let sk.y-_.(_ be a moliifler function_ see 7 o

n+i r n+l

choose sk(y_y) = (k/49T) 2 exp o

Extend g6 (y_v) as the zero function for y in the complement of _- o

Define hk(y,v) = f sk(y_y) g'_"(y_v) dy o

En+l

As an example one could
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Then for every integer k =-O, hk is an analytic function, while hk and its

derivatives with respect to v tend uniformly to g_ and its derivatives

with respect to v.

Let Rk(t,x,_) _ I hk(t'x'v): v _ Bn Io Since the Gaussian curvature to

Q (t,x, E) is given as a multilinear combination of the derivatives

gevt(t,x_vl Rk(t,x,,ooo,vn-l,l) while the curvature of _ 6) is given by the

same multilinear combination of the derivatives h_[t,x,v I n-i,ooo,V ,i); one

can choose k sufficiently large so that _H k (t,x,£) has positive

Gaussian curvature while R(tgx) C Hk(t_x, 6)C _(R(t,x), _)o For such a

choice of k, define h_- (tgx_v) = hk(t_x,v)_ R(t_xg_) _{h_(t_x,v):v_Bn} o

From its construction_ h 6 satisfies conclusions a)_ b) and c), while a

1 n-i C1unit normal n(t_x_h 6 (t,x_v _ooo_V _I)) to _R(t,x,_) is a function

of (tgx_ Vl_ooo_v n_l)o

It remains to show part d)o Using lemma IIIo3 define r*(t,x,p; _) as

the unique point on _R(t,x_&) such that n(t,x_r*(t,x,p_ _)) = p/I pto It

will be shown that r" is a C 1 function of t_ x_ and p by a proof similar

to that of theorem IIIo2o Defining v'(t_x_p) as the unique point on _B n

such that h_ (t_xgv'(t_x_p)) = r'(t_x_p_ _) it follows that v* maximizes

H(t,x,pgv_ 6) and it will be shown that v* is a G1 in t_ x and po

For fixed (t_x)_ we have

Sn-1 __he (t'x_vl_°°°'vn_l'-!-)> _ R(t_x,£ ) n(t,x_r) _ sn-i

vI ,vn_l) from Sn-I _ Sn-I de-which naturally induces a map @(t,x_ ,0oo

fined by @(t_x,v I ,vn_l) 1 n-I -_ooo - n(t,x,h 6 (t,x_v _°oo,V ,I)) Since we are

only interested in _ B n Sn-l= _ no confusion should occur if for the re-

mainder of this argument we let v = (v l,ooo_v n-l) _ Sn-I and therefore write

@(t,x,V) o This will be done°
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Let _= _(p) = p/Lp| , p 6 En - _0_ and define

G(t,x,v,_) _ @(t, x, v,) -_ • We will apply the implicit function

theorem to G, which is easily seen to be a CI function. For each

to' Xo' _o = Po/|Po _ ' there exists a unique point

ro = r*(to' Xo' Po"_ ) such that if n(to, x o, ro) = po/_Po_ and Vo is

Sn-] h 6 then
the unique point on such that (to,Xo,V o) = ro,

G(to, Xo, Vo, _o ) = Oo One next notes that G¥(to,Xo,Vo, _o ) = @v(to,Xo,Vo),

and from the definition of @ (see also the proof of theorem IIIo2)

det [9 (to, xo, ,o )] is the Gaussi_ curvature at ro6 _R(t, x, e )

which is positive. The implicit function theorem yields the existence

C1of a function ,(t, x, _) such that G(t, x, ,,(t, x, _), _) - 0 in

a neighborhood of the arbitrary point to, Xo, _9oO Then

r'(t, x, p; 6 ) _ he (t, x, v(t, x, _(p))) e C I, while

v'(t, x, p) ,(t, x, is also c l°|

107



THE RELATION OF TRAJECTORIES OF THE APPROXIMATING PROBLem4 TO THOSE

OF THE TIME OPTIMAL PROBLem4

We assume the system (3-1) satisfies the Fillipov existence conditions

(3-3), (3-4), (3-5) and (3-6), with tI a time in which the target set S is

attainable. For any E _ 0 let h G (t, x, v), vaV(_), be an eapproxlmate

equivalent problem (not necessarily having the special properties shown to

exist in theorem IIIo4)o From condition (3-6) and the relation

R(t, x,_)_R(t, x), it readily follows that for every _ > 0 there exists

at least one measurable function v with values in V(_ ) such that the

corresponding trajectory _E( • _ v) of the q approximate problem

attains the target So

It will next be shown that when dealing with the approximate problem,

analysis can again be restricted to a compact set° Indeed any vector

h E (t, x, v) can be written as f(t_ x_ u) + _(t9 x) where l_(t, x)I _ 6 .

Then for any trajectory x(t) of the approximate problem

1 d 2 h6
_ _ Ix(t) I = x(t). (t,x(t),v(t)) =x(t). f_t,x(t)_u(t))+x(t)._(t_x(t))

C(I + Ix(t)I 2) +£[x(t)l o

d _n (i + _x(t)12)_2 C +
dt

261x(t)l
2(C+6),

i+ [x(t)l2 --

Ix(t)I 2 __ (1 + [Xol 2 )e

2(C+6 )(tl-t o)

Define #_6 to be the compact region in En+l dimensional (t,x) space

2) tl_to) ]so that Ixl2 _(l+ IXoI exp [2(C+_)(2 , t _ t "_2 tl o
O _

Theorem III.5o Consider a sequence {@k_ with £k _ O, E k _ 0

e k

and let _ denote the time optimal trajectory (assumed to exist) for

the 6 k approximate problem° Then _ is an equicontinous family on
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the interval [to, t 1 ] o It has a uniformly convergent subsequence

which converges to a function _ having the following properties.

i) _ is absolutely continuous

±i)

iii)

iv)

There exists a measurable function u* with values in U

such that _*(t) = f_t, _*(t), u*(t)) almost everywhere.

s

There exists a smallest t* _ t such that _(t*)_ S
-- o

is a time optimal trajectory for the system (3-1).

Proof We shall prove the conclusions in the order that they are stated.

Without loss of generality9 assume that R(t,x, E1)_R(t,x, E2)_ ..._R(t,x).

Therefore analysis can be restricted to the compact region _'lo Our first

goal is to show that there is a constant N independent of q k such that

G k

_ is Lipschitz continuous with Lipsch_ tz constant No To accomplish this,

for a compact set R in En let _(R) denote max Irl o For fixed ql'
r_R

R(t, x, E l) is a continuous set valued function (in the Hausdorff metric
E 1

topology) on the compact set _ and therefore the composite map

(R(t_ x, _i )) is a continuous real va]ued function on _ , hence bounded.

Let N be its bound@ It follows that l h (t, x_ v) __ N for all E k

6 k

and any trajectory _ is Lipschitz continuous with Lipschitz constant N.

Thus I;klis equicontinuous and has a subsequence which converg es

uniformly to a Lipschitz continuous function _J, which is therefore

absolutely continuous° We will not distinguish between _ and its

convergent subsequenceo
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ii> nextshowthat for almostall  Lto, tl , "° "*

Since the set function R(t, x) is continuous in the Hausdorff metric

topology (a consequence of the continuity of f), for any _ _ 0 jet

R D (t, x) be a closed convex _ - neighborhood of R(t, x). Then R_ (t, x)

is also a continuous set function°

Since _k (t) _ R(t9 _k(t) 9 _k ) and R(t, x9 _k ) _ R(t, x) in

the Hausdorff metric topology, there exists and N such that for all

n _ N, _k(t)_Rj (t, _*(t))o Fillipov's proof of theorem i, [2]

to show that for almost all t, _*(t) _ R_ (t, _*(t))o Butnow applies

R(t, x) is closed and D arbitrarily small, hence _'(t)gR(t,_z_(t)) for

almost all to

From the lemma of Fillipov [2] , we then obtain the existence of a

measurable control u* with values in U, such that for almost all

t_ [to , tl_, _*(t) = f(t, _*(t), u*(t))o

iii) Let t k> to denote the optimal time for the _k approximate

problem° Since R(t_ x9 _i ) _ R(t, x, E 2) _ ooo it follows that

I _ is a monotone non-drecreasing sequence of reals bounded above by
t_ k 6

tlo Let t* be its limit° Now ___k(t E ) _ S for each k, and
k

I I 6k tE k(t,x) _ S_ t _ t < tI is compact in E n+l, thus _ ( ) -----_ _*(t*)_ S.O

iv) Suppose ,_* is not a time optimal trajectory for the system

(3-1). Then there exists a measurable control u with values in U and

corresponding trajectory _( " _ u) such that _to; u) = Xo,

_(t3; u) _ S and t3 < t*o This implies that for k sufficiently large,

t3< t_k; but _( ° ; u) is an admissible trajectory to all q approximate

problems° This contradicts the optimality of o I

II0



This theorem essentially tells us that for sufficiently small £ ,

the optimal trajectories of the _ approximate problem are uniformly

close to an optimal trajectory of the original problem•

In the next section the "smoothness" which theorem 111.4 shows is

possible for the feedback control of the _ approximate problem, will

be exploited to obtain solutions°

Hamilton-Jacobi Theor_

Let the time optimal problem for (3-1) satisfy the Fillipov existence

conditions. Let x = h£ (t, x, v) denote an _. approximate system with

the properties a), b)_ c) and d)_ shown to exist in theorem III.4o For

the time optimal problem associated with the approximate problem we de-

fine the functions

H(t, x, p, v, _ ) - p. h 6 (t, x, v) - 1

H*(t, x, p, _ ) =_H(t, x, p_ v*(t, x, p), _)o

The inequality

(3-8) H(t9 x_ p, v*_)_H(t, x, P9 v_.) for all v E Bn_ v I v*

is a consequence of the definition of V*o

For the sake of completeness we repeat a short argument of Kalman (Ill

ppo 321-322) to show that for fixed _ _ O,

.h _H*(t, x, p, _ ) -p (t, x9 v*(t, x, p))
x x

H*(t, x, p, C: ) - he (t, x, v*(t, x, p))°
P

Indeed, we know that v*(t, x, p) _ _ Bn Sn-z= , thus let g(v) be a smooth

relation such that g(v) = 0 determines Sn-I in a neighborhood of v*(t, x, p).

Then gv(V*(t, x, p)) Vx(t x, p) = 0 and gv(V*(t, x, p)) v*(t, x, p) = Oop
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Noting that v* maximizes H(t, x, p, v, _ ), we consider this maximization

subject to the constraint v _ Sn-l, i.e., g(v) E O. The Lagrange multiplier

rule implies Hv + _ gv = 0 where _ # O. Evaluting this at v* and multi-

plying on the right by v_(t, x, p) and v_(t, x, p), in turn, gives the

required result.

If _, are solutions, respectively, to the boundary value problem

(3-9)

(3-1o)

h _x = H*(t, x, p, 6. ) - (t, x, v*(t, x, p))
P

p =-H*(t, x, p, _.) =- p. hE (t, x, v*(t, x, p))
X X

with boundary data X(to ) = Xo, x(tl) = xI, then (3-8) shows that

6

v*(t, _(t), _(t)) satisfies the necessary condition termed the maximum

principle, for being an optimal (open loop) control for the time optimal

problem of attaining the state x I from the state x° for the approximating

system.

It should be noted that under the conditions assumed, v* _ C1 and the

initial value problem for the equations (3-9), (3-10) with data given at t
O

will have a unique solution in a neighborhood of t o If v* is discontinuous,
O

this presents a serious difficulty in the application of the maximum principle.

With the (Hamiltonian) function H*(t, x, p, q ), E _ O and fixed, we

associate the Hamilton-Jacobi partial differential equation

(3-ii)
Vt(t,x) + H*(t, x, Vx(t _ x), £ ) = O.

Let the target S be a "smooth" n-dimensional, non-characteristic manifold

in the (n+l) dimensional (t,x) space, and prescribe the Cauchy data

V(t,x) = O, (t,x) 6 So The solution, in the classical sense, of this partial

differential equation problem, we denote by V _ ; the domain of solution by
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The characteristic equations associated with (3-11) are the

equations (3-9), (3-10). If a point (to, xo) is in _, S) there

exists a point (t l, xI) E S such that the boundary value problem con-

sisting of the equations (3-9), (3-10) with boundary data for (3-10)

being x(t o) = xo, x(t I) = x I, has a solution. The solution of such a

boundary value problem, when it exists, will be denoted by _, _.

From the continuity condition, for each E _ O, V:(t, _e(t)) exists

and satisfies equation (3-10)o (See for example[11 ). Thuswe

v (t,make the association _E (t) _ x

Let _-(C, S) denote the set of points (to, Xo)_ _(_, S) for

which t < tl; (t I xl) being the point on S joined to (to , x o) by ao--

curve _E . Assume (to, Xo)E _-( E, S). If we use the initial data

x(t ) p(t ) = V _ (to, Xo); by virtue of knowing a solution of the0 = XO' 0 X

partial differential equation we have the proper initial data to reduce

the previous two point boundary value problem for (3-9) and (3-10) to an

initial value problem° Thus to determine the trajectory _6 we can

consider the system

o \ V _ to(3-12) x = H'(t, x, (t, x); _ ), x( ) = x o
p x o

The major advantage of this method is that now v_ = v'(t, x, V _ (t,x)),
X

Joe°, a feedback control,

V e
Theorem III.6 (Kalman) Assume (t Xo)q _-( E, S); is the solutionO _

of the Hamilton_Jacobi equation (3-11) and _6 the solution of (3-12).

Then _E is a time optimal trajectory relative to all trajectories

_( • _ v) which connect (to9 xo) to S and lie in _(g, S)o
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Proof Assume, without loss of generality, that (to, x 0) _S.

From the definition of H, H* and V _ ,

0 =_ V_(t, x)+ V_x(t, x)" h_(t, x, v'(t, x, V:(t, x)))- l_V_(t, x) +

V£(t, x) .hE(t, x, v) - 1 for all veB n, v / v'.
x

Assume that t_ (t6 _ to ) is the first time such that (t6 ,_(t6 )) e S.

Let _6 denote the set of measurable control functions having values in Bn

and leading to trajectories of the _ approximate problem which connect

(to, Xo ) with a point on S and lie in _-(6, S). Then _6 is not empty since

x ) g_-(_, S) and _6 a characteristic implies(t
0 _ 0

I(t, _E(t)): to___ t --_t6 I is in _-(_, S)o If v*(t,_6(t), V_(t, _E(t))

is the only function (to within a set of zero measure) in _£, the result

is trivially true° If this is not the case let v = v(t) be any function in

_6 differing from v*(t, _6(t), Vx6(t,_(t))) on a set Aof positive

measure. Let _(- _ v) be the corresponding solution of the approximate

system and t2 the first time such that (t2,

We must show t_ _ t2o

_(t2; v)) £ S. (t 2 > t).o

Calculating

ddt V_ (t, _(t; v)) _ 1 _ V_(t, _t_v)) + Vx6(t,_(t;v)) ° h E (t,_(t;v),v(t))-l__O

for all t and strictly less than zero for t 6 A , implying

V e (t2, _(t2_ v)) - V£(to , Xo ) _ t2 - to ° But V £ (t2 _(t2; v)) = 0

since (t2, _(t2; v)) 6 S_ yielding -V 6 (t xo) < t2 - t o Similarly0 _ o

V6 (t,_wg(t))"_ - 1 _ 0 implying - V6(t xo) = t£ - t odt o' o

last two inequalities gives t£ • - t2 as was to be shown. I

Combining the



THE CONSTRUCTION OF APPROXIMATING PROBLEMS WH]_ THE CONTROL APPEARS LINEARLY.

Theorem III,4 gives conditions for the existence of an G equivalent

approximate problem which has the unit ball Bn as the set of values which

the control can assume. However, the functional form of the approximating

system is allowed to vary with _ .

In this section we consider a system of the form

(3-13) x(t) = g(t, x(t)) + H(t, x(t)) u(t),

u(t) _ U, a compact convex set in E r with i _ r _n; H an nxr matrix valued

C2 function; while g is a C 2, n vector valued function. For such systems

it is possible to provide a simple construction for _ approximate problems.

Since, for the approximate problem, one desires R(t, x, _ ) to be strictly

convex and lemma III.1 shows this implies non void interior, one is led to

extend H to an nxn matrix valued function and approximate the control set by

a compact set V(E ) which contains U. Furthermore, V(_) should have a non-

void n dimensional interior, a smooth boundary with positive Gaussian curvature,

and be such that in the Hausdorff metric topology, lim V(E ) = U.
E---O

The method of construction and the application to approximating problems

will be demonstrated in a two dimensional example; its generalization to

higher dimensions being immediate°

Example III.1 (Bushaw control problem).

Consider the time optimal problem for the system

(3-14)

o

x = x2
1

o

x =-Xl+U
2

with arbitrary initial data x(O) = xo, and target S = [(t, Xl, x2):
I

X_ = O, X = 01. The control u is to satisfy -1 -= u(t)_ I, i.e., U = [-l,lJ.
I 2 ;
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As an _ approximate problem we take the system

(3-15)
e

x I = x2 + v1

e

x2 = -x I + v2

with the same initial data and target, but with V(_ )

ioeo, an ellipse with semi major axis 1 and semi minor axis _ . Thus in the

Hausdorff metric topology lim V(@) = U, and _R(t, x, _ ) is smooth with

@-_0

positive Gaussian curvature° From the Hamilton-Jacobi theory

= _v_" Vl2+_2v 2 = 2_• 2 --_ '

H(t, x, p, v,_) = PlX2 + PlVl - P2Xl + P2V2 - io

Using lemma IIIo3 one computes

2 -_
v*(t, x, p* = (_2pl [_2p12 +P2 ] ' P2 [_2 2 2Pl + P2 ] -_

from which it follows that

H*(t, x, p, _ ) _ PlX2 - P2Xl + pl _2 + P2 2 ]

The associated Hamilton-Jacobi equation is

(3-16) Vt(t,x) + x2 Vxl(t,x) - x I Vx2(t,x) +[E2Vxl2
2 (t,x) ] -1 =0o

(t,x) + Vx2

Since the independent variables appear linearly, while the dependent

variable has derivatives which appear non-linearly, the Legendre contact

transformation is suggested° Let V(t,x) = W(t,p) - p- Xo Then V t = Nt,

V =-p, W = x and the transformed equation is
x p

2 2
Wt(t'P) - Pl Wp2(t'P) + P2 Wpl (t,p) + [C2 Pl + P2 - 1 = O.

The characteristic equations associated with this linear partial differential
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equation are t'(_-) = i, pi(_-) = p2(_r), p_(T-) = - pl(TO, yielding

solutions: t =_+_" , PI = @_sin (_-+_), P2 = _cos (_r-+_) with

d [E2p12(1-) + p22 (T)]_@_,/, _ arbitrary constants. Then _ W(t(_'), p(Y)) = i-

which, after a slight calculation, gives

+/(_- t)W(t,Pl,P2;_,Y) = t-_+_ [£2(p2 sin_- + PlCOST)2+(P2COSF-Plsin_)2 ]

0

For a time optimal problem with autonomous system equations and target a

a point in state space, the constant _ is inconsequential. We consider

= O and omit further reference to it.

By virtue of the transformation, solution trajectories to the system

(3-15) with v = v*(t, x, p) are given by x(t;_,/, _) = W (t,p(t;_,/);_)
P

or specifically

(_- t)

/ _e 2 sin(2_r-+_)cos_ - _cos (2_-+_) sin_-xl(t;
d_-"

[62 2 sin2 + oL2 cos2
0

dt.

( _- t)2

/ _ F. sin(2 _"+/(_) sin_-+ O(.cos (2 _"+_) cosT"
x2(t; _'/' _ ) [E2 _2 sin2(2 ,/-+_) + _2 cos2(2 _- +_) ] )_

0

d?"

These formulas can be interpreted as follows° If we choose _ > O and t = O,

0): (_l _) E _I gives the set of initial points x O from

which the origin can be reached in time _ by trajectories which satisfy

(3-15) with v = v*(t, x, p). In particular, it can be shown (via the theory

of homogeneous contact transformations) that the jacobian determinant
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"_ (x I , x2)
is zero, and in this case the set of initial points forms

a closed curve in E 2 for each_ • O.

To generate a field of extremals (it is to be cautioned that the term

extremal is to be taken in the sense of the classical calculus of variations;

ioeo, not necessarily to infer optimality) choose _= 0 and replace t with -t

in (3-17). For each choice of @_,_ one obtains an extremal which is at

the origin at time zero. Varying o_,_ now gives a field of extremals.
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SUMMARY

A method is presented for finding an extremal solution of launch trajec-
tories involving certain inequality path constraints. The method of solution
is an extension of a technique outlined by Denbow. Denbowhas formulated the
problem considering two or more intersecting admissible arcs; and by a suitable
transformation of the independent variable, these admissible arcs may be trans-
formed into a single admissible arc in the problem of Bolza. The transformation
leads to additional transversality conditions at the intersection of the arcs in
addition to the usual set of tranversality conditions at the final time.

The problem considered in this report is the maximization of final weight
and is solved numerically by the Mayer formulation of the calculus of variations.
The problem is represented by three arcs - two unconstrained arcs and one con-
strained arc due to the inequality path constraint.

The optimum control variables are obtained from the Euler-Lagrange equa-
tions while the trajectory is moving along the unconstrained arcs. While on
the constrained arc of the trajectory, the control variables are determined
from the constraint equation.
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Section I

INTRODUCTION

A method is presented for finding an extremal solution of exit phase
trajectories involving certain inequality path constraints. The example
problem considered involves determining the optimum control program to extre-
malize any desired functional of the coordinates (final vehicle mass). The
method of solution employed is an extension of the classical method of the
variational calculus as outlined by Denbow. Denbowhas shownthat two or more
admissible arcs can be transformed, by a suitable transformation of the inde-
pendent variable, into a single admissible arc in the problem of Bolza. The
problem of concern has three admissible arcs as shownin Figure 1. The results
of Denbow'swork indicates that at the intersection of these arcs certain trans-
versality conditions must be satisfied in order to insure an extrema over the
trajectory.

The matrix form of the transversality equation is used to determine the
necessary transversality conditions. In addition to the final transversality
conditions, certain other transversality conditions must be determined at the
intermediate points (corners of arcs) along the trajectory.

The equations of motion are written for a point mass in three-dimensional
space in an inverse-square gravitational field. The optimum control variables
are obtained from the Euler-Lagrange equations on the unconstrained arcs of the
trajectory and from the constraint equation while on the constrained arc of the
trajectory.

This report presents the solution to the problem as a result of the
application of Denbow's results.
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Section 2

MATH_4ATICAL FORMULATION

2.1 Statement of Problem

The problem may be stated as maximizing the vehiclemass to some given

set of end conditions through first stage flight. In addition, certain in-

equality path constaints are imposed on the trajectory. The statement "first
stage flight" entails the meaning of flight within the sensible atmosphere.

The particular constraint considered in this report is the product of the angle

of attack of the vehicle and its dynamic pressure. This type path constraint

gives an indication of the aerodynamic loads the vehicle will encounter; hence,

this constraint may be used to control the structural bending.

The method of solution chosen is an extension of a technique outlined by

Denbow, Reference 1. This method is essentially the classical calculus of
variations technique developed by Bliss (Reference 2).

Denbow has shown that the original problem may be transformed to an equi-

valent problem of Bolza (the Mayer formulation is used) by a suitable trans-

formation of the independent variable. This transformation takes the three

subarcs depicted in Figure 1 for our problem and combines them into a single

admissible arc. The results of Denbow's paper applied to the stated problem

lead to additional transversality conditions at the variable intermediate

points t I and tz .

q_

2.2 Equations of Motion

The equations of motion are written for a space vehicle traveling in an

inverse-square force field. Three degrees of freedom are used to describe the

motion about a non-rotating spheroid. The trajectory variables are defined as:

W_ Vehicle Mass

Inertial Frame Position

Inertial Frame Velocity

(2.1)

and the control variables as:

u I°]- X

Inertial Roll Attitude of Thrust Vector

Inertial Pitch Attitude of Thrust Vector

Inertial Yaw Attitude of Thrust Vector

(2.2)
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Time, t, is taken as the independent variable. The mass flow rate is constant

and the thrust vector, T, is assumed to be directed along the longitudinal

axis of the missile. In addition, roll effects are ignored throughout the

analysis.

The powered flight equations are then

× = (2.3)

where As, is the non-gravitational acceleration vector in the inertial frame.
The thrdst and drag are given by

- _ g% cV

Az¥ z x_

=___F

I":"-_r'

where

I

and _1 is the gravity vector in the inertial frame. The aerodynamic lift force
has been neglected in this formulation. The addition of lift would add ex-

cessive complication to the control equations and require supplemental iteration
to arrive at a solution.

For consistency in nomenclature, the differential equations of motion for

our problem will be written in the following vector notation.

,..t.

where _ is given in equation(2,3).
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and

is a _ -vector of known functions of XL_), _({), and _ , assumed :everywhere
differentiable with respect to _ and_ j

2.3 Mayer Formulation of Problem

The functional to be maximized, Equation (2.7) is written directly in

terms of the boundary conditions. Since the functional does not involve an

integral (as in the problem of Bolza), the problem can be stated using the

Mayer formulation of the classical method of the calculus of variations. The

Mayer formulation of the problem may be written explicitly as: In a class of

admissible arcs, XL_ ' satisfying the differential Equation (2.4)

and end conditions of the form

as well as the inequality path constraint

where _<T is the total angle of attack and _ is defined as the dynamic pressure,
find the specific arc that minimizes

_o
It may be recalled that the problem of maximizing final vehicle mass _yi_ is

identical with that of minimizing(-_$_.

The problem is shown schematically in Figure 1. The intermediate points

_ and _ , vary with each independent trajectory. The entry corner, _ , (point
where the trajectory goes from unconstrained arc onto a constrained arc) is

defined to be that time at which the product _ _ just equals to the maximum
allowable value. The exit corner (point where the solution goes from the con-

strained arc onto an unconstrained arc) is denoted by _2 • The criteria for

determining this time, _2 ' will be given in the Section on Control Equations.

By the calculus of variations technique, an extremal solution must satisfy

the following Euler-Lagrange equations given explicitly as

-___: o

].28
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where

is a vector of Lagrange multi

(2.9)

_lier functions and is the transpose of

The above Euler-Lagrange equations were derived explicitly through use of the

augmented function

2.4 Optimum Control Equations

(2.1o)

The optimum control variables, while on the unconstrained arcs (I and llI),

are found by solving the second set of Euler-Lagrange Equations (2.8) explicitly

for _ and T .

The optimum control variables, while the trajectory is on the unconstrained
arcs, are then found to be

T _.bA,,-I/( >,"_',,

When the vehicle is mov_g along the constrained arc TZ, one of the

control Eariables may be obtained from the constraint Equation (2.6). This

reduces the degree of optimality by one for flight along the constraining

arc. (Although strictly arbitrary, it was decided to solve the constraint

equation directly for % ).

The pitch command angle, _ , was solved from the constraint equation as
follows:

First, it was necessary to have the constraint equation as an explicit function

of the control variables. To do this, the constraint equation

]-29



was redefined as

" s_ _T _ _ _ -_ o

without loss of generality, since for small allowable _

(2.12)

Thus, the modified constaint equation is essentially unchanged.

constraining portion of the trajectory,

While on the

and a fundamental trigometric identity enables us to write

or

The total angle of attack, _T' , is defined as the angle between the thrust

and velocity vectors, which may be written vectorially as

•_ is the vector dot product

Cos _v - o ,,_ ,
/_1 I _a/ I I is the absolute value

or explicitly in terms of the control variables this becomes

__._-_ _?c..I.s_-._- s_./'i

By substituting the above equation into the modified constraint equation (2.12)

and collecting te_ms, a quadratic in _;.._ _ may be obtained_

where

Hence, the pitch command angle, _ , may be determined as a function of _ on
the constraint.
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To solve for the optimumyaw commandangle, _" , on the constraint, it is
necessary to modify the second set of Euler-Lagrange Equations (2.8). The
above Equation (2.13) is solved for % in terms of _ and substituted into these
Euler-Lagrange equations. Whenon the constraint, these modified Euler-Lagrange
equations maybe solved explicitly to give

T;!,../_-i-_.s_. c.;.'__?_-_. .,.,¢s.___s. ,) ........-- 0 (2._}•.,\ _-,_- j_ _.-,'-- ......s_c _ _

The two equations (2.13andl_4) may be solved by a Newton-Raphson iterative
scheme to obtain the control variables _I_and _ on the constrained arc.

As described in the Section on Mayer Formulation of Problem, the entry

time, _l , is thattime at which_ equals the constraint limit, L_.. Thus,
starting at time _.,_% will be determined from the constraint equation. The
criteria for determing the exit time, _, will be established as follows: The
exit corner time will be defined as that time when chi solved from the constraint

equation is equal to chi if solved from the Euler-Lagrange equation. Then, on the

unconstrained arb III _ and _ are solved from the Euler-Lagrange equations (see

Equation (2.11)).

2.5 Transversality Conditions

A method for determining transversality conditions was suggested in Hunt's

paper (Reference 3) and involved construction of the matrix shown in Figure 2.
The matrix form of the transversality conditions for the problem of Mayer was

formulated as follows

(a) Top Row

(A)

(B)

(c)-

Independent Variable (to)

The Dependent Variables (_) at _o

Next (A) and (B) are repeated for _ , _I ,

(b) First Column

(A) Initial Conditions

(c)

(B)

(C)

(D)

Boundary Conditions

_.._) of Mayer problem

Special Case - P_rtial Derivatives of augmented function,_- ,.

with respect to _L.

The partial derivatives of the Q column elements with respect to the
row elements were calculated to complete the matrix. The blanks

on Figure 2 indicate zero elements. The transversality conditions
are now determined from the augmented matrix by the relationship

that all determinants of order Q + 1 must be equal to zero.
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As the entry point, !i , and exit point, 12 , the evaluation of the deter-

minants results_in five independent transversality conditions relating the

changes in the k'S(denoted by A-_ ) across the constraint boundaries. For

the boundary points t, and [_ , the TVC's are

%_ _ _s - _ _ _ = o (2.15)

The Lagrange multiplier _, associated with the massdoesn't enter into

the equations and was omitted from the analysis. Another k may be set equal
to one due to homogeneity of Euler-Lagrange equation. This leaves five -k's

( k% %o k_ ) to be determined. Investigating the intermediate points, we find
that an additional transversality equation is available at these boundary

points, _, and __ •

From the augmented matrix, the following relations must hold:

Since the _-_ 's are not _,ero, these equations stipulate that

From the preceding section, it was seen that the constraint equation may
be written as:

where

This equations yields

_ _

Simple manipulations of the optimum control Equations (2.11) give the following
relations:

There for e,
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and

where

This gives

× .-

_sX_OST z k_

+

Substituting the necessary relations into Equation (2.16) and solving simul-

taneously, we obtain the following transversality condition valid on the
unconstrained side of points lj, and _.

- (2.171

It is interesting to note that this equation enables us to determine

A_6 or A_7 at point t_ from which the remaining _'s may be determined from

Equation (_.1%). Thus, all the TVC's at point t2 are trivially satisfied.

However, at the entry point, t_, the above TVC (Equation 2.17) is valid

on the left unconstrained side of the point. Therefore, we must isolate on one
of thee'Sat point _, from which the remaining A_'s may be determined from

Equation (2.1%). Equation (_.17) then remains as a transversality equation that

must be satisfied at the entry point, _.

A specified altitude and velocity was selected as end conditions for this

particular example problem. Velocity will be the "cutoff" criterion leaving

altitude as a transversality condition to be satisfied at the final time, _ .

This set of end conditions gave simplified final TVC's focusing attention to
the intermediate TVC's at _,and ±_. The remaining final TVC's are obtained

from the Transversality Matrix. The final TVC's are given in the following

equations.
TW CI)- - o

T VC (z) : _sT - X_Y = 0

TVC (_ = _X- k_ :o (_.18)

_VcC_) = __ _ : o
Summarizing the results above, we find that there are five transversality

conditions to be satisfied at the final time, t_ , and one remaining transver-

sality condition to be satisfied at the entry corner, ±,. Thus it is necessary
to have six adjoint variables that we can vary in order to satisfy these six

transversality conditions.

The total number of initial adjoint variables available at _o is seven.

However, one of these, namely _ , is associated with the vehicle mass and does

not appear in the transversality conditions and is omitted. One other

134



may be set equal to one due to the homogeneity of the Euler-Lagrange equations.
This gives a total of five initial _ '5 that must be chosen. The sixth adjoint
variable free to choose is one of the _k'Sacross the entry corner, t, •

A systematic search routine is employedto determine the values of the
five initial _'_and the &_'_across the exit point in order to satisfy the
transversality conditions. By satisfying these transversality conditions, an
optimum trajectory for the entire first stage flight results.
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Appendix A

REFERENCEFRAMES

A description of the four coordinate frames used in the analysis is stated
below. The relationships amongthese reference frames are shownon Figure 1A.
It maybe noted that all reference frames are right-hand coordinate systems.

1. R-Frame This Reference-frsme has its XR -axis through the prime meri-

dian at the time of launch and its ZR -axis through the North Pole. The YR -axis
is oriented to form a right-hand coordinate system.

2. I-Frame This is an Inertial-frame centered at the launch site with

the XI -axis in the negative direction of the gravity vector, _, and ZI -axis
at a given azimuth from North. The orientation of the I-frame is found from

the R-frame by the following sequence of rotation:

(a) Rotation about the ZR - axis by the longitude of the launch

point,

(b) Rotation about the new YR - axis in the negative direction by

the plumbline latitude, -

(c) Rotation about the new_ S- axis in the negative direction by

the firing azimuth, -AZL;

The azimuth is measured in the plane normal to the local geodetic or plmnb-

line direction.

3. L-Frame This is the Local Horizontal (octangent)-frame which is

normal to the local geodetic or plumbline direction. The L-frame is transformed

from the R-frame by the following rotations:

(a) Rotation about the ZR - axis by the instantaneous longitude,_ .

(b) Rotation about the new Y_ - axis by _-_, where_ is the

instantaneous latitude.

4. M-Frame The origin of the Missile-frame is at the center of gravity
of the missile with the XM - axis forward along the longitudinal axis of the

missile. The negative ZM - axis is in the direction of aerodynamic lift. The
transformation is obtained from the I-frame by the Euler angle sequence of

rotation:

(a)

(b)

(c)

Rotation about the XI - axis by the inner gimbal angle, _ .

l
Rotation about the new ZI - axis by the middle gimbal angle, _ .

Rotation about the new Y" - axis by the outer gimbal angle,_.
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The three gimbal angles _ , _, and_ are the commandattitude angles.
They describe the orientation of the thrust vector in the I-frame.

The transformation matrices from one frame to another are given below.
These transformations are formed by successive rotations of the Euler angles
described in the preceding paragraphs. The transformation from R-frame to
l-frame, TR21, is time invariant (remains fixed from launch).

L J

m
-s¢ o (A.2)

F I

i,, ,/

c 'X c _

-sZ

S:_ el:

T'R2! '-r' !_.'_R

The transformations TRz_ , and T_u are determined in a similar fashion.

The inverse (transpose) of each matrix is

since all of the transformations are orthogonal.

(A._)

(A ._)
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ABS TRAC T

A three dimensional derivation is presented of the

equations and boundary conditions necessary to deter-

mine the minimum fuel orbit transfer path by optimizing

the thrust direction and duration. The formulation,

known as the Mayer problem in the calculus of variations,

yields a two point boundary value problem. A Newton-

Raphson method was used to attempt convergence of this

two point boundary value problem, but it was found to

be inadequate. However, with the final orbit unspecified

numerous solutions satisfying the Mayer formulation

were generated and then compared with the optimum

two-impulse transfer between the same two orbits.

This comparison is quite revealing; it shows first,

that for the restricted class of orbits examined the

optimum two-impulse estimate of velocity increment,

or fuel required is very good. Second, it demonstrates

that although the optimum departure and arrival points

obtained from the impu!sive and finite thrust solutions

may be quite different, the penalty in using the former

for design estimates may be quite minor.
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INTRODUCTION

w

In.this report we are concerned with the problem of moving a vehicle

between two arbitrary orbits in space. The orbits are assumed to have one

planet as a common focus which generates a uniform central gravitational

field, and the vehicle is assumed to be capable of thrust direction and on-off

control. We present a complete derivation, in three dimensions, of the

equatigns and boundary conditions necessary to determine the minimum-fuel

orbit transfer path by optimizing the thrust direction and duration, and the

departure and arrival points on the initial and final orbits. The Mayer

formulation' of the calculus of variations is used.

We turn to optimization procedures for finding the transfer path for

three reasons: First, the problem of realistic minimum fuel requirements

for space maneuvers is one of extreme importance. Second, for the

purposes of design studies based on impulsive transfer, it is necessary to

know the error made by the assumption of impulses. Third, the optimiza-

tion technique gives an organized and general way for finding a transfer

path; it is a procedure that is of significance no matter what quantity is to

be extremized, since it provides a suitable steering program to accomplish

the desired mission.

Selection of the optimization technique is primarily decided by what

has been reported in the literature, and the experience of the investigator.

Either the indirect method-use of Lagrange multipliers-or the direct

method-steepest descent-can be used. Reference (2) reports a successful

application of the Mayer formulation to the problem of boosting the

maximum payload into orbit with a high thrust engine. Reference (3) also

uses the same method successfully on the problem of coplanar orbital

transfer with very low thrust engines. Both applications utilized the

Newton-Raphson method as the principal iterai_ive technique for solving

the two-point boundary value problem. These reports were the main

factors in this selection and in the initial approach to the two-point boundary

value problem used in this study.
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I. EQUATIONS OF MOTION,:-"

The kinetic energy per unit mass is:

p = 1/2 (r 2 + r 2 2 82_Z + r cos _2); see Fig. 1

The potential energy per unit mass is:

v = :! (_ = KM
r earth )

The Lagrangian, L = P - V:

_2 2.2L = I/2 ( + r @ 2 2O _2_ ++ r cos 7. ; --
r

The three second-order equations of motion are obtained from:

d 8L 8L
-- __ Q. ,

dt 8_6i 8 qi i

i = I-3,

where the qi are r, 8, and 9- The Qi are the generalized force and

moments due to the thrust, T:

T
Q =- cos _ cos v

r m

T
=- r sin _bQ0 m

T

QO =--m r cos __ sin v cos O

Thus, the three second-order equations of motion are:

•- -Z 2 .2 tL T
r - r O r cos 0f +

Z m
r

COS _ COS V (1)

2 .2
___d (r 2 _) + r cos O sin 0
dt

T
:-- r sin

m
(2)

*See also references 4-6.
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d (r 2 2 T
d-'t" cos 0 $) = --m r cos _ sin v cos 0 (3)

We want the thrust, T, to be either on or off. Hence, we define T = c _,

where c = an effective exhaust velocity, and _ = mass flow rate.

Check dimensions: =F=MLI J2' c_ -- T " T
T

IT

Expanding (2) and (3), and noting that we cannot have 0 = ± 2 we get the

following seven first-order equations of motion, where new variables p , x,

y are defined as indicated:

wl_r-p=O (4)

w2-- O-x=O (5)

w3 - _- y = 0 (6)

2 2 2 _ c_
w 4 = _ - r x - r cos O y + Z m

r

cos _ cos v = 0 (7)

w
z c#

5 = x + Z pXr + cos O sin O y - --mr sin _ = 0 (8)

Z p y c_ cos _ sinv
- gtan@ • xy +

r mr cos O
-0 (9)

w - m + _ = 0
7

(IO)

The optimum path (for rain. fuel expenditure) that is to be found must

satisfy the equations of motion, and this is represented by constraints,

w i = o, i = I-7.

There is one further constraint to be added: We require the thrust to

be on or off--no throttling. This is expressed by:

w 8 _= ff (j3 - Pmax. ) = 0

1 f
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Hence, problem variables are:

Dependent

Dynamic and kinematic

r p

0 x

¢ y
m

Control

V

Independent

Denoting all dependent variables by z, the constraints can be expressed as:

w.1 = z.1 - f'l (zj) = 0 i = 1 -8, j = 1 -10
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II. DERIVATION OF OPTIMIZATION PROBLEM*

A. Since the quantity that we want to minimize only enters in the

boundary conditions (we use the Mayer formulation of the calculus of

variations), let us first obtain the Euler-Lagrange equations associated with

the control variables _, v, _.

17 = ki (t) w i (zi' zj)

Require :

d 8F 8F
-0 z. = v,_, _

dt 0z. 8z. 1
1 1

8k.w. 8w.

OF - 0 .." ) _ = k - J - o
8_. Oz. j Oz.

i I i

I.) Z = V

(c cos,co  )0k 4 cos _ sin v + k6 mr cos 0

cos _ cos v] 0
C_ k

cos _ sin v - k6 cos 0m 4 r

If _ = 0, then T = 0 and _ and v have no meaning, and we simply compute

the ki(t) by a closed-form solution which is given in Appendix A. For

_ 0, and c and m # 0 for all t:

k 6 cos w ]cos _ k 4 sin w - r cos 0 = 0

1T

;.Either _ = ±--2 ' or tan w = k

k
6

r cos @
4

k k r cos 0

6 4 (12),
.'.sin v - ±D , cos v = :h D

V V

(11)

(13)

':'-See also references (7)-(9).
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where

I

V_/k 2 2 2 2D
v = 6 + k4 r cos @

Note: From equations (7) and (9), that if _b = ± 7r/2, the v terms drop out,

as expected on physical grounds.

2.) z=_

[_ ] [-c_ ] [C_ sin _ sin vl= 0k 4 sin _ cos v + k 5 _ cos _ + k 6 ' m-_ c-os

If _ = 0, then the argument is the same as above. For _ _ 0:

k 6 sin v]sin _ r k 4 cos v + cos 0 " - k 5 cos _ = 0

Insert (12) and (13) for sin v and cos v, and collect terms:

cos :0sin _ cos 5

k cos e

sin__ = tan _ - 5
cos _ ± D

V

(14)

3.) z=_

[-c ]k4 m cos _ cos v - c sin _] + k+ k5 mr - C COS _ sin v]6 mr cos 0

+_7('_+__[(_- _m_ + _] =o

This equation yields k 8' but it is of no significance in this problem.

B. To reconcile the sign ambiguities in I.) and 2.), above, and to

determine when _ = 0, _ = _max.' we turn to the Weierstrass necessary
condition.

(15)
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I.) This condition states that for a minimum, E >i 0:

E = F (Z , Z ) - F (Z., ) - ,_ (Z - )
i i i i _ i i _.

i i

Z i differs from Z i by a finite, but admissible amount.

The only variables which admit of such strong variation are v, 4, and

_, where, for example:

, = , or , + _; v = v or u + _; _ = 0 or _max.

Now, the third term in E is identically zero since there are no constraints

involving _, $, _.

E = k i(t ) w i (Zj , Z i ) - ki(t)w i (Z j, Zi ) >i 0 j, i = 1-8

..... .. )]E =_i(t) #.[ - f. (z'_
1 j

k (t)I,i#.i - f. (Z)l J /> 0
1 z j

E = ki(t ) fi (Z.) - k.(t) f (Z.)j i i j
0

or

k i(t) fi (Z .)J

Applying (16)we get:

k4 I-_ - cos,cos v I + k

+ x 7 (- _) + k 8(- _[_ -

+k
5 I-_r sin

>i

Note, first, that the k

15o

ki(t) f. (Z.)1 j

(cIB ] (c]3 cos, sin w I5 _ sin, + k6 mr cos @

_max] ) >i k 4 cos , cos v

[c_ cos, sinv 1+
k6 mr cos @

+ k

+_'8 - _ (_ -

term = O.
8

(16)



Now, factoring out a _ and _* yields, in the notation of ref. (8):

_k- _ k >i 0

whe re

k
= __c-(k cos _bcos v +--5 sink +

m _ 4 r

k 6 cos qJ sin v\

r cos 8 /- k

, - ; -For k = k , _ _ _* k (_ _"_) >i 0

If k > 0, then _ > :=> _ =
max

If k < 0, then _ < _*==>_ = 0

Thus, we have the engine on-off criteria.

For _ = _ , k _ k';

k
5

k cos kb cos v +--
4 r

k 6 cos _ sin v ,

sin d/ + >i k 4 cos qbr cos @

k 5 ":'- k 6 c o s _* ;:..

sin _ + sin w
r r cos @

Hence, (18) becomes

k 4 cos d/ cos v +

k 6 cos d/ sin v

r cos 0
>t 0

7

COS V

(17a)

(17b)

(18)

Using (12)and (13):

cos d/

2 2 Z 2

k 4 r cos 0 + k6

i D r cos 0
V

> 0
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or,

V >

cos _ r cos e -
0

- 1T 1T

Since r > 0, and--_ < 0 <-_- , the above yields

+ D, cos q_ > 0
V

- D , cos qJ < 0
V

]
(19)

Physically, we will most probably be confined to

-- gr-Tr < qj <--_+ D
2 2

_I-" -,-" "%"

b.) v = v ; 0 # qb _ _ = d# or _ + _ (= qb )

From (14)and (19):

k cos @
5

tan q_ = - + D
V

k cos 0
5

sin q_ = ±D , cos q0 -

±D
V

+D
(20)

where

From (18) again:

k
4

= _D 2 + 2 2Dqj v k 5 cos

cos _ cos v +
k 5 sin q_ k

+
r

cos qJ sin v
6

r cos @
>_ 0
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Substituting (1 Z), (13), and (20) and clearing yields:

±D

> 0
r cos e

Again, since r cos 0 > O, this requires + D_

C. There is a first integral, since the Lagrangian, F,

involve time explicitly.

×.(t) w. (_., z.)

8 F Ek : C; 1 1 I _ Ek = C
8 _k 8 {k

a (;.. - f. (z.))

k i(t) 1 1 _ _'k : C
8 _k

doe s not

(Zl)

Hence,

kl;- + kz_ + k35 + k4f5 + k55¢ + k6_r + k7r:n = C
(22)

D. Boundary Conditions

The boundary conditions to be applied come from two sources:

implied by the physics of the problem, and the remainder from the

transver sality condition

8 F . 8_____ dz k : 0,d G + (F - 89.---_ Zk) dt + 8_k
0

Those

(z3)

where G is the function to be minimized.

I.) To clarify the derivation of the boundary conditions, let us first

consider that the two orbits are coplanar. We reiterate the problem: Find

the minimum fuel path to transfer between two coplanar orbits by optimizing

the thrust direction (v) and duration ("Bang-bang" control). The departure

and arrival points on the initial and final orbits are not specified, but the

total time of transfer is specified. The geometry is shown in Figure Z.
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Thus, we have a system of I0 first-order differential equations for

the variable s :

r, @, p, y, m, k I, k 3, k 4, k 6, k 7

This system thus requires 10 boundary conditions. The seven specified bythe

physics of the problem are: (i = initial, f = final).

Pi (or h.1 )' e.1 (or Ei )' _°i' m.l

pf (or hf), ef (or Ef), 0_f (24)

p, e, ¢o are semi-latus rectum, eccentricity, and argument of perigee,

respectively, h and E are angular momentum and total energy.

We derive the three remaining conditions from Equation (23) and thus

we are obliged finally to select the quantity to be optimized. Since we wish

to compare our results with minimum impulsive orbital transfer, let us

consider minimizing the characteristic velocity,

m.

1
G =cln--

mf

Equation (23)becomes, utilizing (Z2);

+ Im.
1

k7] dmi + [- C dt + kl dr

+ k 3 d@ + k 4 dp + k f T6dY = 0
0

(25)

Since m i is specified, dm i

unknown. Thus,

T
= 0. Also, dt]

0
= 0, which implies C

c
k =-- at t = T

7 m
(26)

This is our eighth boundary condition. The remaining two come from

kl dr + k3d_+ k4d p + k6dY I T = 0,
0

(27)
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where we use orbit equations to relate the differentials in terms of the given

parameters p, e, and w. To do this we note:

P = f(_) (24)
r = 1 + e cos (@ - co) -

dr = f'(_) d_

2.2
E/m = I/2(_: 2 + r _ ) --- (29)

r

.2 2.d(E/m) = {:dr + _ rdr + r _d_ + dr = 0

r

h/m = r _ (30)

2dd(h/m) = 2r _dr + r ¢': 0

Expressing all the differentials in terms of dg, the two boundary conditions

then are

k4 .2 2k6_

-- + k = 0, at t = 0, Tf'(_) kl _ (- re + ) - r 3
r

These two equations can be put in a more revealing form. Substituting _ and

from the equations of motion, we find

k sin v ]
_ c_ 6 + k cos v at t = 0, T

bkl + _k3 + P'k4 + _rk6 m r 4

Utilizing Equation 17 from p. 9, with _ =" 0 and k 5

right side of the above equation is

- 0, we see that the

_k+ _k 7' or

=_kat t = 0, T (31)

This thus identifies the constant, C (Equation(ZZ))as equal to _k at the

end points.

Further, if C _ 0 at t = 0, (31) implies that k(0) = k(T).
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2. } We can now proceed to derive, rather succintly, the boundary

conditions for the three dimensional case. The problem requires fourteen

boundary conditions since there are fourteen first order differential
conditions for the variables:

r,@ , ¢, p, x, y, m, kl, k2, k3, k4, k5, k6, k 7.

The physics of the problem now yields eleven conditions while the trans-

versality (Equation (23)) yields three, exactly as in the planar case. The

additional four physical constraints are that the vehicle's position and

velocity are to be in the specified initial and final planes.

We list the fourteen conditions in terms of their origin:

(a) From the final point (t = T), there are five: By choosing the final

plane to have zero inclination the two additional constraints at the final point

are simply e(T) = 0 and {)(T) = 0. The other three are Equations (28),

(29) and (30) applied to the final point.

(b) From the initial point (t = 0), there are six: One of the six is the

specification of initial mass, while five are orbit equations. The initial

orbital plane is taken to have an inclination i and to have its ascending node

on the x 1 axis as in Figure 2. The departure point angle called _b1 in

Figure Z is replaced so that ¢ represents the angle in the x 1, x z plane as

in Figure 1. The five orbital equations may be taken as: Equations (28),

(29), (30),

sin ¢: tan 0 cot i, (33)

and

2 20 hyr cos = -- cos i.m (34)

(c) From the transversality condition, there are three:

C=--att=T
7 m (35)

is obtained exactly as before.

and

k I dr + k Z de +

The remaining two equations are:

3 d_b + k 4 dp + k5 dx + k6 dyl =
J t=0

k dr + k 3d¢ + k 4dp + k 6 dy] t = T = 0

(36)

(37)
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In addition it should be pointed out that just as in the planar case
Equation (36) and Equation (37) are equivalent to

13(0) k (0) = C (38)

[3(T) k (T) = C (39)

Finally, for use in computation it must be indicated that equation (36)

along with the total differentials of the five orbit equations (28, Z9, 30, 33,

and 34) constitute a set of six homogenous equations, the determinant of

whose coefficients is the required relationship. This is the generalization of

Equation (3!) for the initial point. For the final point the generalization is

the same as in the planar problem.

E. Corner Conditions

The points at which the thrust goes on or off give rise to dis-

continuities in the Zk" The mathematical criterion needed to join

different positions of the extremal arc is supplied by the Erdmann-

Weierstrass corner condition:

or

Xk _ = k k +
(40)

8F _k = -F + 8£ k-F + 8_ k _ +

or_

C = C
- +

(41)
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We observe that any of the seven conditions which comprise (40) would

not apply if the value of the physical variable were specified at the dis-

continuity. Similarly, (41) would not apply if the time of the discontinuity

were specified.

F. Euler- Lagrange Equations

Here we write down the differential equations for the Lagrange

multipliers, which come from the Euler necessary condition in the calculus

of variations :

d-_ - 8z----k O; z k r, O, 9, p, x, y, m
(42)

F = X.w. = X (t)t [_ - f (zi)]lJ J J J J

af.

d __/. }
d--_ (kj(t) 5jk ) : - kj Oz k (z_

0f.

kk = - k. J
j 8 z k (z_)

(43)

Using equations (4) - (10), equation (43) yields:

2 2 2 2_ ]kl - k4 x + y cos 0 +---_-
r

k

5 [2p x2
r

C_mSin _ ]

x 6 f

2 [2p y
r

c _ cos _ sin v ]
m cos 0 i

(44)

k
2

2ry2 2
k 4(- cos 0 sin O) + k5y cos 2 0

- x6 2 c_ I2 x y sec 0 + _ cos _ sin v tan 0 sec 0
mr

(45)

k3 = 0 (46)
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2 k5 x 2 k6 y
k4- kl + +" (47)

r r

k5 = - k Z - Zr x k 4 + r - Z k6 y tan 0 (48)

2

k3 - 2ry k4cos 0 + 2 k5 y cos O sinO- 2 >'6 Ix tan 0-_] (49)

[ c c k5 sin qa c k6 cos qasin v

k7 - m[m k4 mr rnr cos 0--- -- cos _ cos v + + (50)

or_

1,k7 m 7

from Section II-B-I.

G
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III. ITERATIVE METHOD

The equations (4) - (i0) and (44) - (50), plus the control equations for

the switching function, k, and the steering angles, _b and v, are a set of

differential and algebraic equations whose boundary values at t = 0 and

t = T must meet the specified conditions at those two points. We are thus

faced with the well-known two-point boundary value problem. The Newton-

Raphson method, and a "Matrix Modification" technique were selected as

the first iterative techniques to attempt convergence of the two-point

boundary value problem. Both these methods are fully explained in

reference (2), and only a brief description of the convergence characteristics

of this method on this problem will be given here.

The iterative techniques have so far been only applied to the coplanar

case because it was felt that until a fast and reliable method was available

for that problem it was rather hopeless to tackle the three-dimensional

case. Reference (3) reported success with this technique for low-thrust

engines, but in this case when the thrust-to-weight ratio (T/W) is between

one and ten, it does not seem to be able to handle the problem. One

comment about a T/W of ten is in order; the iterative procedure begins

by first obtaining the optimum two-impulse transfer. We then have the

optimum departure and arrival points, velocity increment necessary, time

for the transfer, and initial and final thrust direction. Hence, if we

assume an engine with a T/W = I0, we have almost an impulsive vehicle,

and if the final time is set equal to the impulsive time for transfer plus

the time necessary to burn fuel yielding a velocity increment equal to or

slightly greater than the impulsive solution, we can expect that the

finite-thrust solution will be very close to the impulsive solution in all

respects. Once this one has been obtained, we can then proceed to

decrease the T/W to 8, 6, 4, etc., obtaining solutions for all these, until

we are down to precisely the engine in which we are interested.

Now, the Newton-Raphson method applied to the coplanar problem

has the behavior of converging on the transversality condition first,

equation (31)_ and then keeping that satisfied, move very slowly towards

meeting the orbit conditions, p, e, and ¢0. The conclusion, so far, is

that the method is inadequate for this complex and sensitive problem.

However, several modifications of the method, and its use, are being

studied, and it may yet prove capable. If not, other iterative methods for

handling the two-point boundary value problem are being studied, and will

be tried if the Newton-Raphson proves conclusively unsatisfactory.
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NUME RICAL RESULTS

In the introduction to this paper, three reasons for turning to optimi-

zation procedures for the solution of the minimum fuel orbital transfer

problem were given. This section gives an indication of the answer to the

second statement; i.e., the comparison with two-impulse orbital transfer.

The answer is not conclusive since the switching function time history was

restricted to one coast period, and the second burn period was terminated

as soon as

k (t) = k (0) ; see equation (31).

Thus, a rather restricted class of initial and final orbits was considered;

all orbit pairs intersected, and in'most cases the intersection was quite

shallow.

The following table presents some of the results gathered from this

restricted comparison. The first column is the thrust-to-weight ratio at

the initial orbit; for example, a vehicle of I000 slugs mass, with fuel-flow

rate, _, of 1 slug/sec. , has a specific impulse of 300 sec. if the

(T/W)i = . 7118, at a distance of 6058 miles from the center of the earth.

In the second column, the percentage difference in velocity increment is

given; V F = c in mi , and V I is equal to the total velocity increment

from the two-impulse minimization. Total A¢, in the third column was

computed as follows:

Total _= I_i,F - _i, II + I_f,F - _bf, II

Thus it represents the total deviation in the departure and arrival points

between this finite thrust solution--subscript F--and the impulsive solution--

subscript I. The last column gives an approximation to the penalty in

velocity increment, or fuel, if the departure and arrival point of the

impulsive solution is used instead of the points specified by the finite thrust

solution. This estimate was obtained in the following way: Reference (1)

presents contour maps of minimum transfer velocity ona _i,_fPl°t" By

differencing the value at (_i, I, _bf, I) with the value at (_i, F, _f, F), and

dividing by VI, we obtain an estimate of the penalty in velocity, or fuel, that

would be incurred. We emphasize that this is an approximation; but in view

of the results in the second column, it is probably a reasonable one.
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Finite Thrust Versus Two Impulse Comparison

(T/W)i (VF - VI) 102 Total A_, deg. A____V102 Penalty
V I VI

I0 .086 20.0 .135

I0 .136 26.3 .410

8 .203 21. I .352

8 .236 27.9 .401

6 .143 18.7 .365

6 .501 29.8 .685

4 .278 34.4 .874

4 .354 32.2 .247

2 .224 24.8 .611

2 .293 28.7 .631

.7118 .095 72.8 i. 89

•7118 .194 13.0 .407

We observe from the first and second columns, that if orbit transfers

with realistic vehicles are restricted to be completed in one orbit, then the

time constraintDobtained from the impulsive solution--placed upon these

finite thrust solutions is also realistic, and, ipso facto, the fuel requirement

for the transfer obtained from the two-impulse solution is a very good

estimate of that which would actually be needed. This is, of course, with

the assumption that the finite thrust transfer vehicle departs and arrives at

the proper point, for we see that the discrepancies in_i and _ f can be quite

sizable. However, from the fourth column, we note that the penalty in fuel,

or velocity, for using the optimum _i, _f from the impulsive solution rather

than those specified by the finite thrust solution may be quite minor; however,
this was a rather restricted comparison, and a good deal more numerical

results are necessary before any even tentative generalizations in this

direction are possible.
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CONCLUDING REMARKS

The Mayer formulation of the calculus of variations has been used to

derive, in three dimensions, the equations and boundary conditions necessary

to determine the minimum fuel orbit transfer path by optimizing the thrust

direction and duration, and the departure and arrival points on the initial

and final orbits. The closed-form solution to the Euler-Lagrange equations,

which apply along the coast arc has also been derived, rather explicitly, and

has been verified by some of the numerical integrations indicated in the

preceding section.

The numerical results section is considerably leaner than desired.

One conclusion, therefore, is that the multivariable Newton-Raphson

iteration technique is inadequate for this complex and sensitive problem.

This is a useful, albeit frustrating result. A more gratifying result is the

favorable comparison of two-impulse and finite thrust orbit transfer

solutions. Restrictive as it is, it should be of interest to design personnel,

for it is the first proven indication, to this writer's knowledge, of the real

utility of the impulsive solution and how much a design based on it differs

from the optimum.

It is hoped, and rather optimistically felt, that one of the iteration

techniques currently under study for solving the two-point boundary value

problem will be effective in this endeavor. With this accomplished, an

unrestricted variety of problems with an equally unrestricted genus of

propulsion systems will be able to be expediently solved. The two-impulse

solution is obviously not universally a good estimate for design, or even

applicable. When low-thrust ion or nuclear propulsion systems are being

considered, and interplanetary transfers are being studied, it will be

distinctly advantageous, if not imperative, that the capability begun herein

be a reality.
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APPENDIX A

SOLUTION TO EULER-LAGRANGE EQUATIONS DURING COAST

With the thrust off (_ = 0), the equations of motion are

• Z _ (AI)
_" = r_ 2

r

rl/; = -2 /:_ (AZ)

for coplanar orbits. The solution to these involves four arbitrary constants;

Pc, ec, _0c - the elements of the coast orbit - and _c, the angle at which the

coast is begun.

The Euler-Lagrange equations are:

2x 6_
l = -k + -- (A3)

4 1 r

Zk 6 r
= __ (A4)

i 6 -k 3 - 2k 4 r_ + r

Fir st,

k I - _

= 0; k = k at beginning
7 7 7

of coast (A6)

change the independent variable from t to 9:

, 2×6¢
k 4 _ = -kl +--r (A7)

, 2_
- -- k (A8)x 6 _ = -×3 2rSx4 + r 6
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Putting (A5) in (A7), and collecting terms, yields

k4_r - K4¥ - k3_ + C - k 6 . r +

The solution to (AI) and (AZ) is given by

_. °

r _ = h

0 (A9)

r

Pc

I + ec cos(,- c )

We find r by

Z he
r c

r - _ e sin (_ - _o ) _

Pc c c Pc

sin (9_ - ¢0 )
c

From (A2), 2r_ + $ = 0; thus (A9) becomes
r

°°

k4r k3 G

Defining true anomaly as @ ---.@ - 0_c, and using @ as the independent

variable, we get upon substituting the equations of motion solution:

3
k3P Cp__dk 4 k cot O

dO 4 h e sin @
h fi e sin'0 [i + e cos O]2

where the subscript c is now omitted.

Substituting the orbit solution in equation (A8) we get

2

d k 6 k6 Z e sin 0 -k3 p Z Pk4 (O)

dO 1 + e cos O h[l + e cos 012 l+ecosO

(Al O) ,

(Al 1 )_:"

(AI2)

We note the singularity in this equation at @ = 0, _, and that the limit

approaches ±a0on opposite sides of the singularity; the handling of this is

discussed below.
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We obtain the solution to (All) first.

f dk 4 _
k

4

The homogeneous equation is

fcot0dO

k 4 = K 1 sin 0
(AI3)

Applying variation of constants, we insert (AI3) into (All), letting K 1

K 1 (8).

Kl(8) -

C 1 C 2

2
sin z 8 sin 8 [I + e cos 8] 2

3
k3P Cp

where C 1 - he ' C2 - h Z e

KI(8) = -C 1

Letting u = [I + e cos 8]

cot8+C 3 -C

-2 Z
, dv = csc

f d8
Z sin z 0 [i + e cos 8] Z

0 d 0, we get

(AI4)

fudv = -cot 8 [I + e cos 8]-2 j

£ cos 8 d 8
+2e

[I+ ecosO] 3

Using ref. (I0), we find

2e f. cos 8 d O
[I + e cos 0l3

r
e | sin 0

(I - e Z) [(I + e cos 8) + /[-a e+c°sO]dO- 1[I + e cos 0] 2

Multiple use of #317 and #309 in ref. (i0) yields

f d0 1 [ -e sin0 2
- +

(I + e cos 0)Z (I - eZ) i + e cos 0 i_'_- e 2

- i tan Z 6)
tan 1 + e

where -_r < 8 < _ and 0 _< e < 1 - elliptical transfer orbits only.
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Again, using #315 and #309 we obtain

f cos 0 d 0
(1 + e cos 0) 2

Collecting terms we get:

f d 0Z
sin 0 [i + e cos O]

= - cot 0 [I + e cos -"OJ
Z

-Z

r
e i sin 0

+ L1 - e Z) (1 + e cos O) 2 I(1 e 2) 1

- e sin @

+ e cos 0

Z -I

+ ./_ Z tan
vl - e

tan 1/Z 0 I + 1 (.I + e I _e Z

sin @

1 + e cos O

2, e

V_I - e Z

-I q_l - e Z
tan

i

tan 1/Z 0

+ e + C 4 [ L + C 4

(O) = -C 1 cot O + C 3 - C 2 (- cot 0 [1 + e cos O]

-Z

+
e Z [ sin 0 O)ZI - e (I + e cos

sin 0 e 2+ [z +1]
(1 - e 2) (1 + e cos O)

6 e

(1 - eZ) 3/2
_1])tan (ARG) + C 4

Defining the constant C 3 - C Z C4 _- KI' we have:
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k4(e) = - C
cos 0 + K

1 1 sin 0 - C2. sin 0 (- cot 0 [ 1 + e cos 0]

-Z

+
e

Z
1 - e sin 0 O)z(I + e cos

+
sin 8 (Z e Z + I)

(1 - e z) (1 + e cos O)

6 e tan -1 (ARG)])
(1 - e Z) 3/2.

(AI 5)

wher e

Z
V_l - e tan 0/Z

ARG -
1 +e

and K1 is determined such that k 4 (q c - 00c) - k 4 (0c) is satisfied.

Turning now to equation (A1Z), we have for the homogeneous solution:

k 6 = K z (I + e cos 0)-z

Using the form (A14) for K 1 (0) in the equation for k4 (0), substituting the

homogeneous solution for k 6 (O), above, into (A1Z) and considering that

K Z = I<2 (O), yields the differential equation for K z (O):

! !

K Z (0) [I + e cos 0] _2. _ 7.p [I + e cos 0] -I= - C 1 [1 + e cos O] -Z

Z

d 0 " C 1 k3Ph
C 1 cos O + C 3 sin 0 - C Z sin 0 , -

sin 0 [1 + e cos O]

Thus,

[K Z (8) = - C 1 - 2 p [I + e cos 0] - C 1 cos 8 + C 3 sin O

f do ]C Z sin 0 Z
sin 0 [ 1 + e cos 0] Z
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Now-

!

f[-c l _z p [1 +e cos 0] - C 1 cos e + C 3 sin 0)] dO

= 2 p (C 1 sin 0 + C

eC eC
1 3 2

cos 0 + Z sin 0 cos 0 - Z sin 0) + C 5
(A1 6)

Finally, we need:

Let:

ZpC 2 fsin 0[1 + e cos O]

f d 0U =
• 2 g

sin 0 [1 + e cos 0]

sin Z 0 [I + e cos O] Z

dv = sin 0 [I + e cos O] d 0

e 2

v - cos 0 + "7 sin 0

(AI7)

fu v=d uv - f[-cos2 0 + e/2 sin Z 0]
sin 0 [1 + e cos 0] Z dO

udv = uv + Z
sin O [I + e cos e] Z --2-

For the first integral let

y = e cos 0

dy = - e sin 0 d 0

dO

+ e cos 0 1 Z

Y

J 2 2
Ve - y sin 0 =

Vfe Z 2
-y

e
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Now, let

Z

Z
Y

Then:

. cos 0 d 02
sin 8 [1 + e cos 0]

= l+y;

whe re

2
Z _ -- Z

2
= z -2z+l

= - e
2

f cos 0 d 02 2
sin 0 [ 1 + e cos O]

2
+2z + e -I,

f ydyz z z 3/z
[l+y] (e -y )

(z - 1)d ze _ 3/Z
z Z

z = l+ecos@

Using reference (10), #190 and #197:

. cos 0 d 0 fZ Z.= -e •
sin 0 [1 + e cos O]

d z

3/z
zZ

+ e , d z
z 2 Z3/2

(e 2 ZI/Z + z + 2e - 1 f d z ( 3 ),)z Z 1/2 1 + "(e 2- I

+ 3 3/2 I+ 2
Z e -

+ C 6

whe re

. dz 1 -1
z Z 1/2 - _ sin

z+ (e z - 1))Z e

(A1 8)

and

f dz z-1
Z 3/z ez z I12

Iyl



Thus, from previous results in k4(0)and collecting the above, we find:

KZ(8) : (AI6) + z p c
/uv _ (AI8) _e

Z
•t Z

1 | - e sin O

t(I e z) 1 + e cos 0

Z -I - e tan 0/2 + C

+ V/I - eztan I +e 7

(A19)

where u and v are defined below equation (AI7).

Collecting terms, we get:

k 6(0) = [I + e cos O]

eC3 2
+ -- sin

Z

+

[_ e C l
-Z -- sin @ cos 0

Z + gp(C 1 sin 0 + C 3 cos 0 + Z

( e Z8) + Z p C z [L + C4] [- cos 8 + _'sin 8]

e _- i I + _ _ -{IZ +
z e 2 1 z Z 1(e Z- i) Z I/g + 1 eZ

I ,)]e <es n0+ 3 Z3/Z _ 1 + g ' + Z - 1 + e cos O
e - 1 Z(I-e )

+ 2 ,_/1 - e 2 tan (ARC]
(AZO)

We note that the constants C 3 and C 4 appear explicitly in (AZ0).

eliminate this, we consider all terms containing them, namely:

To

C e C 3 Z \ e 2Z p cos 0 - Z sin O + Z p C Z (- cos 0 +-_sin 0)) C 4

= C 3 (2 p cos O - p e sin

Z Z

O) - C z C 4 (Z p cos O - p e sin 0)

Z

= K 1 p (Z cos 0 - e sin 0),

where _I is the constant we determine from the initial conditions on k4(8).
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" _6(0) = [1 + e cos O]

Z

+ IK1 p (Z cos 0 - e sin

e
+.--

2
e - 1

[% ( eco O)+ Z p C 1 sin 0 1 + 2

L

( eO) + Z p C Z L - cos e +'-_-sin 0

- ZI_Z I +--+ - 1 +z 2 ZIIZ Ze 1 z e - I

f d z ( 1 )] -;e2) ( - e sin 0+3 312 1 + ---_ +
Z e - 1 Z (I I + e cos 0

2>))Z -I 1 - e tan 0/Z

+_ 1 + e
tan

Z
I - e

(AZ:)

We note that equation (All) has a singularity at 0 = 0 or _r( @ = co or

= co + Tr). If it is necessary to evaluate k4 across either of theCe points,

we haCe, from the first integral (A5), a solution.

lira

c

(/) -_0_ + 11"
C

- p
r -

l±e

r = 0

__ )z_: (I ±e
P

.o

_=0

o,

r =
±e _ (i ±e) z

Z
P

where the upper sign is used for @ --- coc
--_ +_(0 : _).

c

(O : 0), and the lower for

We thus find, from (A5):
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lim

0--_0

C -k3_
k4=- i:

lira

0--_0
k 4 =

Cp Z k3h

e V(1 + e) 2 ev
(azz)

We can derive (A22) in a different,

equation (All) as:

d_4 1 [dO - sin0 k4 cos 0

and more fruitful manner. Rewrite

k, 3P Cp 3 ]+he - h2e [1 + e cos0] 2

Since we require continuity of the multipliers, the bracketed quantity must

approach zero just as sin0 does as 0 --_0. Solving, then, for k4 at 0 = 0,

give s :

Cp2 k3 h

_4 - et_ (i + e)2 etL

Thus, we know that

lim

0--_0 dk4_. 0

0 --_r dO 0

We can thus use L'Hospital's Ruleand derive two approximate

differential equations for k4 (0). In the neighborhood of e = 0,

dk4 2 Cp 2 0
-

dO V (1 + e). 3

In the neighborhood of 0 = _,

dk4 _
dO X4 (0 -_r) - 2 Cp 2 (0 -_r)

V(1 - e)3

Solying these two equations, we obtain:

_4 (0) = -

0_0

2 Cp 2 + K 3 exp
_(I + e) 3

_2cp2I,-., - /
_(I - e)3 + K4 exp _- 0 -
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We can similarly approximate {AI2}, and obtain

X 6 (0) = exp 1 + e --_ e

0,_0

2p K3 /2 (1 + e)._ K5]
l+eV f + Se "1'

where err (0) is the error function,

2

err (0) - Ncr_

or probability integral:

0

e - uZ du

0

("'i l)I'" (":)_.6 (0) = exp i - e ,r- - h ( 1 - e) z exp _-

I', J ".'(.I.1 +--'_(O-lr) + e/_(1 - e) 3 exp 10 - -

Zp _40
1 - e

where

4Cp3 ]
t_(1 + e) 4

-2e

AI- i_ e

1 - 3e

A3- l-e

Since we do not have the switching func_ion_ k, as an explicit function

of O, some iterative method is needed to find the first O at which k crosses

from negative to positive values. Simply using two points and a slope to find

a parabola for extrapolation works quite well. Writing k as:

k 4 r _6 k6 )k = c-c-- k 4 + _ -km D r 7
12

where

D = + + r
v 6
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and

dk
7

- 0
dO

we find

dk c

dO mD
k6 d k6

dk4 +
r k4 d-----_ r d 0

V

2

k6 e sin 0

P
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Summary

A study has been made of minimum-fuel transfer and rendezvous

between neighboring low-eccentricity orbits by power-limited rocket.

This study includes and extends previous work wherein only the case of

transfer between circular orbits was considered. As before, the

analysis is based on the assumption that only small deviations from an

initial orbit are allowed. Complete analytical solutions are obtained

in three different sets of variables: (i) rotating rectangular coordinates,

(2) rotating spherical coordinates, and (3) Lagrange's planetary

variables. In addition to the determination of optimal transfer and

rendezvous trajectories in three dimensions, synthesis of the optimal

controls is also carried out in each case. The guidance coefficients

resulting from the control synthesis are presented both in graphical form

and in equation form suitable for use in guidance applications.

Introduction

It is characteristic of high-specific-impulse, low-thrust pro-

pulsion systems that the source of power is separate from the thrust

device itself. Consequently, such propulsion systems are referred to

as power-limited, since thrust is restricted in magnitude by the output






































































































































































































































































































































































































































































