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Abstract

A fuel-optimal retrothrust control program is demonstrated to be significantly
superior to an acceleration-type control law for the terminal phase of a propulsive
soft-landing mission to an atmospheric planet, using either a vertical trajectory
or a gravity-turn ballistic trajectory. These trajectories are considered under con-
ditions in which (1) the drag depends quadratically on the velocity and inverse-
exponentially on the altitude, (2) it is desirable to reach zero velocity at zero
altitude, and (3) the terminal value of the ballistic path angle is unspecified.
The equivalent terminal-value optimal control problem (maximizing the final
mass of the space vehicle), which could be termed an “Inverse” Goddard Problem,
is treated by applying Pontryagin’s Maximum Principle. It is proved that for both
types of trajectories, the fuel-optimal retrothrust control program is always of
the bang-bang type, composed of only two sections in the optimal control
sequence. The fuel-optimal retrothrust control, when compared with the results
of the acceleration-type control law, gives a decrease of 35% and 55% in fuel
consumption for the vertical and ballistic trajectories, respectively, and a decrease
of 45% and 75% in required controlled landing time for the two types of trajectories,
respectively.
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Fuel-Optimal Retrothrust Control Programs for
Propulsive Soft-Landing Maneuvers

in the Presence of Drag

I. Introduction

In this study, the terminal phase of a soft-landing mis-
sion of a space vehicle to an atmospheric planet (e.g., to
Mars or back to earth) is considered. In the context of the
present study, “terminal phase” means:

(1) The space vehicle, having been permanently cap-
tured by the gravitational field, is descending in the
planetary atmosphere toward the planet’s surface.

(2) During its atmospheric flight, the space vehicle has
decelerated by some means (e.g., aeroshell, para-
chute, lifting maneuver) from its high-entry velocity
to some low, subsonic velocity.

(3) The space vehicle has descended sufficiently clase to
the planet’s surface, and is approaching the planet
with such a velocity that to achieve a soft landing,
it is necessary to initiate the final deceleration ma-
neuver, which would be accomplished by propulsive
means.

The following assumptions are made:

(1) During the finai deceleration maneuver, the space
vehicle would follow a vertical or gravity-turn bal-
listic trajectory.
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(2) The space vehicle’s trajectory and attitude controls
are dynamically decoupled during the propulsive
soft-landing maneuver.

(3) The main fuel consumption takes place in controlling
the trajectory of the space vehicle during the pro-
pulsive soft-landing mancuver; i.e., in decelerating
the space vehicle, from a given velocity at a given
altitude to zero, or near-zero, velocity at zero
altitude.

In the present study, these assumptions imply in more
precise terms that only one- or twc-dimensional motions
of the center of gravity of the space vehicle will be
considered.

The basic question which arises in connection with a
soft-landing mission is the following: during the final de-
celeration maneuver, according to what cortrol law should
the space vehicle be guided from some given initial con-
ditions to the prescribed terminal (landing) conditions?
Selecting an appropriate control law for the final pro-
pulsive deceleration maneuver is certainly a matter of
multilateral considerations. In this study, the question of
an appropriate terminal control law is investigated from
the point of view of fuel consumption, or more precisely,
from the point of view of minimum fuel consumption.




Minimum fuel consumption of a propulsive soft lander
is an important performance criterion, for several reasons.
First of all, fuel consumption is a very natural cost func-
tion when searching for an optimal control law for the
soft-landing problem, The performance of the soft-landing
maneuver with a minimum of mass depletion is certainly
desired. At the same time, minimum fuel consumption as
o performance criterion does measure the necessary con-
trol effort in terms of physical forces which must be in-
voked to achieve a soft landing. This criterion also serves
as an additional quantitative measure for judging the
overall performance of a soft-landing mission. Maximum
useful payload delivered to the planet’s surface is a part
of the overall performance of a soft-landing mission.

The question of a minimum fuel-consumption contial
program for a soft-landing maneuver on an atmospheric
planet is essentially different from the problem of optimal
thrust program for soft landing on a planet havir¢ no
atmosphere; e.g., on the Moon. This question has Leen
considered by several investigators (Ref. 1). In the cas. of
an atmospheric planet, the presence of the gas-dynan.‘«
drag force implies a giatis, additional decelerating force;
the drag, during the soft-landing maneuver, acts in “l'¢
same dynamic sense as the retrothrust. The gas-dynamic
drag force, however, is a strongly state-dependent,
velocity- and altitude-dependent force. During a propul-
sive soft-landing maneuver on an atmospheric planet, the
typical dynamic situation is the followiag: decreasing alti-
tude implies increased d" ~g; decreasing velocity implies
decreased drag; and the retrothrust decreases the velocity
and, at the same time, retards the descent to low altitudes.
The retrothrust, therefore, reduces the decelerating effect
of the drag force.

Reducing the decelerating effect of the drag force,
however, implies increased integrated retrothrust effort
(i.e., increased fuel consumption) in order to achieve a
soft landing. Therefore, de*ermining the minimum fuel-
consumption burning program for a soft-landing maneuver
on an atmospheric planet will necessarily imply the maxi-
mization of the decelerating effect of the drag force during
the soft-landing muneuver. The time history of the drag,
through its dependency on the velocity and on the alti-
tude of the space vehicle, is implicitly controlled by the
burning program of the retro-rockets.

It is noted that a fuel-optimal thrust program for pro-
pulsive soft landing on an atmospheric planet can be con.
sidered an Inverse Goddard Problem. The context of the
“Original” Goddard Problem implies that the drag force
always acts against the optimization of the terminal values

of some of the state variables. When posing the question
of minimizing the fuel consumption (or equivalently, maxi-
mizing the terminal mass) during a propulsive soft-
landing maneuver in the presence of drag, the context of
the Goddard Problem is actually reversed, since the drag
acts for the performance criterion. The Original Goddard
Problem and its different aspects are extensively treated
in the scientific literature (Ref. 2 and 3). The Inverse
Goddard Problem, as it is formulated in the present study
however, has not received any significant attention. This
problem is suggested by future space missions directed
toward planetary surface exploration.

il. Pontryagin’s Maximum Principle

The a-termination of a fuel-optimal thrust program
iongs to he Mayer-type problem of the calculus of
variations. Minimizing the fuel corsamption is clearly
equivalent to maximizing < terminal niass. In this study,
this variatonal problem will Lz treated by applying
Pontryagin’s Maximum Principlc (Refs. 3-5) as it is formu-
lated for the Mayer-typ- .rot'm. For the sake of quick
refcrence, the findament.ai _quations of optimal terminal
caatrol, in the srnse of Fontryagin’s Maximum Principle,
arc briefly sumn.a.ized below.

Consider the ordinary vector differential equation
dx
 =1l=0.u) M

describing the dynamic behavior of an autonomous system
which has to be controlled, where

t = time
x= {x,, - - - , %}, n-dimensional state vector
u = {u,, " - - ,un}, m-dimensional control vector; m=n

The control can be subject to the constraints
|ua] < Bi

and there are given initial and/or terminal conditions on
the state variables

2 (0) = a x¢(r) = by (2
where
= = terminal time (free or fixed)

a;,b; = constants
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The performance criterion G, which has to be maxi-
mized, or minimized, with respect to the control vector
u(t) is given by the functional (which is assumed to be
diuerentiable):

G = [x(7),7]; r = terminal time )

The functional G [x(7), r] describes the state variables of
the control process at the end of the trajectory.

Pontryagin’s Maximum (or Minimum) Principle states
the following necessary condition for optimality: if the
control vector is optimum, i.e., u = u* (the asterisk refers
to the optimum control vector), then the Hamiltonian H
obtains a constant extremum value with respect to the
control vector u over the control interval. The Hamiltonian
is defined by

Hiz()u(A 0] = 0@, flx@u@®) @)

where

{,) = Euclidean inner product
A (#) = adjomt n-dimensional vector related to H by

d*‘_._i}_l_ i=1---

—_— = {
dt ?Ii i \5)

In addition, there is

& H ke =L @

The system of equations given by Egs. (5) and (6) form
the 2u Hamilton canonical equations. The additional nec-
essary boundary conditions are determined by the trans-
versality condition:

(Ge + H)dt + (G; — A, dx)} .- =0 (7
where
A {eG ¢G A oG
C —{ar "’Ex"}; Gf—_é?'

It is necessary that Eq. (7) be evaluated on the terminal
manifold.

The optimum design procedure is as follows: maximize
H with respect to u and find u* = u*(x,A); substitute
t*(x, ) into the Hamilton canonical equations and solve
the resulting boundary value problem for the optimum
trajectory x* and for the optimum adjoint vector A* subject
+o the houndary conditions given by Egs. (2) and (7). By
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knowing x*(t) and A*(#), the optimum control function
u* () can be determined.

Hence, the optimal terminal conirol problem is trans-
formed into a split boundary-value problem since, in in-
tegrating the canonical equations, some of the 2n boundary
conditions are given on the init'al manifold and some of
the 2n boundary conditions are given on the terminal
manifold.

In view of Eq. (7), it is noted that
H*=0 8

when the terminal time is free and the performance-index
functional G does not depend on the terminal time.

. Dyncmic Equations

In deriving the equations of motion of the space vehicle,
concideration is only given to the following:

(1) The motion of the center of gravity of the space
vehicle.

(2) Two-degrees-of-freedom (planar) motions.

As a convenient reference system, a trajectory-fixed co-
ordinate system is used with its origin located at the
center of gravity of the space vehicle and with unit
vectors e, and ¢, parallel and perpendicular to the vehicle’s
motion. The path angle « is defined as the angle between
the velocity vector and the local (instantaneous) horizontal
(Fig. 1). Furthermore, it is assumed that the planet is
nonrotating and has a quiet (nonmoving) atmosphere and

Fig. 1. State variables for the planar motion of a
ballistic vehicle referred to a trajectory-fixed
coordinate system

g

R —




the retrothrust acts antiparallel to the velocity vector. The
acting forces are shown in Fig. 2.

According to Newton’s second law, the momentum
balances in the tangential e, and normal e, directions of
motion result in the following differential equations de-
scribing the time histories of velocity v and path angle «
of the space vehicle:

de r . 1
E:FSIH"_E(D-*—T) 9
da r o L
H-?—(rz——f—)cos(x—; (10)

where

m = mass of the space vehicle

D, L = gas dynamic drag and lift forces, respectively

r .
=5 acceleration of gravity

o

I = yM; vy is the gravitational constant, M is the
mass of the planet

r = distance of the space vehicle from the center
of the planet

T = rocket thrust, 0 == T < T,,,,, defined by

(11)

LOCAL HORIZON

Fig. 2. Force diagram of a vehicle’s
retrothrust atmospheric flight

where

v, = velocity of the exhaust gas, relative
to the space vehicle; constant, v, > 0

n = mass flow rate, dt <

The term (v*/r) cos « in Eq. (10) is a fictitious centrifugal
accelcration which compensates for the curvature of the
spherical planet.

The altitude h of the space vehicle above the planet’s
surface and the ground range s of the vehicle, measured
from some reference vertical, are governed by the follow-
ing kinematic relationships:

I
%= —vsina (12)
R
—3—:27000501 (13)

where
R = the radius of the planet.

In these calculations the following reasonable simplify-
ing assumptions can be made:

I
g=5= constant; (14a)

R > > h, hence r ~ R = constant (14b)
since consideration is given to a flight sufficiently close
to the planet’s surface. The fact that a pure gravity-turn
ballistic flight is considered implies that
L=0 (14c)
In view of the simplifications introduced by Egs. (14a-
14c), the kinematic relationships (Egs. 12 and 13) and the
dynamic relationships (Egs. 9 and 10) can be written

k= —vsina (15)
§=vcosa (16)
&Z(%—%)com 17
, , 1

0= gsina— — [D(h,v) + uv.] (18)
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where the dot means time derivative, and where u is
introduced as the control force by defining

A
T = uv,

In view of Eq. (11), therefore,
m=—u (19)

This means that the mass flow rate is regarded as the
bounded “control force”

0=u=<t,,, (20)

Equations (15-19) are five coupled, first-order, ordinary
norlinear differential ¢ juations describing a planar, de-
scending, gravity-turn tallistic flight of a space vehicle in
planetary atmosphere with reasonable accuracy, providea
that the underlying assumptions are valid.

in the case of a vertical descent trajectory (e = 90°),
Eqs. (15-18) are reduced to:

h=—v (21)
v=g— % {D(h,v) + uv,] (22)

Equation (19) remains unchanged.

In order to complete the dynamic description of the
problem, the form of the drag force D (h,v) is specified
by the following functional model:

D (h,v) = Kvzexp (—bh) (23)
where

K = (m,/2A) (p,) = constant

Il

A = ballistic coefficient; A = m,/CpA

m, = reference mass of the space vehicle

po = ground level atmospheric density on the planet

b = inverse atmospheric scale factor constant
{reflecting the shape of the atmospheric
density distribution)

The exponential atmospheric-density distribution is valid
for an isothermal atmosphere in hydrostatic equilibrium;
it is a reasonable description of the atmospheric-density
distribution in low altitudes. The quadratic dependence of

JPL TECHNICAL REPORT 32-1361

the drag on the velocity is the usual aerodynamic descrip-
tion of the drag force in the subsonic region.

IV. Fuel-Optimal Thrust Program for a
Vertical Soft-Landing Trajectory

A. Formulation of the Optimal Control Problem

The following notations for the dependent variables
are introduced:

A
x, = h, altitude

A .
v, velocity

»
Il

A
X; = m, mass

The differential equations, Eqs. (19), (21), and (22),
des:ribing the system to be controlled can then be
rev/ritten

T = —X (24)
L=g~— x% [D(x), x.) + vets] (25)
= —u (26)

where 0 <<y == u,,,, is the bounded control.

The prescribed end conditions are as follows:

Att=0:
X, =0y (27a)
X = a, given values > 0 (27b)
X3 =4, (27¢)
At t = r, where the terminal time 7 is free:
=0 (27d)
=0 (27e)
x. = free; >0 (271)

The optimal contro) problem is the following: Among
all admissible controls 4, find the one that maximizes the
terminal value of x; i.e., that maximizes the performance
criterion functional

G =1x(1) (28)




subject to the prescribed end conditions given by
Eqgs. (27a-27f). It is assumed that there is sufficient con-
trol capability to meet the given terminal conditions.

The Hamiltonian, defined by Eq. (4), for this problem is

T 1 U,
H - '—/\]xg + =) |-g - ZD(x,, x_))] b [Ag_x_s' + Aa] u
(29)
The adjoint variables (A;) are nontrivial solutions of the

system of adjoint equations, defined by Eq. (5), which
now become:

. A: ¢D
A= x_q axl (30)
. A» oD
Ag - A] + x_q axz (31)
. Az
Ay = — Py [D (x;,x.) + veu] (32)
3
The transversality condition, Eq. (7), gives
A(r) =1 (33a)
and
H*=0 (33b)
over the control interval.
Let us define
X3

which is termed the switching function, Then, by formally
performing

oH
0

it can be seen that the Hamiltonian is maximized by

Umax, Whenever ¢ < 0
u= (35)
0, whenever ¢ > 0
which is a bang-bang type of control. When
o=0 (36)

on a E£nite, closed-time interval, then the optimal control
is indeterminate. This means that variable-thrust subares

can be parts of the optimal control program when Eq. (36)
is realized.

The condition expressed by Eq. (36) is called the singu-
larity condition. To obtain a complete answer to the opti-
mization problem, one has to investigate whether the
singularity condition can hold on any finite, closed-time
interval (Ref. 8). This is generally the case when the con-
trol appears linearly in the Hamiltonian.

B. The Singularity Condition and the General Behavior
of the Switching Function

When the singularity condition ¢ =0 holds on a finite,
closed-time interval, then, in view of the Hamiltonian in
Egs. (29) and (33b), there also is

7 £ — Xz + Ao [g - %D(xl, xg)] =0 (37)

The function ¢ is the collected coefficients of the control u
as it appears in the Hamiltonian, while the function 5 is
constituted by the remaining terms of the Hamiltonian
H*=0.

Differentiating ¢ with respect to the time and combin-
ing the result with the relevant canonical equations (26),
(31), and (32), we obtain

1 oD
A, + A, . [U, a—xz' - D(xl,xg):l =0 (38)

3

Equations (37) and (38) form a homogeneous, linear, alge-
braic system for the two unknowns A, and A, along the
singular optimal subarcs, if any.

A nontrivial solution of Eqgs. (37) and (38) exists if, and
orly if, the coefficient determinant of these two equa-
tions vanishes:

=0 (39)
0. 1 (v,a—lz - D)
X3 0%
Solving the determinant, we obtain
- %y_, D
x.g=D (1 + ve> X, vy (40)
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A fundamental relation is established by Eq. (40) in
terms of the state variables which must hold along the
singular optimal subarcs, if any. To state the possibility
of existence of singular optimal subarcs, it is necessary to
investigate whether or not Eq. (40) can hold physically.

Since the mass x; and the acceleration of gravity g are
positive quantities, we have x;g > 0; it must be true,
therefore, that

X, oD
[D(l+:}:‘>_xga—x:]>0 (41)

Assuming the following functional form for the drag
force D,

D (x,,x.) = Kxf(x,) (42)

where K > 0, x, >0, f (x,) > 0 (that is, D > 0), we obtain

X, % = nKx" f(x,) = nD (43)

Equations (42) and (43), substituted into Inequality (41),

yield
[(1+’b‘—_i)—n]>o (44)

Since x. < v, (as a matter of fact, x. << v.), and since
n =2, Eq. (23) is the adopted model for the drag force,
inequality (41) or (44) can never be satisfied. This fact
rules out the possibility of singular optimal control. The
fuel-optimal thrust program for a vertical soft-landing
maneuver, therefore, is of the bang-bang type given by
Eq. (35).

The possibility that variable-thrust subarcs can be part
of the fuel-optimal thrust program have been ruled out;
the remaining problem is the general behaviour of the
switching function ¢. More specifically, how many switch-
ings of u =0 and u = u,,, constitute the fuel-optimal
thrust program? For physical reasons, it is obvious that
the last two sections of the fuel-optimal control program
have to be in the following sequence:

ut = { R ,0, umax} (45)

In order to achieve the prescribed terminal conditions, the
fuel-optimal thrust program must end with tn.,. The
question is whether it is possible to have another 4 = tp,,
section in the optimzl control sequence prior to the next
to the last section, which is 4 = 0. To have a section with

JPL TECHNICAL REPORT 32-1361

% = U, preceding a section with u = 0, it is necessary
that the switching function s attains at least one maximum
point at a time ¢/, &(t’) =0, when ¢ > 0 (which implies
u = 0 at that time) since o, being made up of absolutely
continuous functions, is itself an absolutely continuous
function of time, as shown in Fig. 3.

T

.
o
t

Fig. 3. A nonsingular switching function and
corresponding fuel-optimal control

Now, when

Ve
o= z(_x_>+l\3>0 (46)

then H* = 0 implies (since u* = 0)

If &6 =0, then it implies (since %; = 0)

a,ue+ﬁ(oﬁ'3—v)=o (48)
X3 ox,

The conditions for maximum o (5 = 0) when o > 0, as
expressed by Egs. (47) and (48), could be satisfied at an
isolated time point # in four different ways, as follows:

(1) Case 1. Egs. (47) and (48) could be satisfied by

D
- (D

1 oD
[ ry (v, P D)

=0 (49)
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yielding
\ 2D
x3g=D(1+t’§—~)—x2E (50)

However, Eq. (50) cannot be satisfied for the same
physical reasons outlined in the analysis of the
singularity condition. Consequently, Case 1 must
be ruled out.

(2) Case 2. Eqgs. (47) and (48) could be satisfied by

A () =0 with A, (#) =0 (51)
with the result that Eqs. (52a) and (52b) must be
true:

D
8- = 0 (52a)
oD
Ceans D=0 (52b)

simultaneously. However, Eq. (52b) can never be
satisfied, since, r . cording to the adopted model for
the drag force D, we have

Oe

¢D ( 20,
fer Y

—“"D= —;'-“I)D>0 (53)

This inequality is always true, since v, > x,. Con-
sequently, Case 2 also must be ruled out.

(3) Case 3. Egs. (47) and (48) could be satisfied by
A (t) = 0with A, (#) =0 (54)

This case also must be ruled out since x, and v,
are always different from zero.

(4) Case 4. Eqgs. (47) and (48) could be satisfied by
ME)=M(E)=9 (55)

The condition given by Eq. (55) does not imply a trivial
solution since, in view of Eq. (46), A, (') 5= 0. This case is
also ruled out by examining the second derivative of o,
since at maximum ¢ we must have & (') < 0. By recalling
that #; = 0 when u =0, we have

.t A 8D A d oD
= Ao, + .y (v, vy D) + e (o, Py D)

(56)

Equation (55), in view of the adjoint Egs. (30) and (31),
would imply that A, () =A.(t') =0. Consequently,
o= () =0if x () = X.(t') = 0, which contradicts the
necessary condition; that is, & (#) < 0, if ¢ has a maximum.

Having ruled out the possibility of the existence of
maximum points of the switching function, when ¢ >0
it means that there is no way to realize a u = u,,, section
prior to the next to the last section (which is 4 = 0) in
the optimai control sequence. This proves that the fuel-
optimal thrust program for a vertical soft-landing trajec-
tory, under the specified gas-dynamic drag conditions, is
a bang-bang type of control composed of only two sections
in the optimal control sequence

u* = {0, Uy} (57)

It is interesting to note that the result provided by
Eq. (57) is in sharp contrast to the fuel-optimal thrust
program for the equivalent Original Goddard Problem
where the thrust is an accelerating force and the drag
is a position- and velocity-dependent decelerating force;
i.e., sending a rocket upward, vertically, from zero alti-
tude and zero velocity to a prescribed altitude and velocity
with a minimum amount of fuel consumption, under the
influence of drag. Examining the equivalent singularity
condition in that case yields the following relation, which
must be compared with Eq. (40):

, ¢D
xg=D (z— - 1) + x. ;r (58)

e

This relation can be physically realized for the adopted
model drag force since, in view of Eq. (43) withn = 2, it
yields for Eq. (58)

xg=D ('E‘ + 1) (59)

where it is always true that
X,
p(E+1)>0 -

This means that variable-thrust subarcs can be part of
the fuel-optimal thrust program for the equivalent Origi-
nal Goddard Problem (Ref. 7). This certainly contrasts
the character of the fuel-optimal thrust program, Eq. (57),
for the Inverse Goddard Problem where the thrust, as
well as the drag, is a decelerating force.
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C. Numerical Results

Having determined the character of the fuel-optimal
thrust program for vertical soft-landing trajectories under
the influence of drag, the optimization problem is reduced
to solving the six canonical equations, Egs. (30-32) and
(34-36) with the prescribed end conditions which are spec-
ified partly at the beginning and partly at the end of the
trajectory. More specifically, three conditions are given
at t=0: x,(0), x.(0), x,(0); and three conditions are
given at t = 7: x, (1), %2 (1), As{(r). The terminal time r is
free. Since, in this case, there is no analytical solution
to the problem, we must rely on numerical integration by
trial and error. That is, one must guess the missing initial
conditions, integrate the canonical equations, and iterate
the guessing and integrating procedure so long as the
prescribed terminal conditions are not satisfied. This is
usually a difficult way to solve the problem. Fortunately,
in the present case, we can ease the guessing-iterating
procedure by observing that at the (free) terminal time
7 there may be not just three but five fixed conditions for
the six canonical equations. We have

x, (v) =0, x.(r) =0, A(r) =1 (61)
and, since D () =0 and u*(7) = tiy,,, the Hamiltonian

H* =0, evaluated at 7, yields

x.’} (T) umax

—_— 2
X5 (T) 8 = Uellyax (6-)

/\.g (7) =

Thus, if a proper value is selected for x, () = terminal
mass, there will be two more fixed-end conditions [x; (+)
and A, ()] in addition to the three end conditions given by
Eq. (61). Therefore, when integrating the six canonical
equations in backward time we had to guess only one
missing condition. The guessing-iterating procedure for
the missing value of A, (r), however, actually becomes
a tracking of some initial manifolds which are consistent
with the given terminal conditions in the sense of the
fuel-optimal retrothrust control program specified by
Eq. (57). It is also noted that manipulating with only one
open-end condition, in solving the canonical equations
in backward time, is completely consistent with the posed
optimization problem; in searching for the fuel-optimal
thrust program, only one condition is left open: that is,
the final mass.

When integrating the canonical equations in forward
time, we can also find simplifications for guessing the
missing initfal conditions, If it is assumed, for example,
that the given initial conditions are located in that control
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region where u* = 0, the Hamiltonian, H* = 0, evaluated
at t = 0, yields:

A: (0)

MO = 0w )

[gx:(0) — D(0)] (63)

Since u* = 0 implies ¢ > 0, there also is a bound on A (0):

Ve

x, (0)

A (6) > —2.(0) (64)

As an example, the fuel-optimal thrust program for a
propulsive vertical soft-landing trajectory to Mars has
been computed with the following end conditions:

At t = 0: altitude = 20000 ft

velocity = 900 ft/s
mass = 1000 Ibm = 31.08 slugs

Att = +: altitude = 0
velocity = 0

In the calculations, the following Martian parameters
were applied:

= 12.3 ft/s*
ps = 1.32 107 slugs/ft?
b= 215107 ft

(The values of p, and b correspond to the VM-7 atmo-
sphere.?)

For the characteristics of the retrorocket, it has been
assumed that
I, = 300 Ibf-s/1bm
Taax = 1500 1bf

These are equivalent to
v, = 9652 ft/s

Upax = Il = 0.1554 slugs/s
sp

For the ballistic coefficient, the following was used:

m,

A=TA

= 0.3 slug/ft

Internal comiaunication, 1973 Voyager Capsule System Constraints
and Requirements Document, Jet Propulsion Laboratory, January 1,
1967.




The specified end conditions and parameter values were
taken from JPL sources*® where they were applied as
typical values for a Voyager-type Martian propulsive soft-
landing problem. In these documents the following feed-
back control law (acceleration-type thrust program) was
applied for the soft-landing problem on Mars:

T:m(g+2i;l) (65)

This corresponds to a mass flow rate

m v
u= : (g + ﬂ-) (66)

The Acceleration Type Control Law (ATCL) is ob-
tained in the following manner:? In the case of a vertical
descent in vacuum the equations of motion for a constant
thrust and constant acceleration of gravity are

g=—(a—gt+v (67a)

y=—é(a—g)t“+vt (67b)

For a soft landing, the boundary conditions on these equa-
tions are §§ = 0 when y = h. For these conditions Eqs. (67a)
and (67b) result in

2¢  2h
a=g+t—4— % (67c)
v
= (67d)

Solving these equations for the acceleration a yields

02
a—g+ﬁ

(67e)
Through the command for acceleration a as given in
Eq. (67e), a soft landing is achieved.

The numerical results obtained for the fuel-optimal
thrust program are displayed in Fig. 4. For the sake of
comparison, the results obtained by applying the ATCL,
given in Eq. (68), are also depicted on the same figure.

2Internal communication, Propulsive Lander Control System Interim
Report, April 18, 1967.

3Internal commurication, Voyager Standardized Soft Lander Report
Outline, Jet Propulsion Labosatory, August 13, 1968,
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The adjoint variables A,, A;, A; and the switching function o
are depicted on Fig. 5. The basic results are presented in
Table 1.

Table 1. Comparison of results for the
fuel-optimal thrust program and
the ATCL for a vertical descent

Reguired
Fuel con- conirolled
Program sumption, Dm.;: nee, time for Diffo;: nee,
Am, slugs soft landing,
s
Fuel-optimal 3.12 —35 32.5 —45
ATCL 4.23 56.5

It must be emphasized that the fuel-optimal control
program requires a much briefer controlled time for a
soft landing than the ATCL.

This is interesting since no minimum time requirsment
in the optimal control problem was posed; the terminal
time was merely left open.

It must also be observed that from the point of view of
implementation, the fuel-optimal thrust program has the
advantage of being a one-level constant-thrust program,
while the ATCL provides a variable-thrust program.

The difference in fuel consumption for the two thrust
programs can be best explained by examining the time
histories of the drag force during the period of the two
types of control (Fig. 3d). In the case of a fuel-optimal
thrust program, the drag increases in the first 12.5 s while
the retroengine is still off. The reason for increased drag
is obvious if one examines Figs. 4a and 4b; during that
period of time the velocity remains practically constant,
but the space vehicle flies to more and more dense atmo-
spheric regions.

In the case of the ATCL, however, the drag decreases
during the entire period of control. When the retroengine
is being turned on in the fuel-optimal control program,
the drag is about 3 times greater than the corresponding
value of drag in the ATCL. This amply illustrates that
minimizing the fuel consumption implies the maximiza-
tion of the deceleration effect of the drag force during the
soft-landing maneuver; the time history of the drag force,
through its dependency on the velocity and altitude, is
implicately controlled bv the burning program of the
retrorockets.

In the numerical calculations, the pluming effects, that
is, the change in aerodynamics due to the retroengine’s
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exhaust plumes, were not considered since the quantita-
tive description of these effects is not well known.

V. Fuel-Optimal Thrust Program for a Ballistic
Soft-Landing Trajectory

A. Formulation of the Optimal Control Probiem

The following notations for the dependent variables are
introduced:

A
x; = h, altitude
A
x, = 8, ground range
A
x; = a, pathanrgle
A .
x, = v, velocity

A
Ay = M, Mass

The differential equations, Egs. (15-19), describing the
system to be controlled can then be rewritten

% = —x,sinag (68)

X: = x,C08%; (69)

£ = (;g: ~ %) oS X4 (70)

%, = gsinx, — -}: [D(x,,x,) 4+ v.ul (71
%= —u (72)

where u is the bounded control: 0= u == u,,,..

The prescribed end conditions are as follows:

Att=0:
x, =a, (73a)
x4, (73b)
%, = a, ) given values >0 (73c)
X, =0, (73d)
X, = 4, (73e)

JPL TECHNICAL REPORT 32-1361

At t = r (terminal ime, r free):

n=20 (73f)
x, = free, >0 (73g)
x; = free,0 < x,(7) = »/2 (73h)
£ =0 (73i)
x; = free, >0 (73j)

The optimal control problem is now the following:
among all admissible controls u, find the one that maxi-
mizes the terminal value of x;, that is, that maximizes the
performance criterion functional

G =1x(7) (74)

subject to the prescribed end conditions, Egs. (73a-73;).
It is assumed that there is sufficient control capability to
meet the prescribed terminal conditions.

As defined by Eq. (4), the Hamiltonian for this problem
becomes

X
H= —Ax,sinx; + Ax,005%; + A (xi—- E‘) COS X3

4

+ Ay I:gsinx, - iD(xl,x;)] — A (2'— + /\,,)u
X X5
(75)

The adjoint variables A; are nontrivial solutions of the
system of adjoint equations, defined by Eq. (5), which
now become

)

YT g ox (76)
r=0 (7T7)
X3 = Aix 008 X3 + Ax,sinx;

+ Ay (;g‘_ -~ %‘—) sinx; — A,g20os %, (78)

. . 1
Ay = Assinx; — A co8%; + 4\3(% + —) Cos X3

2 R
A4 aD
* o (79)
, Ad
L=- o [D (2, %) + v.6] (80)

st

B




H
B

Wm!‘*ﬁ?‘mimmww it

The transversality condition, Eq. (7), gives

A(r) =0 (81a)
M) =0 (81b)
As(r) =1 (81c)
and
H*=0 (81d)

over the control interval.

In view of the terminal condition A, (r) =0, Eq. (77)
yields

A =0 (82)
over the entire control interval.

Let us define
Y ("—) +h (83)

which again is termed a switching function. Then, by
formally performing

oH
-5;'——0

vre maximize the Hamiltonian by

Umas, Whenever ¢ < 0
= (84)
0, whenever ¢ > 0

which is a bang-bang type of control.

When
om0 (85)
on a finite, closed-:ime interval, then the optimal control

is indeterminate; this implies that variable-thrust subarcs
can be part of the optimal control program.

14

To obtain a complete answer to the optimization prob-
lem, .t is necessary to determine whether the singularity
condition, Eq. (85), can hold on any finite, closed-time
interval.

B. The Singularity Condition and the General Behavior
of the Switching Function

When the singularity condition, Identity (85), holds
on a finite, closed-time interval, then in view .f
Hamiltonian, Egs. (75) and (81d), and taking into account
Eq. (82), we also have

. g X4
= - Lol ==
) A%, sinx; 4 \3(,:‘ R)cosx,

+ A, [gsin X — %D(x,,x.)] =0 (86)

The switching function o is the collected coefficient of the
control u as it appears in the Hamiltonian, while the func-
tion n is identical with the remaining terms of the
Hamiltonian H* =0 with A, :=0.

Differentiating o with respect to the time and combin-
ing the result with the relevant canonical equations,
Egs. (72), (79), and (80), we obtain for the singular con-
trol domain, if any (where, in view of Eq. (85), all deriva-
tives of ¢ must vanish),

&= A Sinx, +/\,(;g;+ -l!i\)cosx,

- [99— lu(x,,x.)] -0 (87

x| ox, v,

Equations (88) and (87) are two homogeneous, linear,
algebraic equations for the three unknowns A,, As, and A,.
A third, independent relation can be obtained by forming
the second derivative of ¢, which also must vanish, and
combining the result with the relevant canonical equa-
tions. It is noted that & = 0 necessarily yields a homoge-
neous, linear algebraic relation for A, A,, and A, since
A; does not appear in the canonical equations and A, = 0;
furthermore, & is linear in the derivaties of the adjoint
variables X,. After so-e algebra, we obtain, for 3 =0,
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cos’xs 1 2D 1 mxa D+ v.u g oD
+-==—sinz, ~ ——Dsinx, | + Fog 2
L -y sinx;, ey Dsinzx ] A3 cos xa[ 2g* + 2g Py =x, %,
_gDh 1 D +a l'sinxa 9D  gicosx;  goosixy 1 D 1¢D
vexix, Rx; 2x, Roxs Loxs o x3 R ESINX \ bexs 0% 12 0T
+_1_";’i)2+D+°e“(LQ_iiQ _D (EQ_R _msing, ( @D 1 9DN]_,
x \8x4 x; UeXs 0X, X, o1l 022 ox, ox, 0. x5 oxox, v/l

A homogeneous, linear algebraic system is formed by
Eqgs. (86-88) in the three unknowns A, A, and >,. To have
a nontrivial solution for the three unknowns, the system’s
coefficient determinant must vanish. Note that the coefB-
cients of Eqs. (86-88) are in terms of the state variables
and of the control u. Consequently, the condition of the
vanishing of the determinant will necessarily be expressed
in a synthetic form; i.e, in terms of the state variables,
and eventually in terms of the control. If the resulting
expression will explicitly contain the conucl u, then the
condition of the vanishing determinant immediately
yields an expression for the singular cuatrol 4., in terms
of the state variables. (Provided that the resu!ting expres-
sion will give such values that are consistent with the im-
posad constraint on the control.)

Solving the coefficient determinant of the homogencous,
linear algebraic system for Ay, A;, and A,, given by Egs. (86~

), and after extensive algebraic manipulations, we
obtained the following expression:

where

17

@, = Dgx;sirx;, [? {ctg’x; — 1) —
€

sin*x, |
+ {gx; sin x,)? (90)
. D ¢D x
Q. = gx;sinx, [x. Fraa ; (ctg2x3 -1+ lf)
x; oD X, x: oD
B By B 9 /
g axl(l * Ue) g a:g] 1)
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xi l ¢D X, I
= ctg? — ekl
Q; = gx;sinxsctg®x; R Xy T D(l +- )

X4 e
(92)
. oD eD 2x,
Q~I =X ax;g X ax‘ 1 - Ue )
+D (Lx%'_ :‘ - 1) + gx;sinx, (93)

Note that Q, = 0 if R = o; i.e., if the curvature of the
spherical planet is neglected and the landing ground
is regarded as a plane. This can be done, without making
serious error in computing the vehicle’s altitude, if the
horizontal distance traveled during the ballistic soft-
landing inaneuver is relatively short. (In that case, the
assumption R = ec should have been introduced into the
dynainic equations and then Q, would not have appeared
in Eq. (89), since the expression for Q, originates from
the fictitious centrifugal acceleration due to the spherical
curvature of the planet).

If ¢ = 0 in a finite, closed-time interval and

0< Uging < Umax (94)

where u.., is given by Eq. (89) with Egs. (90-93), then
singular control, that is, variable-thrust subare, can be
part of the fuel-optimal control program. If so, then the
singular optimal control law is given by Eq. (89), with
Egs. (90-93) forming a synthetic expression.

To determine the possible existence of singular optimal
subarcs, it is necessary to investigate whether Eq. (89),
with Egs. (90-93), can physically hold. Assuming that the
functional form of the model drag force is given by
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Eq. (42), then the following partials of the drag are
obtained:

oD
P -bD (95a)
¢D
Z=2p (95b)
X, X,

gx; sinx;

oD
0X; 0X,4

- by
Xy

(95¢)

#D _n(n—1)
- @ D (95d)
Assuming the quadratic drag law (n = 2) and substitut-
ing the resulting expressions from Egs. (95a~-95d) into
Eqgs. (90-93), we obtain for the singular control, if any,

1 Dgx; sinx,
Uasing — v_ M

© gx;sinx, +D[3—%<5— ﬁ)] i

e Ue

If we assume that x, < < v,, i.e., the traveling velocity of
the space vehicle is much less than the exhaust velocity
of the burning gas, and R ~ oo, ie., disregarding the
planet’s curvature, then Eq. (96) simplifies to

1 Dgx; sin x; gx;sinx,  bxj

Ve .gxssinx3+3D[ D ?

D 1+ 2cos?x,
+3(1+ - -- —
gx; sin x; sin® x

It is interesting to note that in the case of vertical tra-
jectory, an expression has been obtained for the singular
control hypersurface, Eq. (40), and by examining its loca-
tion in the state space it could be generally concluded
that there is no way for realizing ¢ = 0 in a finite, closed-
time interval; this would imply that the trajectory has to
iiz in a physically excluded region of the state space. In
the case of a ballistic trajectory, however, the analysis
of the singular condition did not result in an expression
for the singular control hypersurface. Instead of that, a
synthetic expression for the singular control itself was
obtained, Egs. (96) or (97). From the expression for u;n,,
genera! conclusions cannot be made regarding the exis-
tence of a singular control hypersurface. Equation (96)
or (87) merely states that if ¢ = 0 in a finite, closed-time
interval, then 4., as given in Eq. (96) or (97), enters
into the candidate extremal curves, provided that t,;, is
in the interior of the admissible set U.

uslng =

(97

16

+3(1—ﬁ)+ D [3—ﬁ(5—ﬂ)]
v, gx; sinx; v, 0,

D

(96)

Regarding the general behavior of the switching func-
tion ¢ in the case of ballistic soft-landing trajectories, with
the specified end conditions, the following two statements
can be proved:

(1) At the terminal time -,
¢ (1) #0 (98)

(2) For o(¢') > 0 with &(¢#) = 0 and &(¢') <0, there is
a unique condition which must be satisfied:

M () =0, s (t) 0, A () 5£0

(99a)

such that
x5 (¥) gsinx, (¢) = 3D (¥) (99b)

and
2+ 2 () - 3ctgin, (1)

u) 2T g™ g% 950)
A () 2 ctgx, () c

simultaneously, If these conditions cannot be satis-
fied, then ¢ > 0 is a continuously decreasing func-
tion of time.

JPL TECHNICAL REPORT 32-1361




Statement 1 can be easily proved. If we assume that
o(r) =0, then to satisfy H* =0 at the terminal time 7,
we must have A, (r) = 0, since %, (r) = A, (r) = D () = 0.
The defining equation for o, Eq. (83,, however, yields a
fixed value, different from zero, for A, (=} if o () = 0, since
s (r) = 1. Therefore, the singularity condition at the ter-
minal time is not compatible with the given t>rminal con-
ditions. Consequently, at the terminal time r, we must
have « (1) #0 in order to satisfy H* = 0 and the terminal
conditions.

Regarding Statement 1, it is noted that Eq. (96) or (97)
yields the following value for u.;,, at the terminal time -
when x,(v) = D (r) = 0:

(100)

Upine (7) = -U-l:xs (+) gsinx; (7)

This value of u,.,, is always in the interior of the admnis-
sible control set U since there must always be

Tmax = veuﬂlnl > x5g (101)

to be able to stop the space vehicle. The maximum avail-
able retrothrust must always be greater than the weight
of the space vehicle in order to achieve a soft landing.
Therefore, Eq. (100) and Inequality (101) seemingly indi-
cate the possibility of having a singular optimal subarc
(variable-thrust subarc) as the terminating section of the
fuel-optimal burning program. This possibility, however,
is ruled out by Statement 1. The proof of Statement 1
illustrates, furthermore, that the manner in which singular
subarcs enter into the candidate extremal curves of the
canonical equations, is essentially determined by the
split-boundary conditions for the canonical equations.

It follows immediately from Statement 1 that the ter-
minating section of the fuel-optimal retrothrust program
iS Upax; that is,

w={---

, Umax) (102)

since, in view of Eq. (77), we must have u (r) 5 0 to satisfy
the prescribed terminal condition x, (r) = 0. In view of
Iq. (84), Eq. (102) implies that

e() <0 (103)

Statement 2 can be proved, step by step, as follows.
When & =0 then, by taking into account the relevant
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canonical equations, we must have

Alsinxs + Ascosx:;% -+ I\QL(EQ" 2) =0
4

X\ 0%y O,
(104)
When ¢ > 0 then, since u* = 0, H* = 0 yields
— X sinxs + 4\3—%— + 2 (xsgsinx; - D) =0
23 xx
(105)

The maximum point requirement implies, furthermore,
that & (#) < 0. That is, the expression given by Eq. (88)
must be less than zero. In deriving Eqgs. (104) and (105)
it was assumed that R ~ . There are seven different
ways in which Egs. (104) and (105) can be satisfied:

(1) Case 1.
ME) =) =0 (F) =0, AE)>0
However, in view of Eq (88), this implies that

& (¢) = 0, which contradicts the necessary condition
for having maximum point. Therefore, Case 1 must

be ruled out.
(2) Case 2.

A () =) =0, Ay (¥) 0, As(Y) >0
(3) Case 3.

A{#) =AM ()=0, M ()50, A () >0

These two cases must be ruled out, too, since the
coefficients of A, and A, are always different from
Zero.

(4) Case 4.
M) =2() =0, M (P)£0

In this case we must simultaneously have

xsgsinx; — D=0 (106a)

oD
v,a—x; —D=0 (106b)
17




But, in view of the mace! drag force, Eq. (23), we
have

oD 20,
e 1= =
Xy E

D

which is alway: greater than D since v, > x,. There-
fore, Case 1 n: it also be ruled out.

(5) Case 5.
L) =0, A () £0, As (P) 50,
A (1) >0
Then we must have
-1 ces X;
=0 (107)
1 1

which, in view of Eq. (73h), can not be satisfied.
Therefore, this case must be excluded.

(6) Case6.
A (#) =0, A (F)£0, A (F) 520
Then we must have
1 .
-1 - (x,gsinx; — D)
=0 (108a)
oD D)
1 —
\x, €,
yielding
inx, = n)_,22
xgsinx; = D (1 + ve> X, o, (108b)

which is physically meaningless since the left-hand
side of this equation is always positive while the
right-hand side, in view of the model drag force
Eq. (23), is always negative. Consequently, this case
also must be eliminated.

(7) Case 7.
M) =0,

As {t) £0, A(t)#0
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Then we must have

]. xl‘ (x5g Sin x; - D)
=0 (109a)
D_D
°x;  Ue
yielding
oo p(1-E) 4z,
x:gsinx; = D (1 v,) +x, o, (109b)

In view of the model drag force, Eq. (23), and by
assuming x, < < 0., Eq. (109b) results in

x;gsinx, = 3D (109¢)
which is a realizable equality. Substituting
Eq. (109¢) into Eq. (88), where now A, =0, we
find, after some algebra, that in order to satisfy
#(t') < 0 we must have

A 2+ k 2% — 3ctgix, (109d)
As g

Ay > 2 ctgx,

This completes the proof of Statement 2.

It follows from Statement 2 that if the very unique
conditions A, (£’) =0 and £gs. (109¢) and (109d) are not
or cannot be satisfied simultaneously at an isolated time
point # when ¢ >0, then the fuel-optimal retrothrust
program can have, at most, three sections in the following
sequence:

u* = {0, Ysing, Umax} (110)

provided that ¢ = 0 in a finite, closed-time interval. If ¢
never vanishes in a finite, closed-time interval, then
there is

u* = {0, Una} (111)

The conditions involved in Statement 2 and the vanishing
of the switching function ¢ can be tested only by actual
computation of given cases.
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C. Numerical Results

Having derived general information on the character of
the fuel-optimal retrothrust program for ballistic soft-
landing trajectories under the influence of drag, we re-
duced the optimization problem to solving the eight canon-
ical equations, Egs. (68), (70-72), (76), and (78-80), with
the prescribed end conditions, which are specified partly
at the beginning and partly at the end of :he trajectory.
More specifically, four conditions are given at ¢t =0,
[x,(0), x5 (0), x,(0), x; (0)], and four conditions are given
at ¢t =1, [x,(r), 2, (7),X: (1), As ()], and the terminal time
r is free. It should be noted that two canonical equations,
Eq. (69) and Eq. (77), are decoupled from the optimum
searching procedure, since Eq. (77) yields zero over the
entire control interval and Eq. (69) simply means integra-
tion along the optimal trajectory determined by the re-
maining canonical equations. Since, in this case, the
canonical equations cannot be integrated analytically,
numerical integration by trial-and-error-technique must
be applied. The guessing-iterating procedure is eased,
however, by integrating the eight canonical equations in
backward time, since it is observed that, in view of
u*(r) = tine, and the given terminal conditions, the
Hamiltonian H* = 0 evaluated at the (free) terminal time
7 yields

Xs ("') Umax
£x5 (7) sin x5 (r) — Vethmax

A(n) = (112)

By selecting a proper x; () = terminal mass, and a proper
x; (r) = landing angle, there are three more fixed terminal
conditions in addition to the four given terminal condi-
tions, x, (r) =0, %, () =0, A; () =0, A5 (v) = 1. The eighth
necessary terminal condition remains open. When inte-
grating the eight canonical equations in backward time,
therefore, it is necessary to guess only one missing con-
dition; that is, A, (). The guessing-iterating procedure
for the missing value of A, (+), however, actually becomes
a tracking of some initial manifolds which are consistent
with the given and selected terminal conditions in the
sense of the fuel-optimal retrothrust control program
specified by Eq. (84), or eventually by Eqs. (110) and
(111).

As an example, the fuel-optimal retrothrust program
for a propulsive ballistic soft-landing trajectory to Mars
ha. been computed. For the characteristics of the retro-
rocke’ (v, and tin..) and for the Mart'- . parameters
(g, b, p.) the same values were applied as in the case of a
vertical soft-landing trajectory. The radius of Mars was
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assumed to be

R =11.210%#t

The computations were carried out for the following end
conditions:
Att=0:
Altitude = 14900 ft
Path angle = 24°25’
Velocity = 940 ft/s
Mass = 31.24 slugs

Att = 7:
Altitude = 0
Velocity = 0

These end conditions correspond to those typical values
applied in two JPL internal documents*S for calculating
trajectories for a Voyager-type Martian soft-landing prob-
lem. In these same documents, the following feed-back
control law (acceleration-type thrust program) was ap-
plied for the soft-landing problem on Mars:

T= m(g + é%) (113)

where S is the slant range, related to the altitude h by
S = h/sina. In terms of the mass flow rate u and alti-
tude h, the control law given by Eq. (113) corresponds to

u="2 (g e "‘) (114)

Ue

The justification for applying this control law is analogous
to that given for the vertical trajectory.

The numerical results obtained for the fuel-optimal
thrust program are displayed in Figs. 6 and 7. For the
sake of comparison, the results obtained by applying the
ATCL, given by Eq. (114), are also depicted in the same
figures. The adjoint variables are depicted in Fig. 8, while
Fig. Tc displays the behavior of the switching function o.

4Internal communication, Propulsive Lander Control System In-

terim Report, April 18, 1967.
sInternal communication, Voyager Standardized Soft Lander Re-
port Outline, Jet Propulsion Laboratory, August 15, 1966,
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Fig. 6. Fuel-optimal and nonoptimal (ATCL) time histories of state variables
of a vehicle on a ballistic soft-landing trajectory
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The basic results are as follows:

(1) The switching function ¢ is a monotonic, strictly
decreasing function of time over the entire control
period. This implies that the fuel-optimal retro-
thrust control program for the ballistic soft-landing
trajectory, with the specified end conditions and
under the specified gas-dynamic drag conditions, is
a bang-bang type of control composed of only two
sections in the optimal control sequence:

u* = {0, tex} (115)

(2) The fuel consumption Am: (a) in the case of the
fuel-optimal thrust program is 2.74 slugs, and (b) in
the case of the ATCL, 4.23 slugs. The difference
in the consumed fuel is about 55% in favor of the
fuel-optimal thrust program (Table 2).

Table 2. Comparison of res: lts for the
fuel-optimal thrust program and
the ATCL for a ballistic descent

Required [
Fuel con- controlled
Program sumption, Dm.;: nee, time for Diffo.;:nu,
Am, slugs $0.t Innding,
s
Fuel-optimal 2.74 —55 40 —75
ATCL 4.23 69

(3) The required controlled time for soft landing is 40 s
in the case of the fuel-optimal thrust program, and
69 s in the case of the ATCL. Thus, the difference
in the necessary (controlled) time for the two types
of soft-landing maneuvers is approximately 75% in
favor of the fuel-optimal thrust program. This fact
is interesting since a minimum time requirement in
the optimal control problem had not been posed.
The terminal time was merely left open.

(4) From the point of view of implementation, the fuel-
optimal thrust program has the advantage of being
a one-level constant-thrust program, while the
ATCL yields a variable thrust program.

The difference in fuel consumption for the two thrust
programs can best be explained by examining the time
histories of the drag force and path angle during the
period of the two types of control, Figs. 6¢c and 7b. In
the case of the fuel-optimal thrust program, the drag
decreases only slightly in the first 22.5 s when the retro-
engine is still off. The reason for this is obvious if one
examines Fig. 6; during the first 22.5 s the velocity de-
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creases only slightly while the space vehicle flies to atmo-
spheric regions of greater and greater density. In the
case of the ATCL, however, the drag decreases drastically
during the first 22.5 s. The drag in the acceleration-type
burning program is four times less than the value of the
drag in the fuel-optimal thrust program at t =225 s
when the retroengine is being turned on.

This again illustrates that minimizing the fuel con-
sumption does imply the maximization of the decelerat-
ing effect of the drag force during the soft-landing
maneuver; the time history of the drag force, through its
dependency on the velocity and on the altitude of the
space vehicle, is implicitly controlled by the burning pro-
gram of the retrorockets. It is observed, furthermore,
that the fuel-optimal retrothrust program considerably
lengthens the atmo-pheric flight path of the space vehicle.
The reason for this becomes obvious by examining Fig. 5.
During the first 22.5 s, the path angle increases less and
the velority decreases less in the fuel-optimal thrust pro-
gram than in the acceleration-type control program, while
the space vehicle reaches roughly identical altitudes at
t = 22 s in both cases. This necessarily results in length-
ening the horizontal, and hence the total, distance traveled
by the space vehicle when controlled by the fuel-optimal
thrust program. Lengthening the total traveled path im-
plies, however, that undcr the specified circumstances
the slowing down effect of the drag force increases.

It is noted that the landing angle is approximately
85 deg in the case of the fuel-optimal thrust program,
while in the case of the ATCL, the landing angle is
90 deg. This insignificant difference in the landing angles
for the two types of thrust programs, however, has to be
expected sinc:: no constraint was imposed on the terminal
value of the path angle in formulating the fuel-optinal
control problem for a ballistic trajectory.

In the numerical calculations presented, the pluming
effects (that is, the change in aerodynamics due to the
retroengine’s exhaust plumes) were not considered be-
cause of a lack of adequate quantitative description of
these effects.

VI. Conclusion

The main results of this study can be summarized as
follows:

(1) The fuel-optimal retrothrust control program for a
propulsive soft-landing maneuver under the influ-
ence of drag, which depends quadratically on the
velocity and inverse-exponentially on the altitude, is
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(a) in the case of vertical trajectories, always a
bang-bang type of control

T* = {0, Tunx} (116)
and, (b) in the case of gravity-turn ballistic trajec-
tories, with the specified end conditions as well as

atmospheric parameters, also a bang-bang type of
control

T* = {0, Tonax} 117)
Having specified the character of the fuel-optimal
retrothrust control programs, Eqs. (116-117), we
reduced the synthesis of these programs to detr-
mining a switching hypersurface:

F, (h,v,m) = 0, for vertical trajectories
(118a)

F, (h, a,v,m) = 0, for ballistic trajectories
(118b)

for given atmospheric parameters and retrorocket
characteristics. The development of the switching
hypersurface, Eqs. (118a) and (118b) can be eased
by integrating the canonical equations (or, eventu-
ally, only the system equations) in backward time.
The switching hypersurface can then be obtained as
tabulated numbers with the time, or, with the mass,
as parameters.

(3) The numerical results clearly demonstrate the supe-
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riority of the fuel-optimal retrothrust control pro-
grams over other types of control law proposed and
applied elsev/here. This applies to (a) fuel consump-
tion, (b) necessary controlled time, and (c) imple-

mentation. The reduction of the necessary controlled
time ard the simplicity of implementing the fuel-
optimul control program are consequences rather
than conditions of the formulated optimal control
problemn. They can be vegard.d as fringe benefits of
fuel optimality.

It is needless to emphasize that the fuel-optimal retro-
thrust programs, given by Egs. (116-118b), are open-
loop control liws which are necessarily very sensitive to
changes in the values of the involved parameters, as well
as to the accuracy in determining the state variables
at a single instant of time. The practical mechanization
aspects of the fuel-optimal retrothrust control low are
beyond th.e scupe of this study. Two means are mentioned,
however, by wlich the inherent difficulties of the open-
loop optirtizl-control law can be circumvented in the pres-
ent problem. For example, a closure section may be
introduced int:. the reirothrust control program by termi-
natin.f the fuci-optimal full-thrust phase, say, at b = 200 ft
ana v = 100 ft/s. From there on, a suitable feed-back con-
trol might be applied until h = v = 0 is reached. Intro-
ducing a closure section might be necessary for other
reasons, too. The uncertainties in the involved atmospheric
parameter values, as well as in the determination of state
variables, can be also improved considerably by applica-
tion of a proper nonlinear sequential-estimation technique
in a few seconds prior to the initiation of the terminal
phase of a soft-landing mission.®

It is believed, therefore, that the present fuel-
optimization study can be used as a guide for developing
a system which accomplishes a soft-landing mission with
an efficient utilization of fuel.

8A proper nonlinear sequential-estimation technique related to the
soft-landing problem under the infiuence of drag will be treated in
a subsequent report.
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Appendix A

State Constraints

The vertical or gravity-turn ballistic motions of a rocket-
thrusted space vehicle are restricted to the following
bounded region of state space during a propulsive soft-
lancing maneuver:

0=h<h,, altitude

0<a, < a=r/2, path angle
0=v<uv,, velocity
O<m=m,, muss

where h,, a,, v,, and m, are given numbers (initial values).
These state constraints seem to indicate that the appli-
cation of the Restricted Maxirium Principle, Ref. 3, would
be an adequate procedure in searching for the fuel-
optimal retrothrust control program for a soft-landing
maneuver under the influence of drag. It can be easily
shown, however, that this is not the case since all the
described state constraints are natural constraints; that is,
they do belong internally to the nature of the problem
instead of being imposed externally on it.

Since there is no lifting force present, and the thrust
direction is fixed such that it always acts antiparallel to
the velocity vector, as does the drag force, there neces-
sarily is a(t) > a.. The other boundary « =< =/2 is also
a natural constraint since there are no forces acting in a
direction other than parallel or antiparallel to »/2 when
/2 has been reached. This fact also has the consequence
that the trajectory remains vertical when it starts or wwhen
it becomes vertical.

The restriction m (t) =m, is a natural consequence of
the constraint on the control u (= mass flow rate) which
is 0 = u (f) = uy,,. This implies that m can only decrease
or be constant since m = —u. The lower boundary
m(t;7) > 0 is a natural consequence of the assumption
that there is sufficient control capability (= amount of
fuel) on board to stop the space vehicle. That is, it is
assumed that there exists at least one admissible thrust
program which can stop the space vehicle at zero alti-
tude. This is essentially a question of selecting the retro-
rocket’s parameters (u,.. and v,) properly. It is also noted
that leaving the terminal time r free in the formulation
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of the optimal control problem is consistent with the
assumption of the existence of at least one admissible
thrust program which can accomplish the soft-landing
maneuver with the prescribed end conditions.

Furthermore, to show that the phase restrictions on
the altitude as well as on the velocity are natural conse-
quences of the problem statement, the Restricted Maxi-
mum Principle (Ref. 3) is referenced. This principle states
that for the bounded-state variable problem, the optimal
trajectory consists of segments for which the trajectory
is inside the constraint, and of segments for which the
trajectory is on the constraint. In the first case, the optimal
control satisfies the Unrestricted Maximum Principle; that
is, the Hamiltonian, given by Eq. (4), remains unchanged
for that part of the optimal trajectory. In the second case,
the optimal control is determined by holding the trajectory
on the constraint. This implies that the Hamiltonian, as
given by Eq. (4), has to be augmented for this part of the
optimal trajectory. It is obvious, however, that a trajectory
segment with ¢ =0 and h > 0 cannot be a part of th
optimal trajectory since it necessarily would require more
integrated retrothrust effort to stop the space vehicle at
h >0, and, after maintaining it there, to stop it again
at h = 0, than to stop it only once at h = 0. On the other
hand, there is no physical possibility for realizing h = 0
with v£0 in a finite time interval. The only way to
realize h = 0 in a finite time interval isto keeph = v =0
simuitaneously. Achieving h=v =0 simultaneously,
however, is the termination of the control process itself,
which is an instantaneous event. It is concluded, there-
fore, that the implications of the Restricted Maximum
Principle and the dynamics of the system as well as the
control problem itself exclude the possibility of having
values other than 0 < h < h,, 0 < v < v, on the optimal
trajectory in a finite time interval.

This completes the demonstration of the statement that
the described restrictions on the state space are natural
constraints, which, being natural constrzints, do not re-
quire the application of the Restricted Maximum Prin-
ciple in t’:c present problem. In other words, the maximum
principle in its unrestricted form, as it is employed in this
report, is indeed the adequate principle for the optimiza-
ton problem in question.
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Appendix B

The Physical Consequences of Fuel Optimality

It can be easily deronstrated that in the absence of
dray the fuel-optimal and time-optimal retrothrust con-
trol programs for the vertical-trajectory soft-landing prob-
lem are equivaient. We put D = @ in Eq. (22). Since

gl‘-:(%ln(m) and m= —u
Equation (22) then reads
d d
a—;o=g+v,¢—1;ln(m) (B-1)

which, integrated in [0, 7] yields

v(r) =v(0) + gr + v.1n [':ﬁ_o))] (B-2)

In order to achieve v (s} = 0, Eq. (B-2) gives for m(7)
1
m)=m@ep- (-0 -2 (B

The integral form of the minimum fuel consumption per-
formance index J is

]= /Tn'adt=m(0) —m@)=am  (B4)
Equation (B-4), combiued with Eq. (B-3), results in

J=mO{l-epy [-o@-gl} (B3

which clearly shows that ] is a monotonic, strictly increas-
ing function of the terminal time r. Heace, minimizing r
is equivalent to minimizing J, since m (0), v(0), v., and g
are fixed consiants.

In the presence of drag, however, when D0 in
Eq. (22), for m(r) we obtain

m(s) = m(O)expvlf U D’ (h,0)dt — 0(0) — gf]

(B-8)
where

D’ (h,v) = 2__(_";}:,_0_) ,reduced drag
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Equation (B-4), combined with Eq. (B-8), results in

]=m(0){1 —exp;l:[/;r D’ (h,0)dt — 0 (0) — gf]}
(B-7)

This expression shcws that in the presence of drag the
fuel-optimal and time-optimal retrothrust control pro-
grams can not be claimed to be equivalent since the
maximum value of the exponential in Eq. (B-7), which
implies the minimum value of J, also clearly depends on

[ D’ (h,v) dt;
that is, on the integrated time history of the drag force
and not on the terminai time alone. In addition, Eq. (B-7)
also shows that the fuel-optimal retrothrust program
necessarily implies the relative maximization of the ciecel-
erating effect of the drag force during the soft-landing

maneuver.

In the case of ballistic trajectories, Eqs. (B-5) and (B-7)
must be modified to

1= m!0) {1 —expv—le[—v(O) —g[sina(:)dc]}
(B-8)

and

J=m(0) {1 —-expvl

X [[’rD’(h,v)dt—c(O) —g[sma(t)dt]}

(B-9)

Equation (B-8) shows that in the absence of drag the mini-
mization of ] implies the minimization of the total path
and not the minimization of the terminal time; Equa-
tion (B-9) shows that in the presence of drag the mini-
mization of J still implies the relative maximization of
the decelerating effect of the drag force during a ballistic
soft-landing maneuver. Finally, it must be remembered
that the time history of the drag is implicitly controlled
by the retrothrust program since the drag is a position-
and velocity-dependent force.
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Nomenclature

D drag force 8 ground range
G performance index (maximum final mass) t time
¥ Hamiltonian u  control (mass flow rate)
] performance index (minimum fuel consumption) thuax  maximum mass flow rate
K constant, related to the drag #,10¢ singular control (variable mass flow rate)
R radius of the planet v velocity
T thrust. T = v.u v. exhaust velocity of the burning gas

. x; state variables (defined in different ways in Sec-
Teae maximum thrust ' ( y

tions IV ard V)
U admissible control set « pathangle
atmospheric scale factor A: adjoint variables
g acceleration of gravity ¢ switching function
h altitude r terminal £ e
M mass * denotes optimal trajectories
n  exponent of the velocity - (dot) denotes time derivative
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ABSTRACT

7The matrix elements of the configuration interactions
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a" - d for n=3, 4, 5and 1' = s, d are

computed and tabulated for general usage.
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CONFIGURATION INTERACTION MATRIX ELEMENTS FOR
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Introductién:

TSP RO A A s

In this secon§,pabef of a series! on configuration 1nter-t
action (CI) iﬁ a" configurations; the 1nteraétion'ma£figi‘
. elements between the sore excitation 1'“1'*1dn*1 and the
_d“i configuration are calculated and tabulated. This weak
31nteraction 1s one of the five basin types of CI discuased.;fﬂ

by RaJnak and Wybourne .

As noted in Paper I,vthe accumulative effect of thesek;éak
:1nteraétions should lead to furtber;depreésion of the higher
excited ﬁerm-multiplets. 'However; 1t 1é.generg11y acéepted
that ohly a completé-CI treatment, including both stfqhg

and weakly interacting configu;ationé, willlerase this maJéra;
remaining discrepancy between theoreticélly;pfedictéd and -

the cbserved energy level schemes. Since this problem is;

currently insurmountable, we must be content for the present

to introduce all the available CI into qﬁ::calculations in

R AZ VTS

hopes that these additional refinements will further éhpanée

the value of our model.

1J. A. Barnes,~B. L. Carroll and L. M. Flores, J. Chem.
Phys., (To be published), hereafter referred to as Paper I.

?K. Rajnak and B. G. Wybourne, Phys. Rev. 132, 280 (1963).
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Conr;gggnéion,Intqraccion Matrix Elements
To obtain the second-ordei correction to the Coulomb matrix

elements, we apply -

- )
AE, - S

As,noted’ih,Paﬁer I, AE* may be apprdximated by the avérage -~

‘ energy separation, AE , or'fhe 1h configuration and the

: particular perturbing configuration to allow the summation

over the perturbing_state;, Vo to be simplified%

.Td appiy Eq. (1), we must evaluate the maprix eiements

(lnySLIHclv),; where ﬁ& is t@e-Cohiomﬁ-aper&tor; between

L]
the interacting configurations, a" and 1|“1 +ln+l

- These matrix elements are given by the general expression’,

'f(1“ysL|Hc|1n*1(y'is'-L'!)[l'“l *1s] ;SL)

s 1/2
S'!'-S-s8 (n+1)(2S*'+1)(2L"''+1)
=0 {e ek

zk: ?‘1"*%{' (1279 %) 10t | 2%

‘{L L k :
X ‘n (k,1111')

1'* 1 L'

DI 1,10 (1“"1v'"{ll’%‘)(-'l)l-"'*m'i'

k

x a(k,1111')  , - o (@
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¢
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.. aPs 000 sy

where

alk, 1111') - (1||c(‘"||1)(1|lc(k)nmn“(nn')

7and sum over k 13 given by ,7 =

- k ' ll-l',' 9. seey lllin (21’1+1") *

~ InEq. (2). the reduced matrix elements of the tensor
~ operators U(k) and- C(k) are gtven by . )

= n{(21) (24 /2 vzs;', (i'*vsr.{‘l.lﬁ-lgm)
x (171380 1Pyt L) 1)5"""“

: L. k LY

o

o L 2 :

‘and

o : ‘ 1 k1
(allck]iin) = (-1)1{(21+2)(211+1) /2 ( : )
. 0 o ‘o

In Eqs. (1), (3);éhd (4), e ,
a b e, - a b o
,( ) and ’ - {
0o o o | ' .

~are the Wigner 3-3 and 6-J symbols The coefficients
(1 ySL{Iln'1 'S'L') are the- coerficients of rractional

parentage 1ntroduced'by Raeahf. The redncedrmatrix‘elemgﬁfs

(3)




ot U'K) ana eppropriate fractional parentage? coefficients

have been tabulated by Nielson and Koster®. The integral

. k(1111'), ocourring in Eq. (2). is the Slater integral‘

Discussion of Tables: - S .-

(a" SLJH, |d“*1( "s”t."n'"1 *lisn) , for the a3 , 4

Tables I - III present a tabulation of the matrix elements,
N

and d5 configurationa, respectively. The calculations were

perfermed in single precision-on the Univac 1108 computer.

' An accuracy of aeven—signifieant rigurea has been established.

n+11.h1 +1

The matrix elements for a given _dn-d interaction

are Hsted in columns below the interacting configurations.
Each matrii element is formed.from the sum of the appropriate

Slater integrals, Rk, multiplied by the coefficients of the

integrals presented in the tables.

Acknowledgement

‘We wish to express our gratitude'tb Mrs. D. A. Barton

for her assistauce infthe preparation of this work. .

‘ This research was performed under gqvernmeht contract

NAS 9-5384.

*C. W. Nielson and G. F. Koster; Spectroacopic Coefficients“
for p", d" and £7 configurations, (M.I.7. Preas, Cambridge,

Mass., 1964).

5J. C. Slater, Quantum Theogz of Atomic Structure Vol 1,
(McGraw-Hill Book Company, New York, 1960)

D - R e U U S S PO B [ U U ————" S LA



A Y Y TN D1 A N D

TABLE 1.

CONFIGURATION INTERACTION MATRIX ELEMENTS FOR &

o S-at

a3.aa*

9 = g

3_gqt

T

LS TILE

‘TVeSL

(L))

2)

({1

2}
R

(VeSLISL §

VoSL

VeSLISL T

00 050 00 130 00 g 95 9ut 0ub Sud $uf 6 Ond 008 000 U8 0uf 090 O3 000 006 0o Skt Gud ug (b b b B8 D8 08 DD B0 PR g Ol S - Y ) S50 0 n8 B e

AR e

o2 888 08080 -~
s 16
nn-na-u-nnu---u-----n-h-h—huuhunnnnnu—nuuunnn
"
-

i e

....lll

1

- 88432571

-N»uunuu-nunnnnnnunﬂuuuunnnunnnu(‘uuu—uununnnn

Zé W

O I ] Co COII“.OOC
ﬂﬂ-‘?

il

[]
-y

il

1. xuau

L

-l.!‘b’ll

*
1

-
3
'l

2.732519%

ARaANaRY R99299R94RGAR0R RARRAARARANANID 13
ARINITNG ZAATHRAATNAIL IAAITARIMIINALT AM
SNSLENSN SPPCNLNOIBTININIO - 298 PNSNS SNSO Soe

NS WD P PWE PRV WD DT DD DU DD DBB AN PP VDD WD P WS WD

G 0u0 bt D0 4 50 4 B Pt Bk D0 Bt b Bt 4

i |

-
~
-
-
3
) )
S b Om G D 550 e O O Gt 0 D0 g P B Bt B B G Bk B4 B B
[
g
L1
(-1
-3
-3
o
L

+IH271168 13,00

1.9820618 T -.30827737 1 =.3213578
1.1952283 1 ~.088373480 7 ~.13280316

"= 35076150 13,2F

1
1
.8
L
T
]

=, 06913247

+JINTRS186

«19281240

«15300359

=, 057723023 1 ~. 06178398
‘o”?ﬂ?‘”

« 31202783
T =.49067623

=.31527049 1 ~.5881a731

~e20163977 1 -.38470864
. ¥ ~.008T39618

o0 Pu P P I b b

020061860 § = IN15277R

(3 =«089020095 1 ~.20891622
+835905304%

«38198434
~.52808519
+15611188

- 60376932
- 8226 L d
«38721762
"o‘mm.
«18430789
«36835A731
=.81127633

1 =+ 72359600

E
4
8
N b
[] [ ]
2832943 334233 g gg 3z
NP =
383“""% 2 33"’“ -] °
1 EEH .éﬁ%%a:%%ssq 2 L 5
~n757d¢u qﬂuu?ﬂrldl ?N n?ll d?

S Sup (ud Sod Dt O P50 Du4 3G Pug ek $u@ $ud Db Dub b P20 G 4 Sug u0 Bud $b Sup 00 04 $u¢ 0uG Du0 Ouh Pug G 0ud Gl bed Dug 0 g DG D6 Dub 0 04 B B8

221331328

-n-.“-‘-nn-‘- P e L P Y I L T Y S L L T I T R N RN Rty

l
(.t
[ T3¢
lo
[ 13
e
M
(Qo

-- &--v---- " G WV PP VWP OB DD WY BV DWW W S




.....

9Te6TTog

S160996°~

S66ILT62 1 dBUdED)

X 1 1

I %G0L00S9°~ 1 LZLSELEN'= 1 TO0610S°2 1 TT2699GTe= 1 d2idEew)

1 OTOV9E920° 1 €L2206%2° T ZET2eTe°T- 1 T d21Qte2)

I DLUCEME - 1 NGO~ I G666666°T I 1 &21aTew)

T Z29066a%°~ I CQTZINZ’~ I 2266269°T I 1 dBlOEen)

I SCoLEOWN® I OCE93COT° I 4666666°T- 1 1 d2tateon)

I v£6216800°- I CT64STZe"= I €S642£0°V I T d2C40T)

I SONGTLES® I D6CTOOWGe I TP06I9G°2- I 1 d2UaLon)

1 1 1 i 1 d2(9T+2)

1 1 1 1 1 dRIaYN)

1 1 1 1 1 dZiegen)

1 1 1 1 1 dRUHE W)

“ s ! 1 1 d2UITeM) d2et
1 1

1 TTIEZCN0T°~ I TTP2EN0T°~ I TT6S098°T I 000000000° T dwidEe2)

I TOTTL90E = & ZEATW6ET10°= 1 Q6GZ99C°T I STECONTR'= I deldEen)

I 0002g¥92°- I 266200Te°- I w982091°2 1 1 detaten)

1 %SeEC209° 1 OLW9E62T°T I 29L2291°¢- I 1 delosen!

" 209612~ “ 6cTEStlTe “ £652998°T I " detLe2) dnet
1

1 ¥ X ¥ 1 ¥ 1 ¥ . 1 UWA) WA

TENTY) 1w 1 T @ 1

1 1 1

“ JPP-P 1 yP5-cP : B 1 S

T R

(penuy3ucd) 1 FTEVI




CONFIGURATION INTERACTION MATRIX ELEMENTS FOR at

TABLE II.

a%.aa%

a%-aa®

LS LA S LEPY L

(YeSLISL T

3 VYesd

(L))

({ 1}

tVeSLISL

VeSL

G 00 5 50 50 0% 0 Sb 54 596 570 P4 50 4 $u6 Pt 0up DUF S Guf SuC u0 Jup 8 050 B0 DR 050 NG U8 P Bl Sg 06 Ok 0t Sk 0u6 Du0 0 VS0 0 Ot 00 B0

e N

-ﬂ---ﬂﬂﬂﬂﬂ-Nﬂﬂﬂﬂﬂ-ﬂ“ﬂﬂﬂ.“...ﬂﬂﬁﬂﬁﬂ-““’ﬂ.-ﬂﬂﬂN

TR

=381y

vt teeee f o
jgatoages  sises 3
R G B §§§
"§adgas  Cioatacas ......-..:fa; ]

+000000000
~e 23328070
10070198
15885

3
I
3
1
¢
4
¢
¢
b ¢
¢
1
1
1
1
¢
1
1
4
¢
]
R
3
1
‘3
‘3
1
3
|
1
‘3
 §
3
1
1
3
1
1
b ¢
1
1

16 3 ~80087006 1
116 1 «295A2MMS

'232332;22‘22222222 hhlﬁtﬁﬁt%ﬂhhﬁ& BHBHHH

(3e2M)S0 T
tSegt)
L 11 3

WA W R WP B WP WD S D O DWW PP WU RGP D PSP NS b -t

2 2 % 8
) 4 ~ [ 4 [ ]
: :g f;&”"5§5 shigsedleal ¢
3 :3§:z§ 2 §§ 5§~§’ <
i o Tt T ' .
, o~ PP
gggg s=e§§5*= g=s§§es§§§s§ :
[ ] ] Te L}
W nEEE ARl
H g peliglh
194 Sk % Riel 2 ik 7

23300047 ! «3.079897
) ¢
1
1
) 4
¢
1
) ¢
1
1
 §
) 4
1

19332983
130580100

|
“»090350760 I '«5.3512M1
-.0’03507’1 1 =2.7928872

040 b o0 (b gt Suh Suh Gug S0 056 =0 Su0 200 (b g $u6 90 Sut ud Gub Iu adr Dud WR0 $u0 SuG b (u@ Oug Suf $ud Gup Gul 08 $uf DuB DuG Pud Pud Puf P ug (ug o9 Py

ettt ket Sﬁiiﬁﬁiiiiiiﬁi 838888388833833

—---n-aaaﬁn a—-n——n-an-a-n Qnu e edenE - T e

.......................................

WP N PP W W W WSV A WU W S  wt NS N ar tw wt Pap o e -

Nell
Qe 3K
3%
16




et gl

R Y ST —

SETevsIE* - 0000000°

. 1 dE(42%)

Al (H3*L)

1 1 t 1 1 1 1 1
T LTSERZE9e 1 LUSERLEY* I CUE99REeE- . 1 dR(3nes) 1 1 1 1 1 OT(12¢€)  QToe
1 3 1 1 1 dR(92+E) 1 1 , t 1 1
1 1 1 1 1 dS(92:%) I SLeSLSL3° 1. 90L.OWET* T T99xie9ct- I 1 0S(s2:6)
1 1 1 1 T dE(oves) I 91oc29etle- 1 0G0226T60° I Owees60°t I I OE(d¢E)
1 3 1 1 1 dE(H2D) I SR20006T* I 003CEGIGE° I 969C680°2~ I 1 QS(d%*®)
H 1 1 1 1 dE(I2¢€)  dE2 1 6CAGO9RT*~ I 6OLeGWNE* 1 0000000° I 000000000° I OS(QE*T)
X 1 g 1 1 I Lcees002* 1 GGPESE02° I C€90LL92°Z- I 26102001°= 1 OS(OBS)
1 SOSTEER3® 1§ SO6PNEE0® T wi909C2°Z- I 99.086060°= T dE(d2eE) I 0Z9cENIZ* 1 ZC6Z969T* I 0L9GE09°T- I ORSIECOE* I 0S(G2+S)
I OSLE(OTG*= I CTETE96L0° I 96IEEL9°T I 2IVIN0OEC* I b (dwes) 1 OWE08026° I €EUELNZ9® 1 w6L9T0N°E~ 1 2C2GOTLZ*= 1 AC(OWIS)
1 oTowwewB0° I 4902LZ6T°- 1 0800000° 1 I d£(Q2¢T) 1 96069T2T0°= I 1ISITEOTE= 1 -GOWOTINE*T I 1 0R(I2E)
I 6CTEL2SCO= 1 SATQOETe® 1 ICTEWTecl- I 1 deeaReC) I O069WSL96°~ I 0694CL9C°~ I £666666°2 1 1 08 e32+€)
1 CLVe90IS*= T WL0069%c= I 2666666°2 1 1 dei0R¢S) 1 LOE6W6LT'~ I GL68L002°= I SOWOTREST I 1 06CaneS)
1 00BWREL9° I 2WEVEIN° I GOCIRWIowe I I dS(QhsS) I %2049622° I IVOTVTOS0° I $096596°T= I 1 0R(82¢C)
1 w0LiOPET - I 05010902 I 8L909ZT°Z I 1 dE(d2eC) I OweTS00T* I ©ICOLISE® 1 CSCOTE9T- 1 1 08(82S)
T LITZOWME® 1 ZTCOTRONT 1 26A6666°2- I 1 dE(d2e%) 1 209.6RSE%= 1 OWEEW9UG = I ILONSEE? 1 1 E(o%S)
1 CS24059c8° I Ual6L2€9° I 6CS000L°T- I I dEtdne) 1 1 1 1 1 0S(HE'T)
1 1 1 1 1 dE(02eC) 1 y 1 1 1 I OR(12¢6) OC*w
1 1 1 1 1 de192¢8) 1 1 1 1 1
1 1 1 1 1 dE(9%e8) I S096539°= I 46096539°= I 9WEE90Z'E 1 1 0S(S9+%)
t x 1 : T dt(42e) I L2TTLLCL0° 1 L6696TEC° 1 WwoRLEt+2= 1 1 CSedeIE)
I 1 1 1 I GEC1296) dCow I TEOWELOG = 1 6260wHT2*~ 1 w666666°3 i 69550662° 1 OS(Q%*E)
1 1 1 1 1 I SenTeCIC® I OVEPBWNT® 1 TLW96WS*E= I 1 0Se4veE)
I T/96820T- 1 9084460 I. 0000060° I 1 01(S2*S) I 6T99699C°= I 0OLWOZ6N"~ I wI26820°% 1 1 O0S(O%eS) OGew
1 SceeesEs: 1 ZeGiwe9 I  9WCLORReE- 1 1 0t(d2e€) 1 i 1 X 1
1 OCSOICOTT 1 SUNCOTES® I 2666666°2= 1 99GH0EE2°= I QT(G2¢T) 1 661299T6c I 920191090°= I %096£96°T= I 1 4T(d3°8)
I SICTRGES - I LeOTERLE*~ I F649%0W'E 1 2C2G0742° 1 QT(OZE) 1 Z6CTIEETs= 1 LINOOCLE® I 0000000° 1 1 3T
1 490TORUEE = I OZLTGHE90° I 00G0000° I 000000000° I Q¥(OZ+S) I 00v9w0lg® I OONONOTE® I 6IONSESZ- I 1 41002°€)
1 £440689€°- I 980CTL69°- I 6082CW9°2 1 1 QTeaees) 1 096CO00E* 1 OTM26EN2° I WEwR6L°T= I 1 48(03¢S)
I 6GVEOSET® 1 TeLe8vea°- I 0000000° 1 1 QEe42e8) I 6OT0ST6L0= 1 OCOESLON°= I OOTTLEOST I OLSNOE0C*= I IT(IRE)
I orceRwes® 1 3WiG06H8* 1 0126126°C~ I 1 QU(82eC) 1 9GGELENI® 1 OGEELTNO® 1 GLTEAOTSN= I O0LLZTVIC I 4T(43¢%)
I STIZeSZX® 1 908L0TTe*- I 0000000° 1 I 0X(92¢5) I €006C29%0°= I TOSOEEC0°~ I w6ILOTE® I 1 ALY
1 1 1 1 1 OT(HRC) 1 T6T00C9E°~ 1 L60WOTEL - I SITIV6°C 1 I JT(03¢6)
1 1 . 1 I QT(I3¢6) QT+ 1 Co66OTTT*- I GGEwRN0S°= I 0610660°2 1 1 JTIH3E)
1 H 1 t 1 1 1 r 1 I SRI2I6)  dTew
1 0SSGRESe® [ GTLESIE I 600260V I I 01(S2¢85) 1 1 1 1 1
I O9BetESE® I LeEPBTEC® 1 w68LETEZ- I I O%(d2:€) I 0E90CE2s~ I FILGWULGSO°~ I V6LOTIT*T 1 1 45(d23°E)
1 TVeWOIN0° I O4OITELI%~ I 0060000° I 00D000000* I QT(QR¢T) I SERICLTN® [ GEITCLTE® I 960908%°2- 1 I 3Kdes)
1 SSOW9eE® I OVGIEOT°= I 0L9GE09°T~ I 29GTCLUS® I QT(GZeS) 1 TeSLBLOT® I S6LeONNE® I 2666666°3- I 1 £(A2T)
1 TOSCAICE*= I TOACTICS*= 1 (W6L9T0w'S [ CILOSCO60°= I QT(G2+S) T 095C093Z°~ I ICTVGH0CO°= I TEEUSCTT 1 1 K 029€)
I TELWNISE® I OGEEEEeS® I 16%e9ed 3~ I 1 QT(42E) 1 Sa0ewGeTe- 1 <O900192° I 0000000° I 1 46(0R4)
I 9¢598L06°= I T8LE%~ T OSIETEN2 1 1 0v(32¢5) 1 SeZWO30%* I OWSZTISET°~ I 0000000° | 1 J5(0%S)
I 6SETO00P0°~ | ISALLEOS® I V6ILOEC T | 1 at(82+€) 1 ETOGEOMT® I CTMSGEOT® I SWweS60°T- I WSTOLOST® I 4E(489€)
I Gcesectec- | eevOTeZL- I STELSES I 107(925)  OFew I4SeSTECR0C I TLOveeni'- I 0000000 | 000000000° I JE(R'S) se2
1 i t _ i 1 1
1 v ' 1 ¥ 1 ¥ 1 TS(ISA) TSeA I v 1 ¥ 1 ¥ 1 M I WSOISA) S0
4 [§ 1]  § [t 3] 1 0  § (T 1] ¢ } § [£1) 1 [t 1] 1 (0) ) § (% 1] 1
1 o 1 o1 S 1 i 1 p 1 .
1 sPP-yP H sP*yP 1 NN g gPP-yP 1 sPYP 1 el
1 1 T 1 1 1
(psnur3uod) ‘11 3TEVL

TN




sa et e

o W

PPN E § 00 0 § 0l 0uk 0u6 S8 Db £5 0n0 06 P24 50 5T O Bb Gt St 00 St D) D6 0 S 6 0u§ ¢

I ¢ I 000000800 I ST(SEE)
280668°T-g I80665°T-1 zoonONEeL I 1 ST{Q3eT)
COPOhOMNt= I BAGER6L° 1 0000000° I 1 STIQR«C)
Q0Ue00000¢ I 000000000° 1 0000000 I 1 ST102:8)
1 1 H T ST(8ReL)
3 1 1 ST(9Re8)
1 1 Y T STelReS} StTe0
1 1 'l 1
il 1 1 6190832 1 ST(S3E)
LovSSeeEe 1 2030T056°- 1 0000000° I 1 STaReT)
GOTOREER® I COGL9¥69° 1 TOWSZNZ*w= I 1 ST{aR+C)
0208L0L0° I OEWABTSO°T I 366066 .-S- [ 1 STIORS)
, 3 1 3 1 STINRee)
1 1 1 1 ST(884S) .
" “ “ “ ST(12¢6) Sty
- GBLBLETE® I GT6IP640° 1 L6166L9°1= 1 291900RC°~ I dE(d¥+f)
CTONTHO® I ESICONINUS, T 6L0LLLGE= I 000000000° 1 dftawet)
BRO9NEET* T STLCHEINT® I C66666L°3- 1 1 dS(a8e T}
SOCOREEE® 3 TOL9AINE® I O0SASw0°3~ I 1 JE10%C)
IBNEINN0°= 1  LB0RLIGT* 1 0000OOLS I 1 d€102¢%)
6CLLGECE = .1 6IOGLICH® I 0000000° I 1 dS(00eG) :
COCLAVR® “ *OL60006° “ J6LOML ¢~ “ m dC(aBe0)  gRo2
¥ 1 ] 1 ] 3 ¥ T ISCISOA)  WSea
th z (¢ ) H ({ 1] 1 @) 1
R 1 . | .
JPPyP S LA L B S
e t
(penutiuod) “II1 F14VL




ou\.ca.u-

10 -

1 132a88iC0= 1 TEANNGLE = T SUGGBLO'E | wLV09E28¢ 1 4B(aT¢M) 1 032063900° 1 OERCESET* 1 0000000° I 000000000°, T
T GLONOROT ~ I  34S4L0SET* 1 0000000°. 1 000000000* I 43(dE¢3) 't GQOEREYI~ I GEOICTTZ°~ 1 GILNCHI'Z 1 OCHONLEZ~ T ST(DT¢H)
1 099COTHE = | wBSOECTN = § B068666°C 1 QOCEYTLE 1 JE(4R¢M) 1 SSL008SC I CONOPOLO°~ 1 QICSCTI6h 1 69TO6SE°= I 92(8E+%)
“ u-’“.“n“” “ mun"“...m".... “:“unuuun“n “ N “uﬂu“nu“ 1 u-eu-:.-. 0933C09T°~ § 200LNGI°T 1 ““.:a..:
, , - ' 1 3C661308°~ T 1€0800LN°~ § LCROWLO°E 1 1 0241T4%)  waeS
1 LOQTEORE0= [ LOREONORO'~ 1 4TGOLOG* I 1 AT(O ) t 1 1 1 1
T T649N e8> ] GOLIRLIN = | 'GOLIEOE'S I T JB(HEH) 1 1 1 1 KRNI L1
“ “ _ “ “ "_xu.n_.a. s 1 1 . 1 1 oh(diow)
' Co 1 Le0LI9ST® - 9SU6E90400° I COLINNTT- ) T oN(OEey)
1 »GTOLONT® I SQINLONE® I HIBEGEG‘d~ | 1 dn(dfed) .. .n.nnonc.n I On000LHS'= T QUETIBLN'H I 1 oh(ORsN)
T 90690693 1 191 0%« 1 #94BYCE°Te | 1.dn(d€¢h) 1 5000R%ET*~ 1 LIOOGES3* | 0000000° i 1 on(atel)
W 1 SL6016nTc I OLBOOCET® I OLOCOORCT~ | 1 an(ogm I 3C0ZCA9C*~ T GT086N02°~ | L3001G9°C 1 1 09(a8eh)
! T SefenTe9° | GRBTHIEE" I 6NRIBLe‘Ne 1 g dn¢asem 1 LT0GSCTIC = § TSONEILE’= 1 OOFOERE°C T OW0CO03T* T ON(ON+H)
. 1 2TCONT9C= 1 JICONPE = 1 6249680°C 1 000000000° 1 Jhldee¥) 1 LWOTEZ0H® I 666E9288° I 0%309Th*k= 3 _ T ON(HE'N)  BheG
1 90TL060C% | GOONETINC® I LOLGEON'T [ TTEON9ST I dv(dEeh) 1 1 1 1 1
1 L1600T08° 1 BteeliNec 1 GSETLOB°E- 3 T dh(0Ceh) 1 1 1 1 1 NS(dEI D)
1 whBONEUB® | el9LUBLE° 1 10898e8eC~ | 1 AWHE*H)  aweg g 1 i 1 I HZ(dE*'Mm
t. i ‘ H H 1 , 1 1 1 1 1 HE(OT43)
1 | I 1 .1 I 9%(81+40) “ 1 1 1 1 KE(0T ')
A 1 1 1 I | 1 08(%1%) ‘ 1 1 1 L HZLOB )
1 ] 1 1 1 08(dbe®y 1 GELELOVZ*= 1 S6INENLNO'= 1 6BBTONST 1 1 H3JTIN)
1 1 1 " 1 1 08(dtiH) 1 CosoBtEG* 1 SEINTLE02® | 09966646°S~ 1 1 HEIARIZ)
, 1 NTNBEEOE* 1 OLORRONT® I - #19309L°3~ 1 1 92012 I Balefhnit= 1 T0SGLLOC'~ 1 #666666°T 1 T HE(4E ¢ ™)
1 198081%3* 1 00 0% | Q6895L6°~ 1 1 0%(Q{ M) 1 166.080€°= 1 GENTLGO2°« 1 6068666°C I I HZ(OT¢D)
1« 08°= 1 L¥EO06SN°~ [ 998%06L°3 I 1 83(0%) 1 GIOnN9360°~ 1 4BTI8108° 1 SCBOR09°- I 1 HE(OTn)
1 61060080 1 TLGLCNONO® 1 9063068°~ 1 1 93({d3+h) ) SeRL900Ne 1 LiC6903 1 9083EE92- | 1 HELOE¢N)
1 LLOCHOTN~ | S088L600°=~ 1 6066066°C 1 . 1084 2) C3) 1S008FRL0= i GRNBTSES = 1 #00L09SH I  #93GSOTT~ T HE(HEM)
1 %0Le8nehc= | §L0008S8¢~ 1 c 1 9RLAR I 1D THBENOLN« 1 Q0SUNGSE -~ 1 £0919Ce°C ) 1 HB(L1Yem)  MR'E
1 9GLOTEETC~ |, 6100WNIR - I 1 LILGON9T T 0B (9%¢3) 1 1 1 1 1 :
. I RLULLLIE = £ oh9E901IC = T LICEPLO'E I QERLLIET’~ 1 %(01+4) 1 1 1 1 1 135840
1 THRTRSIE e T LUTOOAE9 = [  TOB0E14°F 1 LONBGEOT* 1 08(0Ceh) 1 1 1 1 1 13(Sth)
. 1 ‘e i GOLY90G'T 1t T 98 (HEoH) ] ] 1 1 1 12(de-?)
1 1 STBIECe°3~ I T 03(11'm o8¢ 3 1 1 1 1 12(dE'm
1 1 1 . 1 | 1 1 1 v 1 13t012)
' 1 3 1 1 1 0¥(5140) 1 H ] 1. 1 12(Q%'m
1 1 1 ] 1 0B(Steh) 1 1 1 1 1 1210844}
! 1 H H Y 1 .98(de¢®) 1 1 3 g 1 1&tdtem)
N N ] , 1 YRR T N AT 1LY Lo ] 1 1 1 13(4€43)
1 Se6e8037* 1 ®L0i0L18°+« I 0000000° I 1°98(0742) 1 1 o | I T 12(den)
1 T0CHLE63° I OsiehEST° 1 OER1L08°ZT~ I 1 9B(QLM) .1 S4LONOB9S0= [ 968916LT° I 0000000¢ I 1 13(0T+3)
g 3 9COLOELE I 91ee8803° 1 LWONLNO°3- ] - 1.98(0¢M 1 SRLLLLEE = I "B83aNDT°= 1 6LOWOGS'E I 1 12t w)
1 CONTIASE '~ I OCEBOESE°~ 1. #CINNIEC ' 1 1 9B (4Te0) 1 9n60L088° 1§ GONLLE0E® I 2ICLN6LeC- I 1 13(8800)
: L Zoiceghte 1 WRLWIEOBce I 0000000 I 1 98(4e'®) 1 SaTL066L% 1 06850139° .1 BewS96L G~ I I 1Z(HE e
| ",apu.ucan-. “ Sesnndog’ “ SBNLTNT e “ “ oB14Sih) 928 “Mreuooe.-g,- “ 92080694°~ “ CON2CN0°S “ Te9L00C90° “ 1201340 1348
, 1 '] t ¥ 1 [ 1 ¥ 1 ICI8A 1B g ¥ o3 ¥ 1 M 1 ¥ 1 18(IS4A)  SeA
o | ] 1 (¥ ot (0) 1 1 C 1 1t ! 10) 1 ® 1 :
oo 1 - 1 . ,“ , . | 1 1
o ; R LY A % B Ll ety 8 oPP-gP (T Lt LI I R

S . , Lo : .e.wcn SINEWETE XIYLYW NOILOVYHLNI NOILVYND(4NOGD ‘111 978Vl




, 1 X 3 1
5 1 1 1 1 dB(ogim 1 €00000000° 1 000000000° I 0©000000° ! ‘1 QB(ST10)
1 1 1 . | 1 dT(HEi M) ‘1 06OWL90E°~ | OCOYINGNR’~ | GI3062C°2 I 1 OR(STeM
“ “ “ , “ “ dB(ITeh) B¢ | aSQ06NOR0°~ I .aa.o.u.. 1 e““eas.n 1 “ um.u".m,
_ 1 008066GH* 1 TOZEONGN® I TESLWGL'C- I (dEe9)
I Zeav0ge2e I ‘3eh00963° 1 BTCTICT 4= 1 000000008 T dhidied) 1 32-»"3... 1 06CTIOEON0® 1 0000000° I 000600000° I G3(AT+3)
3 G0CTORET ~ I TLECOGHC= I TSOTACE T ] SAEVLE6B'~ 1 dh(dEsM) 1 6P8e00TE" I - L9N6S0TE® I GEEIL02°C~ [ 9£9.00€90°=~ I OF(AT+N) ,
1 TOTO00LN= I CLOWEARLLO®~ T L6NESSO'S 1 - 1 dh(Ofen) 3 BCALEEEY* 1 LWLELO9E® T OWISRTI9°Z~ I 9GOLN69n’= I OT(OC®)
1 (2660180¢ . 9CLETEL*® 1 6vEt8ihohe 1 LI TLT T BL0L0941¢ 1 9L60%e2¥° I 0666066°T- | 1 0Zid1oh)
1 OZOZ0GLE® I O2920948°: . 1 09ICW99°E~ | . 1 de(dt+d) I SENLL0%Z°~ | 0O2W6L6LE° I 0000000° 1 1 02¢48e2)
1 LeiBCOWN*~ 1 CICZRWER’= I 099SHIR°C I 1 dn(dgen) 1 L008006%* 1 OINICITL® 1 LOLGLWO'H= | 1 0Ztasw
1 1 1 3 T dh(egn) T SA906HTI'> 1 089L6902° I 0000000¢ I 1 QR(9T2)
1 1 1 1 I dN(HEIN)  dWIR T GOOREESE® 1 HTT0E9WN’ I SOLOSISeE- I . 1 QBT
1 1 1 1 , 1 1 Ond0eST3* 1 3STeCSEE® I 099L493°2- | 1 OTieg«m)
1 IgSYST32* I TECIST2Z* I 650CEs0°S~ | 1 Q¥($1+0) 1 5 1 1 3 OZ(HE W)
1 29004%080° 1 nGEREANTe~ I 0000000° 1 GZ(STsh) 1 1 H 1 I aZ(I1sem)  aRg
1 6OI2TL6~ 1 O0Q0RRLL9'~ I 2BCLAGL'E I 1 08(d€3) ] 1 H 1 1
1 #5906%000° I 6SEO0NNT< I 0000000° 1 1 Q2tdL ) 1 T.T0609%° I TTL0L602°= 1 0000000 I 1 an(dg*?)
I THEN06N°s 1 CLO6SLUS°~ 1 #936020°2 1 10080497‘~ 1 QE(01¢3) 1 OLOOSLGE® 1 4NTE9182° 1 BTELWGLS~ I 1. gQuidEin)
I T6TLE0090° 1 SePwhZZI*~ [ 0000000° I 000000000° ! OF(QI+h) 1 OBL9ELeE°~ I H390900€°~ I T126L26°C [ 6IPCLHCZe= I ON(OEeH)
T 16169991 T GeiCheed’= I 0000000° I 000000000¢ 1 GB(OE+M) 1 THROVLNG = I TGLECLOL~ 1 ONSTZiwh I OTTORL9Z*~ [ Qu(0S™)
1 EeL9tLBT* 1 00190633°~. 1 0000000° 13 T Q8(dtem) 1 O2L9C80T*= 1 60.69681° I 0000000° I . 1 On(dE'D) ,
" 33»-#383&. “ n"“u.-.%n“.. “ ""nu“”»”., “ “ m““umu.-_“ 1 BT009LNE = 1 LOGHENEZ°~ 1 099€860°C I 1 o.:.a.". ¥
4 whillc= % 1 CTTIIE I Zone060S°* 1 HILEECS*h= I 1 ON(BE*%) =
T S6EMEEER‘- | 0G6ITFSY'~ 1 ITCLVOLC I 1 ac(eted) §oeserenIee g H : HE N 3 ST
T TZGLNRTLO0® I eGH3MEZT°~ I 0000000° I 1 QB(9TsN) 1 1 1 1 1
T OnlOgunt® | eefGLES3°<' T 0000000¢ 3 1 QB(es+h) I 30099.00° I L32L0G9C*=~ 1 9L024LE°S I 1 23(dCT)
1 1 1 | B 1 Q2(HEem I %eGELLSE® 1 IELEHNE® 1 69EN06E°2- | 1 B(dEen)
" . “ “ “ “ 0B¢ellshy 08¢t 3 unnue»..u,. 1 S:B«as. 1 uo:"u..u.. 1 “,_.n.n“.u"
, 1 T3T636°~ 1 QWGZIEBT~ 1 1984492°2 1 4800t -
I 9ZNTeeRt’ I 99SeLONR*~ 1 0000000 I 1 QB(8T7/0) 1 .SS“"». I 2STLLEGLO = | LOEITICO’T I 1 808N
T S099MesEe I TGBOEGOT* 1 GCO00RL*T~ | 1 QB(S1¢h) I G0991GTC°~ 1 2660T8930°= § COSOZCL*T 1 O9REZNI2> I 4TU4T4M)
1 Le9LOZEE® L TGLTLEEE® I O6EYINE'Ge | 1 QB(ded) 1 20208602°~ 1 €1968201°~ 1 6£S9084°T 1 QICICTIZZ® 1 4T(ak )
1 7064914 I 80.933600°~ 1 ECS090L°T~ | . 1 QZ(de¥) 1 Wh90000E°* 1 LEGTOSEE® T ni009C2¢2= 1 96496691 1 J2(dCiM)
I 60CHNEO3'~ 1 €P69I0LE = 1 6LEIL03°C 1 2AZT99T61'~ I GE(QT¢2) 1 SeNSOTBET* I LOOOGWNE* I 681906C°C~ I 1 e1e2)
1 COTOTLEN0® 1 OQUELO6Ce 1 wiGOTTIS T~ 1 102GOTLT°= I Q2(AT¢%) 1 .069L316€°~ I 6408603E°= I (PSUS0E°Z 1 d2(0Tom)
1 OZNESLNS '~ 1 SBNEELNE’~ 1 COLTEOL'S 7 QZCTISTEZ*~ I O2(GL'M) T T0L6ZOCO° 1 wOBERUSZ* 1 T6L9T0wN- ] 1 J2(08+h)
1 G0LLEONE*~ 1 QHLERONE = I 1930828°2 | 1 0B(dleh) 1 080Tengh= 1 £9629662°= I QICTL06°3 1 T JZ(HEoM
1 2T290.C%3°~ 1 4CUOLNT6°~ 1 9680061°2 1 Q2(483) 1 1 3 1 I JB(1Tem)  42eg
1 OFTTOTEE® 1 O6ICOZ68* 1 O6PBUL( 2~ | 1 GZ(4E4) 1 1 1 , 1 1
1 6LT6CE91° 1 TOGER0SE® 1 €9EnG6E S~ 1 © 1 08(8142) I 6EH009CT® I 60LeONNZ°= 1 0000000° I 1 42(dC8)
I CLTLOVIT® 1 G0NOUL090° [ w6#9696°T- | 1 QZ(e1m) o I SET600TN® I OnnEeSSE® 1 6R£1L02°C~ 1 1 42¢dCem)
I SET600TH'~ 1 S489CE06"~ I 9LETLORE I 1 ag(egsm) I 29000CT80°= I LwngEONT* [ 0000000° 1 t 42(08¢2)
1 . 1 1 1 1 OB(HEIh) T 0L6230LT+ 1. #ce06LEY'~ I 180€069°T T 4201 )
1 1 1 i T OB(ITed)  OB¢g I O99R6P08° I 90986908° I TT6CONT*H- I I 4200840  J2eg
z 3 1 1 1 1 b z b 1 ,
¢ L] 4 ¥ 1 ] 1] ¥ 1 98(1848) - I8eA g ) 1 ¥ 1 ) 1 ¥ 1 ISCISIAY 1S
1 (" 1 @ 1 10) 1 2 1 o H th 1 't} 1 (0) 1 2 1 , ,
1 . | MIPRED | . 1 . p 3 . 1 .
1 oPPgP O LA LA S Y LLL AL 9PP-gP S LA L O 2L 'L
3 ¢ | ' 3 e 1
(ponuzivad) 11l F14VL




L4

Wy,

1 1 1 1 000000000° 1 SZ($Ts0’ ~
1 1 I CITOTITG® I SB(STH) -
1 6.8013.2¢- 1 O09S6L6Us* 1 0000000° I 1 S2(a1+T) '
1. 9480300%°= | €68geNR9°~ 1 2€08959°S I 1 $2(0Tem

1 SLWES0LL® [ 606€4090°t I 9102926°9- 1 1 S8(aEeW)

3 t 1 1 1 SE(91+2)

1 1 1 1 1 SE(STsW)

1 1 1 1 1 ST(eCeN) ;

“ “ “ “ “ SE(Item)  §3/8
“ 15940089° 1 159L9¢89° 1 S0uanes 9~ 1soccsn  sos

1 0C00TSET = I S46h6LE8°= [ WOTHELSET I #Z6CONTR'~ I J2(dEe¥)

T 9C0SNOEN‘~ I TONLHTHLO= 1 LZBNISO°E I 899G00TT = I 4Z(dSeN)

1 SINTLEOWs= 1 LCTLEOERs I 6066666°C 1 1 J2(a142)

I G36980LL°~ 1 048000~ I  C920029°Z I 1 S (01w

1 L6neSh0Te= 1 LLOGWN29°~ I HOONG6OE*2 I 1 d2(082%)

1 00086EST* 1 GRSLI¥6G° I €9F0Z0°2- I I d2(d%'m)

1 01969902° I £H0NOTEE° I TIMITZ6°Z- 1 r ol

1 309008 I TLECWN99° I LBONTGSC- I 1 dB(4€™)

1 1 1 1 . 1 dB(8T+3)

1 vy 1 1 1 d2(9Ted)  @Beg
1 1 1 1 1

1 '] 1 ¥ 1 ¥ t ¥ 1 S(ISA 18A

: ) CRN; 1) 1 0 1 13} e

1 1 1

1 oPP-cP 1 oPFgP 1 punTeIvy!

1 t 1

(ponugzuod) “III 3T4VL




	GeneralDisclaimer.pdf
	1969018499.pdf
	0066B02.pdf
	0066B03.pdf
	0066B04.pdf
	0066B05.pdf
	0066B06.pdf
	0066B07.pdf
	0066B08.pdf
	0066B09.pdf
	0066B10.pdf
	0066B11.pdf
	0066B12.pdf
	0066C01.pdf
	0066C02.pdf
	0066C03.pdf
	0066C04.pdf
	0066C05.pdf
	0066C06.pdf
	0066C07.pdf
	0066C08.pdf
	0066C09.pdf
	0066C10.pdf
	0066C11.pdf
	0066C12.pdf
	0066D01.pdf
	0066D02.pdf
	0066D03.pdf
	0066D04.pdf
	0066D05.pdf
	0066D06.pdf
	0066D07.pdf
	0066D08.pdf
	0066D09.pdf
	0066D10.pdf
	0066D11.pdf
	0066D12.pdf
	0066E01.pdf
	0067B02.pdf
	0067B03.pdf
	0067B04.pdf
	0067B05.pdf
	0067B06.pdf
	0067B07.pdf
	0067B08.pdf
	0067B09.pdf
	0067B10.pdf
	0067B11.pdf
	0067B12.pdf
	0067C01.pdf
	0067C02.pdf
	0067C03.pdf


