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FOREWORD

This report presents the results of a nine-month study by Martin Mari-
etta for the National Aeronautics and Space Administration's George C.
Marshall Spaceflight Center. This study, including conceptual design
and simulation of three video guidance systems for spacecraft, was per-
formed under contract NAS8-34679, Development of an Autonomous Video
Rendezvous and Docking System. Significant benefits were obtained trom
previous related work under Martin Marietta IR&D task D-11R.
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SUMMARY

A simple docking aid consisting of three flashing lights has proved
viable for use in an autonomous video rendezvous and docking system for
spacecraft. A television image of this target can be analyzed to de-
termine the relative positions and attitudes of the two spacecraft.

The analysis time is only 100 milliseconds because a simple dedicated
electronic circuit assists in the analysis.

Control systems using this and two other types of docking aids were
evaluated through computer simulation in this study and other approach-
es were considered. However, this three-light system performed much
better than tne others. 1Its accuracy is affected little by tumbling of
the target spacecraft, and in the simulations it was able to cope with
attitude rates up to 20,000 degrees per hour ) about the docking axis.
Its performance with rotation about other axes 1s determined primarily
by the state-estimation and goal-setting portions ¢ the control sys-
tem, not by measurement accuracy.

A physical simulation of the three-light control system would be useful
to verify the validity of the assumptions and mathematical models used
in this study. The simulation should employ scaled target models, a
television camera, and hardware video signal processing electronics.
The simulation should also model the spacecraft control system and the
limitations of a practical spacecraft. This level of detail {s recom-
mended to force consideration of compatibility problems and may reveal
weaknesses in the approach that might not otherwise be detected. This
report includes a discussion of a suitable control system, and Appendix
A discusses a computer program that can serve as the basis for the
physical simulation.
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IT.

INTRODUCTION TO THE PROBLEM

The need for an Automated Rendezvous and Docking System has been shown
in a number of mission models, including those in the Mars sample re-
turn and large space system studies. Several factors make automation
attractive: practical limitations on human interaction, fuel-use and
trajectory optimization requirements, safety, communication limita-
tions, and the need for real-time operation.

The purpose of this study was to identify video techniques that might

be suitable for such an automated system, define the equations and al-
gorithms these techniques would use, and evaluate video guidauce con-

trol systems based on these techniques through computer simulation.

To ensure that practical problems were considered, the simulation was
to model not only the sensor but also methods for dealing with a number
of practical problems, e.g., maintaining control when the target space-
craft leaves the field of view of the guidance sensor. The simulation
also was to model the characteristics and limitations of practical
spacecraft, because this may reveal subtle incompatibilities. A mis-
sion model was then defined to serve as a basis for the simulation.

1n this model the chase vehicle is a general-purpose spacecraft for
repair, refurbistment, and retrieval of other spacecraft. After it is
deployed from the Space Shuttle, it must rendezvous and dock with a
passive target spacecraft that is in a circular orbit about the earth
at an altitude of 300 km. The chase vehicle is illustrated in Figure
II-1 and has the characteristics summarized in Table II-1.

The target spacecraft (Fig. 11-2), is similar to the Long Duration Ex-
posure Facility (LDEF). It has an appropriate docking aid and docking
fixture, but it is passive during the docking operation. It can nei-
ther perform cooperative maneuvers nor maintain a stable attitude. Its
only means of cooperation is turning docking-aid lamps on and off in
response to radio commands.

Each computer simulation was to begin when the coarse rendezvous sys-
tem, which has gotten the chase vehicle to within 1000 feet of the tar-
get, hands control to the video system. The coarse rnndezvous is as-
sumed accurate enough to guarantee that the target is within the field
of view of the video guidance sensor. (Initial target acquisition is
considered in the study but is not modeled in the computer simula-
tions.) It is also assumed that, although fuel represents a signifi-
cant fraction of the vehicle's mass, the mass during the terminal ren-
dezvous can be predicted with reasonable accuracy. Because fuel use
can be measured, this assumption is not unreasonable.

The scope of the study did not include system opti.ization, trajectory
planning, or detailed hardware design.

I1-1
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The Body Coordinate System Used in the Simulations Are Shown

Figure II-1 Chase Vehicle Modeled ;or C:imputer Simulations

Table II-1 Chase Vehicle Characteristics

Vehicle Size: Length: S5m
Width: 13m

Height: 4.5m

Vehicle Mass: 3750 kg (Full Fuel Tank)
1800 kg (Empty Fuel Tank)

Fuel: Monopropellant Hydrazine with GN2 Blowdown

Approximate Translational Acceleration Authority (Each Axis): 0.1 m/sz*

Approximate Angular Acceleration Authority (Each Axis): 0.037 rad/azi

Ig;al Impulse: 4.9 x 106 Neg*

p——

Moments of Inertia (kg°m2):

Full Fuel Tank Empty Fuel Tank

Roll 4240 1910
Pitch 5110 2300
Yaw 5030 2260

* These Characteristies Var, with Fuel Load

I1-2
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Figure II-2 Target Spacecraft Modeled for Computer Simulations
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Note tne Jegative X dxts s Chown: (Chase Ventcele md Jursc:
X fzes Are Parallel when the Iwe Spacecralt Are [ weld.

1l=3

S



WP LA

Conclusions and
Recommendations

Conciusions and
Recommendastions



IIT.

A.

ORM JAL PACE IS
OF POOR QUALITY

COLCLUSIONS AND RECOMMENDATIONS

A THREE-LIGHT DOCKING AID IS RECOMMENDED

0f the three v.deo guidance systems simulated in this study, the best
system used the three-light docking aid shown in Figure III-1l. Not
only was it the simplest of the three systems, it was also the only
system thut worked reliably in the simulations.

Docking Aid

on Target
(3 Lights in
T Pattern)
A/ |
=~ —
/
//\\ N
\\
//\)\
AN
—
// \
— —
Docking Axis

Television Camera
on Chase Vehicle

Figure III~1 Fiashing-Light Docking Aid

It was not accuracy that made this system best; it consistently outper-
formed the others even though the resoluticn and target size that were
simulated gave it the poorest accuracy at long range. 1Its advantage
was that it could measure both relative position and relative attitude
from a single observation. The other systems had to resolve ambigu-
ities in attitude by combining two successive measurements, an approach

the simulation results proved to be dangerous.

The problem with the other two systems could be solved by modifying the
docking aids slightly. For example, one of these systems used a ring
of lights on the target spacecraft for a docking aid. By observing the
target, the guidance system can determine that the camera lies some-
where on a circle about the docking aris, but it cannot determine the
camera's position on the circle. The addition of one light (Fig.
I111-2) would greatly improve the performance of the guidance system by

I11-1
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uniquely defining the direction to the docking axis. Unfortunately,
this approach results in a system that is more complicated than the
three-light system because the modification requires adding a way of
distinguishing between the ring of lights and the added light. Fur-
ther, target roll about the docking axis still cannot be observed with

this system.

Docking iy
Axis '/)iy<
Added
Center

Light.
2 Original Ring of
Lights

Figure III=2 Modification to Ringwof=Lights Docking Aid
Target Roll about the Docking Axis Is Still Not Observable,
but the Direction to the Docking Axis Is Uniquely Defined.

The other system simulated used a docking aid that projects a rainbow
of light in each of two directionz. Color sensing and stereo range-
finding are used in this system to uniquely define the chase vehicle's
position. Relative attitude, however, is ambiguous because chase ve-
hicle rotation about the line of sight is not observable. The problem
could be solved by adding some means for seunsing this rotation, but
this system is already the most complex of the three.

ANY FACTORS DETERMINE PERFOPMANCE

The video guidance system must do much more than determine the current
pesition and actitude. [L must also turn chase vehicle thrusters on
and off to steer a safe course from the current position to the target
spacecraft. It must ensure that the chase vehicle arrives at the tar-
get with the proper attitude and that the two spacecraft contact at low
velocity. It must 3lso align the chase vehicle's docking fixture prop-
erly with the docking fixture on the target spacecraft. In the process
of doing these things, it must 1 it allow the target's image to leave
the field of view of its television camera for more than a moment.

A control system may perform these furctions poorly despite accurate
knowledge of relative position and attitude. 1In this study we tried to
uncover subtle incampatibilities between video guidance techniques and
the remainder of the control system by modeling a complete system. If
we had not, problems with the "rainbow"” and "ring-of-1light™ approaches
might have gone undiscovered. The problem in evaluating the systems

I11-2

v
. M

ot & e <

aramgon s

-



this way is that pcrformance depends ¢un Lhe entire system and not just
the video guidance technique. If the system as a whole does not make
effective use of the video information, there is a danger that a poten-
tially useful technique will be rejected.

For example, we found that a small change in the goal-setting logic of
the contrcl system made a great difference in the ability of the
three-light system to cope with tumbling targets. Suitable changes in
the other simulations might have made the "rainbow” and "ring-of-
lights” approaches look more attractive.

While we do not believe that such changes would have altered the con-
clusions of the study (the three-light system is still simplest and
least sensitive to the rest of the system), we believe that “"fine-tun-
ing” of the control system for best performance is worth the effort.
We also want to caution the reader that the performance reported here
is not necessarily the best the system might be able to provide.

THE HARD PART 1S THE LAST EIGHT METERS

A system that measures only the distance and direction to the target is
adequate to approach within eight meters of the targe~. At this point
attitude information becomes vital because offsets among the docking
aid, target docking fixture, and target center of mass become major
contributors to alignment errors. The offsets among the camera, chase
vehicle center of mass, and chase vehicle docking fixture make attitude
information doubly important because chase vehicle attitude and posi-
tion must be coutrolled. To further complicate the problem, the target
may be coning and nutating, making it difficult to anticipate attitude
changes.

All three systems performed well at great distances from the target,
and all tnree had problems at close range. The ring-of-lights system
wae totally unable to cope with close range because the relative veloc-
i.y between the chase vehicle and target is small at close range. This
system depends on differences between successive observations to meas-
ure attitude. With the velocity reduced, it was using observations in
which the differences were almost entircly due to random effects.

The "rainbow” system received {ts best attitude information at close
range because small movements produced greater changes in orientation
of the line of sight. But during the last few critical seconds of the
operation, it loses range information because the rangefinder cameras
cannot see the docking aid.

Although the threve-light system maintained good accuracy at close
range, it still had problem:. Small translational movements between
light tlashes made it more difficult to keep the entire target within
the camera's field of view. Target rotation made the problems more
severc. Also, because the equations this system uses for image inter-
pretation are based on orthographic projection, their accuracy became

111-3
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poorer as range decreased: this projection approximates the image's
appearance well only when the range 1s much greater than the distance
between the lights on the docking aid.

Some of the close-range problems might be handled by using two differ-
ent docking aids. A large docking 21d could be used at long range, and
a smaller one with the same geometry could be used for clcse-in opera-
tions. Even if this is done, close range will remain the most diffi-
cult problem.

TUMBLING TARGETS MAKE CONTROL DIFFICULT

Effective operations with tumbling and coning targets will require so-
phisticated state estimators and goal-setting logic. The normal tumble
rate of the target in the mission model for this study is one revolu-
tion per orbit, or 240 degrees per hour. Although the control system
used in the simulations was able to cope with roll rates of over 20,000
degrees per hour about the docking axis, the system had trouble in
keeping the docking aid within the field of view and in docking with
the proper aligmment with rates as small as 1000 degrees per hour in
pitch or yaw. At rates of about 4000 degrees per hour in pitch or yaw,
docking was extremely difficult. The problem is not measurement accur-
acy but control. The structure of the control system presented in
Chapter VIII is adequate for dealing with rotating targets, but the
simplified version used i{n the simulations is inadequate for high tum-
ble rates.

Some fundamental constraints must be kept in mind in refining the con-
trol system. First, the chase vehicle's thrust authority is limited.
If the control system tries to minimize stresses on the docking fix-
tures by staying on the docking axis at all times, the thrusters may
not be able to overcome centrifugal force. If the control system tries
to minimize probhlems with centrifug.l force, it can plan a trajectory
that takes the chase vehicle directly to the point where the target's
docking fixture is predicted to be on arrival. However, this approach
may greatly stress the docking fixtures of both spacecraft. Further, a
slight error in estimating tumble parameters mey cause the docking fix-
tures to miss each other. Solving problems like these was beyond the
scope of the study reported here. We recommend 8 separate study to in-
vestigate possible solutions.

A PHYSICAL SIMULATION SHOULD INCLUDE A CONTROL SYSTEM, CAMERA, AND
TARGET

By modeling an entire six-degree-of-freedom control system, this study
uncovered problems that might have gone unnoticed if only measurements
had been modeled. We highly recommend the same approach in a physical
simulation. This will not be difficult to implement because the com-
puter programs in Appendices A through C already include "dummy" sub-
routines for control of a physical simulator.

111-4
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The simulator should allow positioning of a television camera anywherte
in a large voom under computer control, and have a gimbal set to allow
pointing of the camera. It is not necessary to rotate the target model
because only relative position and attitude are detectable in the tele-~
vision image. Tumbling of any complexity can be simulated, and it is
not necessary to make mechanical changes to switch between simple tum-
bling about the docking axis and a complex coning and nutating motion.
However, the simulated rates must be small enough so only one side of
the tarpet need be visible.

Simulator speed Ls entirely a matter of convenience. Although computer
control will be required to allow simulations to be run in a reasonable
amount ot time, little is gained by running the simulation in exactly
the apoont of time required for am actual operation in space. Although
full-speed operation would show the eftects of image smear and after
images, implementing the system with a solid-state camera and flash
lamps would make these factors insignificant.

To simulate the tull dynamic range of 300 meters to contact, it will
probably be necessary to build two or three different target models.
One of these models would be one or two percent of full scale and would
simulate the appearance of the target at long range. Another would be
much larger, perhaps full scale, and would show the detail visible at
close rames Depending on the dimensions of the room and the accuracy
of the simulator, it may be desirable to use a third model for inter-
mediate vanges.

The results ot this study show that a camera with resolution comparable
to standard television will be suitable. A solid-state camera is at-
tractive tor space because it does not require high voltage and a frag-

ite high=vrcuum camera tube. We therefore recommend the use of a sol-
id-state camerva in the physical simulation. This will help to uucover
subtle problems related to camera problems such as blooming, image

granujarity and resolution, lens adjustments, dead picture elements,
and variations among picture elements in dark signal and sensitivity.

The computer used in the simulations should be equipped with interfaces
to drive the simulator and to receive information from the television
camera. It flashing lights are used, it will also require an interface
to synchrenize light flashes with the computer's calculations. Any
video cignal processing that would be done in hardware in a real space-~
cratt wuld be done in similar hardware iu the simulation to evaluate
hardware desipn problems and shortcomings. Aside from these require-
meats, the computer does not have to be particularly large or fast.

‘The program could, in tact, fit into many personal computers.
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Iv.

A.

1.

THE THREE SYSTEMS THAT WERE SIMULATED

Three separate video guidance systems were simulated in this study.
This chapter describes the technical details, computer models and key
mathematical equations used in each system to derive relative position
and attitude.

One of the most formidable challenges in autonomous video guidance is
recognizing and analyzing the target. The image analysis must be done
quickly, because a long computation delay degrades the performance of
the control system. The analysis must also be accurate, because posi-
tion data will be used to determine velocity and perhaps other parame-
ters. For example, if the target is tumbling rapidly, the control sys-
tem may have to estimate parameters for predicting what the target's
attitude, attitude rate, and rotation axis will be when the twov space-
craft touch.

Whether this is a job for a mainframe computer or an inconspicuous
electronics package depends largely on the design of a docking aid on
the target spacecraft. In all of the simulated systems, the docking
aids were designed to be analyzed with a minimum of onboard intelli-
gence. Each system uses a hardware analyzer that reduces the video
data to a small set of parameters. This approach gives these systems
high speed without placing a heavy burden on the flight computer.

IMAGE OF THREE LIGHTS GIVES ATTITUDE AND POSITION IN FIRST SYSTEM

Description of Technique

The tirst system, developed in 1980 at Martin Marietta undev IR&D task
D-11R, is the simplest of the three systems. It uses a docking aid
that consists of the three lights (Fig. IV-1). By using a simple dedi-
cated electronic circuit and a small routine in the flight computer,
this system can analyze the docking aid in approximately 100 millisec-
onds. The speed and simplicity are achieved by giving the analyzer a
very simple job: finding the coordinates of a spot of light in a tele-
vision image.

The simplification results from the fact that only one lamp is on at a
time. Bright flash lamps are used so that the lamps are by far the
brightest objects in the television image. The dedicated electronic
analyzer can therefore analyze the image by simply finding the coordi-
nates of the center of brightness of the image as a whole.

There are several ways to make individual lamps stand out without

flashing the lamps {n sequence. Colored lights and polarization, for
example, can be used to give each lamp a unique "signature.”
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Figure IV-1 Flashing-Light Docking Aid

Three Sequentially Flashed Lamps Provide Full Rela:ive
Attitude and Position Information with a Minimum of
Computation. In the Bastc Configuration, Lamp Flashes
are Directly Controlled by the Chase Vehicle via a
Radio Commanc Link, Buit Variations Not Requiring a
Command Link Are Discussed in the Text.

However, sequentially-flashed lamps have three significant advantages:

1)

2)

3)

The system can very easily determine which lamp is which.

The flashes can be synchronized to a shutter on the camera so that
light frowm nther sources can gnt to the camera only during the
flash. This reduces the effective brightness of background "clut-
ter" by a factor of 30 but does not change the effective brightness
of the lamp. Further reduction in background lighting can be real-
ized by comparing an image showing the lamp flashing with an imeRe
showing the lamp off.

The flash duiation is short, about a millisecond. This is short
enough to fit into the television camera's retrace interval so that
there is no question about whether the flash occurred before or
after the corresponding picture elements were scanned. Flashing
during the retrace also allows the analyzer to process a different
lamp on each video frame, greatly speeding the analysis. If an
integrating sensor is used (a charge coupled device or vidicon),
the electron image left by the flash will remain in the sensor

until the image is scanned.

When the three lamps are flashed in sequence, high attitude rates may
cause image distortion. This distortion can be partially corrected by
flashing one of the lamps twice, noting the change in the location of
the center of brightness, and adjusting the other two light locations

accordingly.

Iv-2

e | v i 4, o o e

SN



e e A A

ORIGINAL PAGE 1S
OF POOR QUALITY

Camera and Video Processing

The center of brightness or "centroid” of an image is defined by the
coordinates:

X, =k fv(t)x(t)dt/ V(t)dt (v-1)
frame frame
and
Iv-2
X =k fV(t)Y(t)dt// V(t)dt av=
frame trame
where:

k is a constant that depends on scan rate and amplitude;

V is the video signal with blanking and synchronizing pulses removed;

X and Y are the horizontal and vertical deflection, varying frou a neg-
ative value at the left side or bottom of the image to a positive value
of equal magnitude at the right side or top of the image;

t is time.

These coordinates can be computed with analog electronic components
such as multipliers and integrators, cr they can be approximated with
digital components such as counters, adders, and accumulatorg. Multi-
plication of the video signal by the deflection signal is reduced to a
gating operation if the video signal is converted to a two-level digi-
tal signal with a comparator, but careful selection of the comparator
threshold is required to ensure that the lights and background ave
reliably separated by this technique.

The choice of technology for implementing equations (IV-1) and (IV-2)
will depend on a number of factors including environmental factors,
reliability requirements, and camera type. In general, it will be con-
venient to uses an analog approach with vidicons and other cameras that
use an analog deflection signal. A digital approach may be more con-

venient for systems using self-scanned solid-state arrays. Figure IV~2
illustrates the analog approach.
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Figure IV-2 Analog Centroid Computer
The Centroid Coordinates Xc and Yc Are Valid at the End of a Frame.

The Boxes Labeled "at+b" Are Analog Dividers.

Besides computing the image centroid, the video preprocessing circuit
is required to synchronize the scanning of the camera with the flashing
of the lights. This can be done quite easily if the circuit directly
commands the lights by a low-power radio link. This approach has a

nunber of advantages:

1) It is a simple matter to determine which of the three lamps is
flashing if each is commanded individually. (The lamps must be
uniquely identified for proper image interpretation);

2) Operation with multiple targets in the same area is simplified, as
each can be assigned a unique code or radio chanmnel;

3) The lights will flash only when they are needed;

4) Acquisition of the target is simplified;

5) Very little power is required, since the transmitter's operating
range is only 300 meters.

An alternate approach to synchronization, phase locking to independent-
ly flashing lights, may reduce the cost of the total system when one
(or a few) chase vehicles are used for many missions. In guch a sys-
tem, the target cost and complexity are reduced at the expense of a

more complicated chase vehicle system.

When target simplicity is most important, the flash-lamp approach will
be less attractive. The same pattern of three reference points on the
target can be used in a much simpler docking aid, but with retroreflec-
tors and colored filters replacing the flash lamps. A color television
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camera is then used to distinguish among the three points, and a flash-
ing light on the chase vehicle supplies illumination. If lighting is
favorable, cost could be further reduced by using painted spots for the
reference points. In either case, the reference points are distin-
guishable by the ratios among the red, blue, and green camera outputs.
The color-~camera approach allows the video preprocessor to find all
three centroids from a single video frame, sc¢ image distortion from
vehicle motion will not need correction.

After finding the coordinates of the three lamps in the image, the sys-
tem determines the position of the chase vehicle in the instantaneous
target reference frame. The calculations the flight computer uses to
do this are found in subroutine POSIT of the program listing in Appen-
dix A. The calculations are derived from the positions of the lights
in an orthographic projection of the light pattern. This projection 1is
a good approximation to the appearance of the image when the distance
from the camera to the lights is many times greater than the distances
between lights, and although perspective effects become significant at
close range, the equations still properly iudicate the direction to the
docking axis of the target. The perspective effects do not cause seri-
ous problems if the camera and docking aid are set back from the dock-
ing fixtures so that the camera i1s a few meters from the lamps when the
two spacecraft are docked.

Orthographic projection was used in deriving the equations to minimize
the amount of calculation. A more accurate solution could be daveloped
to consider perspective effects, or a correction algorithm could be

used to refine the position estimate provided by the simpler equations
presented here. Unless the camera must be mounted at the very front of
the chase vehicle, such improvements produce little measurable benefit.

Equations Used

There are two aspects to attitude control with this system: the camera
must remain pointed at the docking aid, and the chase vehicle must de-
termine the target spacecraft's attitude and match it to dock proyporly.

Camera pointing is the easiest. Yaw and pitch errors are simple trigo-
nometric functions of the coordinates of the center light's image on
the television screen:

Ooiteh ~ tan=!(vy/f) (1v-3)

- -1 -
eyaw tan~" (uy/f) (IV-=4)
where (uj, vi) are the coordinates of the ith lamp's image on the
camera-focal plane and f 1s the lens focal length. The roll error can
be approximated by the angle between horizontal and the line connecting
the images of the two side lamps:
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8011 = atan2(vi-vy,uz- u;) (1Iv-5)

where atan2 is the FORTRAN two-argument arctangent function. This
formula is accurate only when the camera is in line with the x axis of
the docking aid, but since roll errors are usually unimportant until
the instant of docking, and the guidance system forces the chase vehi-
cle toward this axis, the formula works very well in practice. Subrou-
tine RPY of the simulation program uses these formulas to correct atti-
tude after each light-flashing sequence, as long as the lights are in
the camera's field of view. Alternate formulas that use the “state
estimate” from an onboard mathematical dynamics model are used when the
light cannot be seen. These formulas are found in subroutine ESTRPY, a
complete discussion of which will be found in Chapter VIII.

The more complicated problem of determining target spacecraft attitude
is solved by comparing the camera's position in two different coordi~
nate systems. The first system is a reference frame centered at the
center docking-aid light and parallel to the target-body frame (Fig.
I11-2). This may be called the "docking-aid" frame. The second coordi-
nate system 1s the so—called "primary"” reference frame used for naviga-
tion. The latter frame is a nonrotating frame that is centered at the
center of mass o. the target spacecraft and is parallel to the chase
vehicle body axes at the instant the video guidance system takes con-
trol. (See Chapter VIII for a more complete discussion of this coordi-
nate system.) In the simulation program, the calculations for deriving
target attitude are done in subroutine ATITUD, which calls the lower-
level subroutines FINDCV, QUATRN, and DIRMAT.

Subroutine FINDCV computes the camera's position in a coordin~te system
parallel to the primary coordinate system but centered at the center
light. The equation it uses is:

-f ]
T) u

cC = A
- c

(1v-6)

p[«/fz + uf + v§

in which:

¢, represented in the program as CVPOS, is the required camera position
vector.

p, represented in the program as RHO, is the measured range from the
camera to the docking aid. This value i8 provided by subroutine POSIT,
which was previously discussed.

uz, vy, represented in the program as 'C and VC, are the coordi-
nates of the center light's image at the focal plane of the camers as

in equations (IV-3) through (IV-5).

AT. represented in the programs as ACVT, i{s the tranapose of the
chase vehicle's attitude direction cosine matrix, which is obtained
from the inertial measurement unit.

f, represented in the program as FOCLEN, is the lens focal length.

IvV-6
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To co~  » the target's attitude, the guidaw : <ystem uses c and anoih-
er '+ ..., r, which defines the camera's p.s*./ 1 in the "docking aid”
refer:nce frame. In the program, r is repra= - red by the array RELPOS

and is coupated from the image appearance i- .broutine POSIT. Subrou-
tine QUArTRN computes the target attitide . *nion with the following
formulas;
¥ =1 x¢ icross product) (Iv-7)
W
. -1 (1=
$ = tan (ﬁ) (1v-8)
o |w stncer2y /)yl
- cos(¢/2) (1v-9)
-2(a1 92 ~ 93 qi)
(IvV-10)
S =a_Jaf? - q3? + q52 - q3?
~2(q2 93 + qf q0)
: I(sy/ (2 V‘)
= tan~ " (S,/S - tan~ -
3/S2) - tan (“1 = (Iv-11)
" X bin(G/Z)/Itl
- | X v-12
coc(6/2) a )
q"- g’ 3" (quaternion product--see Appendix D) (1v-13)

in which:
q, represented in the program as QT, is the required quaternion,
r and ¢ are the camera position vectors defined previously,

uj, vy are the coordinates of the image of lamp i at the camera
focal plane, as before,

A., represented in the program as ACV, is the chase vehicle attitude
direction cosine matrix from the inertial measurement unit,

The remalader of the variables are intermediate results.

The physical interpretation of this procedure {s as follows. The vec-
tors r and ¢ both represent the line of sight, or the camera's positicn
with respect to the docking aid, but they are expressed in two differ-
ent coordinate systems that have a common origin. The nnboard computer
knows the orientation of one of those coordinate systems, Yecause that
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system i3 the reference frame for 1ts inertial measurement uuit. The
other coordinate system, which is parallel to the target's body axes,
is unknown.

The computational strategy is to initiaily assume that the two coordi-
nate systems are identical. 1If they ~2re, r and ¢ should have identical
numerical values, and the obser—aiions should agree with predictions
based on projective geometry. 7The assumption is probably wrung, =9
they probably won't.

The computer’'s task is to find a rotation that will give predicted ob-
servations that agree with what the camera sees.

Consider what happens 1f the Jocking aid coordinate system rotates and
r retains its orientation with respect to that system (E_rotateo with
the coordinate system). If the docking-aid coordinate system is ro-
tated to align with the primary frawe, r and ¢ will point in different
directions. This is where the computer starts: assuming that the co-
ordinates systems are aligned and noting that r and ¢ have different
numerical values (Fig. IV-3).

t
Docking Aid * x;
P
Camera on
Chase In (a), r and ¢ Are Aligned But the Coordinate Systems

Vehicle Are Not, This Represent Phsyctal Reality. In (b),
the Ccordinate Systems Have Been Aligned. This Mis-
clighs r =id g,

Figure IV-3 Interpretation of r and ¢

Immediately the computer senses that scaething is wrong. The vectors r

and ¢ don't line up, so the first step is to find a rotation of the
docking-aid coordinate system that will line them up.

The smallest rotatlion that will align r and c {3 a rotation about the
axis defined by the cross product r x ¢ (equation [IV-7]). The magni-
tude of the cross product is |r| c sing , where ¢ is the required rota-
*ion angle. Simila:ly, the dot product rec tsm lglcos ¢ The ratio
of :hese quantities is

Iv-8
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[£[Tc] cos ¢ = ®2am &

which aliows the computer to determine ¢ (equation [1Iv-8]).

(Iv-14)

An axis of rotation and a rotatiom angle define a quaternion (Appendix
D), and this quaternion, q', is computed with equation (IV-9).

This quaternion only partially specifies target attitude; any rotation
of the docking-aid frame about r leaves r and c aligned, so there are
an infinite number of target attitudes to select from, as Figure IV-4
illustrates. Some other method must now be found to find the proper
rotation about the line of sight. The approach here is to use the
appearance of lamps 1 and 3.

(a) (b)

(¢) (d)

Z
t

\
X \t> Yt
1

Figure IV-4 Altermate Attitude Interpretations

An Infinite Number of Target Attitudes Align r and .
Four Possibilities Are Showm in (a) through (d).

A vector from lamp 3 to lamp 1 lies parallel to the docking aid y axis
and points in the -y direction. This vector's orientation in the tele-
vision image can be measured:

vsow ) (1V-15)

6, = tan™! (_._________
1 -(U3 - ul)

Iv-9
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(The minus sign in the argument's denominator shows that the positive
horizontal axis of the image is aligned with the negative y axis of the
chase vehicle.)

The vector's orientation can also be predicted. Suppose that q' rep-
resents the target attitude. If Ay is the direc”ion cosine matrix
that corresponds to q',

T
= - V-16
5=A A |-l (1 )

is a unit vector in the direction of the target's -y axis but expressed
in chase vehicle coordinates. The expression

0
A: -1
0

can be evaluated with equation (D-5) from Appendix D. The result is
equation (IV-10).

The projection of s onto thc y-z plane of the chase vehicle's coordi-
nate system (which is parallel to the camera focal plane) gives the
predicted orientation of the vector in the television image:

83
8, = tan~! rn (1v-17)

Perspective effects may produce errors of approximately one or two de-
grees at close range, because this procedure uses orthographic
projecticn.

The difference between 67 and® ; is the required amount of rotation
about the line of sight, and the axis of rotation is defined by a unit
vector in the direction of r. The axis and rotation define a second
quaternion q" (equation [1V=12)).

Finally, the computer calculates the net rotatiou to get the target
attitude. The associated quaternion is found from the quaternion prod-
uct of q' and g¢" in equation (IV-13).

Mission Constraints and Compatibility

Except for the camera position requivement--the camera must be set back
far enough from the front of the chase vehicle to avoid severe image
distortion--this approach to video guidance imposes few mission con-
straints. For example, it can operate in total darkness or full sun-
light as long as the sun does not enter the field of view. Unlike the
other approaches, this approach allows the docking aid and camera to be
offset from the docking fixture, simplifying the design of the system

Iv-10




and reducing the impact on other systems. Further, it computes posi-
tion and attitude fast encugh to allow its use with targets that tumble
several degrees per second, although other factors may make docking
with such a target impractical. (Other parts of :he control system may
not be able to keep up with such rates, the thrusters may have too lit-
tle control authority, or the docking mechanism may not be strong
enough to withstand the stresses. Moreover, the Kalman filter in the
simulated control systewm was not designed to estimate tumble parame-
ters, and the goal-setting logic used in the system does not optimize
trajectories.) With improvements in these portions of the control sys-
tem, the three-light approach might do much better with tumbling tar-
gets than the simulation results suggest.

Although the system requires a computer, it is likely that an autono-
mous spacecraft will require one with any rendezvous system. Very
little additional hardware is needed beyond what oxe might expect to be
required for other functions. The additional hardware consists of a
television camera, a handful of electronics weighing perhaps two kilo-
grams including packaging, and a low-power command transmitter with a
range of 300 weters. Power requirements will depend on the camera type
and other implementation details, but it is reasonable to assume the
added hardware can be designed to consume less than ten watts. Because
the system is used for only two to four minutes, the energy requirement
is negligible when compared to the requirements of other onboard
systems.

If the flashing-light approach is used, compatibility with target
gpacecraft systems must be considered carefully. The spacecraft must
provide power to the lights and command receiver, and although the en-
ergy requirement is small, it may result in a requirement for solar
panels and a power system on a spacecraft that otherwise has no need
for them. Other potential compatibility problems with the target
spacecraft include interfering with science instruments by blocking
their fields of view, overpowering instruments with bright lights, or
generating electromagnetic interference. The impacts ~n nropulsion ,
telemetry, coarse rendezvous, launch vehicle, and ground support sys-
tems cannot be meaningfully evaluated without specific details of the
mission. However, the small size, ruggedness, low power requirement,
and speed of the technique will minimize problems.

Mcasurement Model for Simulation

The simulation program used the perspective projection techniques de-
scribed in Chapter IX to provide "measurements” from this system. The
program simulated motions of the chase vehicle and target between the
three light tlashes of a single measurement, because this motion pro-
duces image distortion that may affect accuracy. The effective resolu-
tion of the camera is determined by the random shifting of computed
image coordinates in subroutine FLASH. Normally distributed random
shifts were added in horizontal and vertical directions. The mean
shift was zero, which models negligible fixed biases, and the standard
deviation was 1/600th of the width of the field of view, which models
an effective resolutionof 380 television lines. This is comparable
with standard commercial television. Better accuracy was obtained with

Iv-11
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better resolution, and resolution as coarse as 128 lines allowed reli-
able docking with good control.

PROJECTED RAINBOWS AND STEREQ RANGEFINDING FORM SECOND SYSTEM

Description of Technique

In the second system, a beacon on the target spacecraft projects "rain-
bows" of light. The apparent cclor of the beacon, viewed from the
chase vehicle, depends on the angle betwean the docking axis and the
line of sight. If the light from the beacon appears blue, the chase
vehicle is to the left of the docking axis; if the light appears yel-
low, the chase vehicle is on the docking axis; if the light appears
red, the chase vehicle is to the right of the axis. The beacon also
projects a second rainbow and rapidly alternates between the two. The
second rainbow shows whether the chase vehicle is above or below the
docking axis. In the simulations, it was assumed that the beacon is
directly commanded by the chase vehicle by radio, but other approaches
are possible. For example, the chase vehicle could send a radio signal
to indicate which rainbow is active, or the chase vehicle's guidance
system could synchronize to a one-two-off flashing sequence.

To detect the colors, the system uses a prism spectrometer as illus-
trated in Figure IV-5. Light from the beacon is refracted in the
prism, and the angle of refraction is a function of the wavelength or
color of the light. A linear Charge Coupled Device (CCD) array behind
the grating detects this deflected light, and the position of the
brightest spot along the array indicates the color. The system locates
the bright spot with a peak detector that monitors the video signal
from the CCD array. The peak detector records the number of clock
pulses required to scan out the brightest picture element in the line,
and the count is used to compute the wavelength or distance from the

docking axis.

{_ ——————————————— Peak

| Detector “»~4 Latch
|

(Light from Scan

'Beacon Electronics

Optics ]

| géne:t Read-Only

| 1
Figure IV-5 Angle Mecsurement System

Light from the Beacor. Is Deflected by the Prism by an
Angle ¢, Which Depends on Wavelength. The Electronios
Convert This Deflection to a Measurement of the Chase
Vehicle's Angular Separation from the Docking Axis.

IV-12
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Angle
Off Axis
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The two television cameras used in the sterco rangefinder are mounted
on opposite sides of the chase vehicle (Fig. IV-6) to maximize the in-
terocular distance. Both cameras find the center of brightness, the
location of the beacon in the image, by using the centroid detector
technique used in the three-light system. The range to the target is
computed by comparing the center-of-brightness calculations from the
two cameras.

Figure IV-6 Stereo Rangefinder on the Chase Vehicle

The Cameras Are Mounted on Opposite Sides of the
Chase Vehicle for Greatest Stereo Effect. The
Cameras Are Not Gimballed But Mounted at a Fixed
Angle to the Vehicle Frame.

The center-of-brightness information is also used to point the color
detector, which has a much smaller field of view than the cameras.

Because accuracy at 300 meters calls for precise alignment, the cameras
are mounted rigidly to the frame of the chase vehicle; they are not
glmballed.

Figure IV-7 is a block diagram of the rangefinder. Two centroid calcu-
lators, similar to the one in Figure IV-2, calculate the image-plane
coordinates of the iruage of the beacon, and an onboard computer uses
the coordinates to calculate the distance to the target and to keep the
cameras pointed at che target. The system provides 30 range measure-
ments per second.

1v-13
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Video Centroid Centroid
tzizra Calculator y
? Computer Flight
+¢ : Threshold Interface Computer
L}
¥
Right | yideo Centroid Centroid
Camera Calculator
Scan Power to | Power
Electronics All Blocks Supply
Figure IV-7 Stereo Rangefinder Block Diagram
The Video Signals from the Cameras Are Processed to
Determine the Center of Brightness for the Images
cf a Beacon on the Target Spacecraft. The Range Is
Updated by an Onboard Computer Using Equatio: (4-18).
The Centroid Calculators Are tie Same As in Figure
IV-3.
2. Equations Used
The range formula* is:
fd(X, + X))
pm—>=t L (1V-18)

2 2
(X, +X)° = L(a%)
where

P i1s the estimated range,

d is the interocular distance (see Figure IV-8),

f 1s the camera lens focal length,

X gand X, are the distances along the image plane from the center of
the field of view to the image center of brightness for the left and
right cameras, respectively, and

AX is the tolerance on Xy and X,, which includes:

- The effects of having discrete photosensitive sites in the image
plane,

- Uncertainty in camera boresighting,

- Scan position uncertainty;

®Equations IV-18 and IV-19 are derived in Table IV-1.
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- Tolerances in the electronics that calculate the center of bright-
ness of the image,
- Iimage blur from motion and lens imperfections.

¥ AN \\ /

2AR

D Estimated Position
of Beacon

! ZON
[R N

i

¥ Al Left Camera Right Camera Lens Center
-— d >
) H C \\\\\ Focal Plane
B\__—-\~ \——-\),(ﬁ-t‘_~
nx % r 28X

Figure IV-8 The Stereo Rangefinding System and Nomenclature

Because the Guidance System Will Keep the Chase Vehicle Cameras
Pointed Toward the Target, the Range Will Equal the Distance
along the Perpendicular from the Camera Image Plane to the
Object. Uncertainty (AX) in the Image Position Causes Uncer-
tainty in Range (AR).

In the simulation program (Appendix B) this formula is implemented in
subroutine POSIT, where P is represented by the variable RHO. If reso-
lution is the only significant limitation on accuracy, the relative
measurement error for moderate values of P is

AR 2pAX
e -f-%—- (1V-19)

The candidate system, for which AX = (line length)/750, has a measure-
ment er.or of approximately (0.2p/d) percent of the true range.

Figure IV~9 is a graph of percent error versus range for a rangefinder
with 256 line resolution. Although the accuracy is +15% at the start
of the rendezvous operation, the system achieves accuracy better than
5% a. ranges where accuracy is critical.
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Table IV-1 Derivation of Formulag (IV-18) and (IV-19)

1. Range - Consider the diagram in Figure IV .. The maximum possible
range, Rj, can be determined by noting the similar triangles ABC and
ADE. Since the ratios among the sides of similar triangles are equal,

AE = (R))(X, - 8x)/f (1V-20)
The same reasoning for the right camera gives

d - AE = (R))(X_ - Mx)/f (1v-21)
Combining (IV-20) and (IV-21) gives

(R (X, = Ax) . (R (X, = 4x) (1vV-22)

= AE+d-AE = d

f f

which can be manipulated algebraically to give the maximum possible
range:

Rl - fd/(xl + Xr - ZAX) (IV-23)
The same reasoning gives the minimum possible range:

R, = fdﬂk‘ + X+ 28x). (1v-24)
The average of R; and Ry is the estimated range:

fd(x2 + xr)
(1V-25)

p=X%Ry +R2 ) = 2
(X, + xt)2 - 4(8%)

2. Range Tolerance - The range tolerance is half the difference be-
tween R} and Rj:

2fdAx
AR = %(R; = Rp) = -
(X, + X )2 = 4(ax)? (1v-26)

Dividing (IV-26) by (IV-25) gives the relative error

AR _2ax
b X +X (1v-27)
1) r

At moderate ranges, (Xg + xr)2 >> 4(Ax)2. [In the candidate sys-
tem, (X, + Xr)2 is over 40 times as large as 4(ax)2 for ranges to

300 mo]

SoA X can be ignored in (IV-25) with little error:

. fd
(1v-28)
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Table IV-1 Conel

Substitution of (IV-28) into (IV-27) gives

AR . 2pAx

r -%d— (1v-29)
15p

10

Slope 0.05%/m

A A "l
0 100 200
Range, m 300

Figure IV-9  Percen® Error ve Range for Stereo Rangefinding System
With a i0-degree Field of View and 256 Pixels Per Line. The Percentage
Error Increases Linearly with Range at the Rate of 0.05%/m.

Because the two cameras used for stereo ranging are not gimballed, they
cannot look "cross-eyed” at the beacon. As the beacon moves betweeen
the cameras in the last moments before contact, it leaves the fields of
view of both cameras. A third camera 1s therefore used to allow at
least pointing, if not ranging, during the last few seconds of the
docking operation. This camera is mounted very close to the docking
fixture so that the beacon will always be in its field of view.

The third camera has a circuit like the one in Figure IV-2 to compute
the beacon's center of brightness. The coordinates from this circuit
are used in the flight computer to compute a vector c, which defines
the camera's position in a coordi.ate system parallel to the primary
coordinate system but centered at the beacon. The equation used 1s
identical to equation (IV-6), except that the variable ¢ (range) now
comes from the stareo rangefinding system. The vector ¢ plays the
same role in this guidance system as in the three-light system.

Iv-17
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From the data provided bv the beacon color analyzer, the system "knows"
its angular separation from the docking axis. The analyzer provides
two angles, one for horizootal error ("yaw"”) and one for vertical error
(“pitch"). Ttese angles are combined with the range information (p) tc
give r, the ramera's position in a reference frame that is parallel to
the target's body axes but centered at the " 2acon. In the simulation
program in Appendix B, the calculations are found in subroutine POSIT,
and r is represented by the variable RELPOS.

The flight computer therefore has available to it vectors that are
analogous to the r and c vectors of the three-light system.

Unfortunately, the computer has no information to help it resolve the
ambiguity in orientation about the line of sight. Unless it can re-
solve this ambiguity, it cannot determine which way to steer to get to
the docking axis.

The solution to this problem is found in combining two separate meas-
urements. Suppose, for example, that one measurement gives r and c and
that the second measurement gives r' and c¢'. If the measurements are
closely spaced in time, the target's attitude will not have time to
change appreciably. Therefore only two coordinate systems are in-
volved: the primary system, which is known, and the target system,
which 1s to be computed. If A is the direction cosine matrix (see
Appendix D) giving the target's attitude with respect to the primary
frame,

I=A c, and (1V-30)

r' = A ¢', (Iv-31)

This is true because r and r' are expressed in a frame parallel to the
target frame and the frame in which ¢ and ¢' are expressed is parallel
to the primary frame and has the same origin as the frame for r and r'.

The relationship illustrated in equations (IV-30) and (IV-31) holds for
any pair of vectors expressed in these two frames. For example, the
cross product of ¢ and c¢' is related to the cross product of r and r’
by the same direction cosine matrix. So the relationship holds betweer
the two matrices:

M = N .

r [ir; i l‘r] and (1v-32)
e = [—i-cg I : l‘.c] (1v-33)
in which : (1v-34)
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r X.E' c x c!
L 3T L&~Toxeo7 (1v-35)

(1Iv-36)
komiocl Eiocl

Because of the way M, and M, are constructed (they are 3x3 ma-
trices in which each column is a uuit vector of a rectangular coordi-
nate system), these matrices have the special property that their in-
verses are equal to their transposes. The flight computer can there-
fore find A from these matrices by the formula:

A - M M . (IV'37)
t r ¢

In the simulation, this formula is evaluated in subroutine QUATRN. The
validity and usefulness of the formula depends on two requirements:

1) The vector r must differ significantly in orientation from r', and
c must differ significantly from c¢'. Otherwise, small errors in
these vectors may make the results totally random.

2) The target spacecraft must not rotate much between the time r and c
are measured and the time Ef and g' are measured.

Unfortunately these two requirements conflict: 1if the two measurement
sets are taken in rapid succession to minimize target rotation between
readings, the measurement sets will differ by very little. However, if
there is much delay between the two sets, the target may have rotated
enough to invalidate the assumptions behind the formula. The delay

also requires the chase vehicle to use stale data for an extended per-
iod of time.

In the simulation program we tried only one approach to dealing with
this conflict: we attempted to optimize the time interval between
measurements. There are alternative strategies.

Oue strategy is to move the chase vehicle in a path perpendicular to
the line of sight from time to time to maximize the difference between
the measurement sets. This strategy would be combined with an expanded
Kalman filter that estimates target tumble parameters. The additional
cost in system complexity would be small, but th= approach wastes fuel
and places a much heavier burden on the flight computer.

An alternate strategy is to use two color-decoding circuits instead of
one. One would be placed midway between the middle camera and the left
camera; the other would be placed midway between the middle camera and
the right camera. The resulting system would provide two separate
color/rangefinder systems that would allow simultaneous measurement of
both sets of data. Because of the close spacing nf the instruments,
the vectors in the two sets would be almost parallel until the chase
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vehicle gets close to the target. Tiis implies that good attitude in-
formation is not available at great aistances. If the target's tunble
rate is small enough so that elaborate trajectory planning is not re-
quired, this should cause few problems.

We did not simulate these approaches, because we felt rthat chey would
result {n & system that was so much more complex and expcusive than the
three-light system that even if they worked well, they would not be
recommended .

Mission Constraints and Compatibility

Camera placement 1s a bigger concern with this approach than with the
three-light system. Although the beacon, ceunter camera, and color
analyzer could be offset from the docking fixtures, there is a risk in
doing so. The problem is that the algorithm for computing target atti-
tude is not very robust. The factors discussed previously (too little
chase vehicle motion or excessive target attitude change betweeen meas-
urements) can cause errors in attitude computations. This problem is
compounded when the stereo ranging cystem becomes "blind"” during the
critical seconds just before docking as the beacon moves between the
cameras, out of thair fields of view.

The loss of stereo ranging might be cured by making the outboard camer-
as "crosseyed.” Although time did not permit a simulation of this mod-
frication, we believe it will greatly improve performance at close
range. However, this change tightens constraints on camera placement
and spacecraft design, since it will be harder to avoid obstructing the
fields of view of the cameras.

Because the "rainbow” beacon approach requires a significant delay
between observations to properly derive target attitude, the approach
is inherently slower than the three-light approach. We do not recom-
mend it for use with rapidly tumbling targets. With modifications to
the Kalman filter, it may be able to cope with modest tumble rates, but
this has not becn demonstrated.

The burden on the anboard computer is greater with this approach than
it was with the three-light approach, and it requires more hardware on
the target and chase vehicle. If one considers only the hardware that
would not be reyuired w .nout the video guidance system, the difference
in quantity is approximately a factor of five. The power requirement
and welight can also be expected to increase by a factor of five. Fur~-
thermore, the hardware in the "rainbow” system {s more complex and less
rugged.

The beacon cannot use flash lamps, because it must produce a continuous
spectrum. Although careful design may allow 1 low-power rainbow pro-
Jection system, we doubt that power consumption can be reduced tc with-
in a factor of ten of what is possible with a three~light system.
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Measurement Model for Simulation

The measurement model for simulating the television camerwss in the
"rainbow” system was identical to the model used for the three~light
system. The same resolution was modeled, and the same assumptions were
made. The calculations are in subroutine CENTRD.

The model for the rainbow itsell, however, is unique. The program
first computes the true angular error from the docking axis about the
target z and y axes. 1his calculation fully takes into consideration
the offset between the beacon and the target snacecraft center of mass
and the offset between the color analyzer and the center of mass of the
chase vehicle.

The validity of the measurement is then tested. If the color decoder
cannot “see” the beacon, the program recognizes that the measurement is
unuseable, and the guidance system ignores tho measurement.

Otherwise, the program adds a random number to the compu:ed angle to
simulate imperfections in the system. The accuracy of a "pitch” meas-
urement can be expected to deteriorate when tb: "yaw” angle becomes
large. Similarly, "yaw" measurements will be poor when the “"pitch”
angle is large. As the colors get crowded close together near the axis
about which they are spread out, it becomes harder to separate them.
The program models this effect by making the corruption to "vaw” meas-
urements proportional to "pitch” and by making the corruption to
"pitch” measurements proportional to “"yaw."

The program then rounds off the simulated measurements to the nearest
multiple of 0.0l radian and limits the range of measurements to + 1
radian. This procedure models the inherent quantization in the ;hgle
decoding circuit and the limited rainbow width achievable with a prac-
tical rainbow projector.

The computations for “yaw” measurements are in subroutine GETYAW. The
computations for "pitch” measurements are found in subroutine GETPCH.
The structures of these subroutines are virtually identical. Subrou-
tine DOCK selects one nr the other of these subroutines for cach meas-

arement to model the fact that both measurement types cannot be taken
simultaneously.

IMAGE OF RING OF LIGHTS LEAVES ROLL UNDEFINED IN THIRD SYSTEM

Description of Technique and Equations Used

Figure IV-10 shows a third docking aid that can be analyzed with a
small dedicated video signal processor. The required circuit (Fig.
IV-11) uses the equations in Figure 1V-12 to analyze a television
image of the docking aid in 1/30 second. In the simulation program of
Appendix C, this hardware analysis is simulated in subroutines LOCATE
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and MCALC. The circuit compites parameters defining an ellipse tha

approximates the appearance of the image. These parameters can be in-
terpreted in software to get position and attitude, except that target
rotations about the target x axis produce no visible effect. This

ambiuguity does not matter if the docking fixture i{s at the center of
the ring of lights and allows mating with an arbitrary roll misalign-
ment and 1f the camera is mounted at the center of the chase vehicle's

docking fixture.

Ring of
8 Lights

IFixture

Figure IV=-10 Ring-of-Lighta Docking Aid

Ring Encircles Docking Fixture. Spacecraft Body Coordinate

Sysetem Is Shown. Pocking-Aid Coordinate System Is Parallel
to Body Frar~ But Centered at the Middle of the Ring of Lights.

Because the video processor analyzes the image as a whole, it is im~-
portant for the ring of lights to be the only significant source of
light in the image. Flashing-light and color-keying approaches can be
used with this docking aid in tne same way they Jere used in the
three-light s/stem. All of the lights in the ring must flash simul-

taneously if flash tubes are used.

The parameters X, and Y. from the scene analysis circuit are the
coordinates of the center of the ellipse on the camera's focal plane.
The moments Iy, Iy, and lyy are intermediate rerulis that aust

be processed further in the ¥light computer. The computer calculates
the e¢llipse semimajor and semiminor axes (a and b, respcctively) and
the rotation of the s mimajor sxis from horizontal (8). The formulas

are:
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0 = "ztan‘l (-I—,—-—_i‘%r-) 2
XX ¥y

Ay = B(1' + 1+ (AT -I' )2+ 4112
1= (I, + 10y (Tex = Lyy)* + 4122

}\ = l/(I' + I' - ] - ' N
2 = Al + 100 ‘l Iy, Iyy)Z +41x§)

a=k \/ max(A;,Ap)
b=k \’max(xl,kz)

(1v-38)

(Iv-39)

(IV-40)

(1V-41)

(IV-42)

where k is a constant that depends slightly on the exact target geome-

try.

In this simulation, which models eight-point light sources,

k =V'2. These calculations are performed in subroutine EPAR in the

simulation program.

Because the roll component of the target's attitude is not observable,
the computer assigns it an arbitrary value. Specifically, roll orien-
tation is assumed to place the camera in the X-Z plane of the docking
aid coordinate system. This coordinate system is parallel to the tar-
get spacecraft system but is centered at the middle of the docking aid.

With this arbitrary roll value assigned, a vector r can be computed,

which is analogous to the vector r in the other iwo video guidance sys-

tems discussed previously. The formulas are:

p = 0,5df/a

B = b/a
-pB
r=fo

p\/l - B2

where:

Pis the range to the target,

(IV-43)

(IV-44)

(IV-45)

B is the ratio of the lengths of the semiminor axis and semimajor axis

of the ellipse,

r is the position of the camera in a reference frame that is parallel
to the target spacecraft frame but centered at the center of the ring

of lights.
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In the simulation program, these equations are implemented in subrou-
tine ELIP, and r is represented by the array RELPOS.

This system also computes a vector ¢, analogous to the vector ¢ in the
other two systems. This vector specifies the camera's location in a
reference frame that is parallel to the "primary" reference frame used
for navigation. The origin of this frame is at the center of the riung
of lights. Equation (IV-6) is used to compute this vector as in the
other two systems, except that X. and Y. from the video-processing
hardware fill the role of uj and vy in the equation.

In the other two systems, r and c were combined to determine the atti-
tude of the target. The same approach is used in this system, but the
details of their use differ.

In the three-light system, there was no ambiguity in the interpretation
of an observation. A single measurement was therefore sufficient to
define the chase vehicle's position. 1In the "rainbow"” system, there
was an ambiguity because target rotations about the line of sight were
not observable. Two different measurements were therefore combined to
determine the target's attitude uniqi=ly.

In the ring-of-lights system, there are two sources of ambiguity.
First, target rotation about its x axis is undetectable. This ambigu-
ity is uuresolvable but causes no problems if the ring of lights en-
circles the docking fixture as was discussed previously. The second
ambiguity is of greater concern; the target's center of mass may be on
either side of the major axis of the ellipse (Fig. IV-13). 1If the
guidance system simply guesses, it will drive the chase vehicle farther
from the docking axis. 1Instead of correcting position errors, it will
make them worse.

Target
Center of
Mass

\

N\
(a) Docking
Axis

Figure IV-13 Two Ellipse Interpretations

In (a) the Chase Vehicle Should Steer Dowm and to the Right
to Reach the Docking Axis. In (b) the Chase Vehicle Should
Steer Up and to the Left. A Wrong Guess Results in an Un-
stable Control System.
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This problem is also solved by combining two measuremenis, but the
method for combining the measurements is completely different.

The procedure starts by picking a plausible interpretation from the

equations:

w=rxc (cross product), (IV-46)

¢ = tan~! (biL), (IV-47)

rec

w 8in(¢/2)/|w| (1V-48)

q' =

cos(¢/2)
These equations are identical to equations (IV-7) through (IV-9), which
were used in the first two systems, and they serve the same purpose
The quaternion q' defines a target attitude that aligns the r
and ¢ vectors. This quaternion must now be corrected for rotation
about the line of sight. 1In the first system this was done by compar-
ing the observed target -y axis with a predicted observation that was
based on q'. With the ring-of-lights docking aid, the ~y axis cannot
be observed. The -x axis, however, is known to lie along the ellipse
minor axis in the image, and this fact can be used to form the correc-
tion for rotation about the line of sight. The reasoning is identical
to that used in deriving equations (IV-10) and (IV-11), but the use of
a different axis results in slightly different formulas:

here.

-ql2
a]® + q3% + q42 - g2 (1V-49)
S =4 [-2(q] qf +q} ql) ,
2(q} af - qf qb)

182
v=tat\=) -0 (1v-50)

where s is the projection of the target -x axis unit vector onto the
chase vehicle's y-z plane. The angley is the amount of rotation about
the line of sight required to make the predicted ellipse appearance
match the ohserved ellipse. The angle 8, the orientation of the el-
lipse in the image, is computed by the video signal processing hardware

shown in Figure IV-11.

The corresponding quaternion is computed with the equations:

1

£ sin(v/2)/|x] (Iv-51)
cos(y/2) '
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The alternate interpretatiun, in which the target spacecraft's center
of mass lies on the opposiie side of the major axis of the ellipse, is
formed by rotating the target 180 degrees about the line of sight.
This rotation is done with the formulas:

o [# Izl
q''" = 0 , (IV-53)

ﬂ* = ﬂﬂ"' . (IV-SI‘)

All these equations are implemented in the simulation program in sub-
routine QUAIRN, where g and g*, the possible target attitude quater-
nions, are represented by the first and second columns of the 4x2 array
QT, respectively.

After the first observation of the target, the guidance system has no
basis for preferring one attitude interpretation over the other, but
after the second and subsequent observations, it can compare q and gq*
from the current observation with the values from the previous observa-
tion. If the target is not tumbling too rapidly, omne pair of attitude
measurements will match closely. This pair can be assumed to represent
the proper image interpretation.

One problem in implementing this method is that the quaternions all
contain arbitrary components representing roll avocut the target x
axis. Some means is required for comparing two quaternions while ig-
noring this roll component in each. Th2 guidance system simulated in
this study makes this comparison with the equations:

a = q;Q1+ q2Q2 + q3Q3 + q4Qy (1V-55)

b = q1Q4 + 92Q3 = 93Q2 ~ Q1 » (IV-56)
§ = cos-l\la2 + b2 (IV-57)

where q and Q are any two quaternions to be compared, and & is smallest
possible Euler angle that will account for the difference between g and
Q, making the most generous assumptions about the arbitrary roll

angle. Here variables a and b are intermediate results and are used
only to simplify equation (IV-57). They should not be confused with
the ellipse parameters used in other formulas.

Equations (IV~55) through (IV-57) are implemented in the simulation
program in subroutine TSTATT. This subroutine is called by subroutine
SELECL to test all possible combinations of old and new target attitude
interpretations to find the best match. SELECl returns pointers that
indicate which pair is assumed to represent the true target attitude.
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The guidance system uses the selected interpretation of the current
observation for control, but it remembers both interpretations tor
testing the next observation and for propagating the state estimate.
Two sets of parameters are maintained for the onboard mathematical dy-
namics model. After each observation it throws away the parameter set
that was based on the target attitude iuniLerpretation that the current
observation shows to be false. This maintenance of two parameter sets
minimizes errors caused by operation with a tumbling target.

Mission Constraints and Compatibility

Because this system cannot detect roll misalignment of the two space-
craft, it is essential that such a misalignment makesno difference.
This requires the camera to be mounted very close to, or even within,
the docking fixture. The ring of lights must encircle the docking fix-
ture of the target spacecraft. Also, the docking fixtures must be de-
signed to operate properly with an arbitrary roll misalignment.

The hardware power requirement for this system will probably be only
slightly more than that of the three-light system, and the hardware is
not much more complex than that system's hardware. The burden on the
flight computer is also slightly greater.

In all other respects, the mission constraints imposed by this system
will be essentially the same as those imposed by the three-light system.

Measurement Model for Simulation

The simulation program used the perspective projection techniques de-
scribed in Chapter [X to provide "measurements' from this system. The
center of brightness coordinates for each light were corrupted to rep-
resent 380~line television resolution. The method used to do this was
the same as the method used with the three-light system. The equations
in Figure IV-12 were simulated with summations that approximated the
required integrals. These calculations are in MCALC of the simulation
program.
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V. Simulation Results and
Discussion

and Discussion

V. Sismde’on Results



SIMULATION RESULTS AND DISCUSSION

THE THREE-LIGHT SYSTEM WORKS BEST

In more than 50 simulations run with the computer programs in Appen-
dices A through C, the three-light version consistently outperformed
the other two systems. Figure V-1 shows six typical trajectories pro-
duced with the three-light system. Each simulation started with the
chase vehicle at a random position approximately 300 meters from the
target spacecraft and was assigned a random initial velocity. Target
attitude varied from one simulation to the next, but the target's atti-
tude rate was zero. In each of these simulations, and several others
not shown, docking was successful.

Figure V-2 and V-3 show the results of similar simulations with the
"rainbow” and ring-of-lights systems, respectively. Both systems per-
formed reasonably well at distances over 150 meters from the target,
but both had trouble at close range. The "rainbow"” system successfully
docked or came very close most of the time, but the final alignment was
never as good as the three-light system achieved. More serious is the
fact that the system occasionally became "confused” and wandered away
from the target. This is what the control system is supposed to do if
the target leaves the field of view of the television cameras. It is a
preprogrammed maneuver to avoid a collision when the systew is

“"blind.” However, the system should not have had to take this action
with such benign starting conditions.

In some simulations where the simulation time limit was increased, the
chase vehicle made another pass at the target when this happened. The
onboard mathematical model, described in Chapter VIII, was provided to
allow recovery from a temporary loss of imagery. We believe, however,
that it is significant that the three-light version did n.t have the
problem.

Three explanations can account for this behavior of the "rainbow"
system:

1) The projected rainbow does not produce valid data when it is viewed
from more than one radian from the docking axis. This restriction
models what we believe to be a reasonable estimate of the limita-
tions of a practical system;

2) The stereo rangefinder's cameras are mounted at the sides of the
chase vehicle, and at close range the image of the beacon moves
toward the edge of each camera's field of view. Because of these
two limitations, small errors in position and attitud. at close
range can cause loss of ranging information or incorrect angle
measurements;

3) The chase vehicle may be moving too little between successive ob-
servations, causing errors in determining the target's attitude.
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(a) (b)

(c) (d)

(e) (f)

Figure V-1
Typical trajectories with three-light system: a) and b) ehow eniire

trajectory; c) through f) are closewp views of the laat 60 m. ALl
trajectories had an initial range of approximately 300 m.
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(a) (b)

(e) (d)

(e) (f)

Figure V-2
Typical Trajectories with rainbow system: a, and b) show entire trajectory;

¢) through ) are closeup vizws of the last 60 m. All trajectories had an
initial range o; approximately 300 m.
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Figure V-3
Typical Trajectories with Ellipse system:
trajectory; ¢) through f) are closewp views of the last 60 m.
trajectories had an initial range of approximately 300 m.

a) and b) show entire
All
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The ring-of-lights system never docked successfully. In fact, in mos’
of the simulations it appeared to actively avoid the target space-
craft. The problem aprears to be in the method it uses to resolve am-
biguity in interpreting the image of the ring of lights. This ambigu-
ity (Fig. 1V-13), is resolved by combining pairs of successive observa-
tions, and the algorithm used is not robust enough to cope with modeled
imperfections in the measurements and control system. We have found no
simple algorithm change that measurably improves performance.

THE THREE-LIGHT SYSTEM WORKS WITH TUMBLING T..kGETS

Because the “"rainbow” and ring-of-lights systems did not work well even
with an inertially stable target, we believed it was pointless to test
them wiih tumbling targets. We therefore concentrated on testing the
threc-light system.

Figure V-4 shows trajectories for target roll rates of 540 to 40,000
degrees per hour. The cuntrol system appears to harndle rates up to
20,000 degrees per hour with good accuracy. Atove this rate, perform-
ance 1s degraded by gvroscopic torques caused by attempting to maincain
roll alignment with the target at all times. If the chase vehicle did
not rotate in synchronism with the target, much better performance
could be expected, because the accuracy of the measurement~ is nct
measurably degraded at 20,000 degrees per hour. (Rotation affects the
measurement accuracy only by moving the lamps, and the motion during
the time an observation takes is only 2 percent of the spacing between
lamps.) However, if the chase vehicle does not rotate, the )cking
fixture must be designed to uccept relative rotation between the two
spacecraft.

Figures V-5 and V-6 show the performance of the three~light system with
target spacecraft that rotate about their pitch and yaw axes. Again
the limiting factor was the control system, not measurement accuracy.
If a control system is to operate with target attitude rates over 700
degrees per hour above these axes, some form of attitude prediction
will probably be needed. This can be implemented without changing the
structure of the contrcl system but will require more parameters in the
onboard mathematical dynamics model described in Chapter VIII. It may
also require an increase in the number of state variables used in the
Kalman filter portion of the control system. The result will be an in-
crease of approximately 20 percent in the computational burden on the
flight computer. We do not believe this wiil be a major problem in
system design.
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(a) (b)
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Figure V-4

Trajectories with three-light system with various target twmble rates
about the docking axie: a) with 540°/hr; b) with 1000%/hr; ¢ with
4000°/hr; d) with 10,000°/hr; e) with 12,000°/hr; and f) witn £0,000%/hr.
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Figure V-5

Trajectories with three-light gsystem with various target tumble ratee about
the pitch axie: a) with 540°/hr; b) with 1000°/hr; e) with 2000°/hr;

d) with 4000°/khr; e) a closeup of d); and f) with 8000°/hr.
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(c) (d)

(e) ()

Figure V-6

Trajectories with threa-light system with various tumble rates about the
yaw axts: a) and b) are a stereo patr with 540°/hr tumble rate; o) with
1000°/hr; d) with 2000°/hr; &) with 4000%/hr; and f) with 8000°/hr.
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THERE IS ONLY ONE OPTION

The selection of the best system does not require a tradeoff matrix
because only the three-light system worked reliability. It is inter-
esting to note, however, that the system would be selected even if the
other systems had performed as well, Consider how the systems compare
in the 10 characteristics summarized in Table V-1. It is better than
the other two systems in almost every column of the table.

The table entries shown in the cost column are only for comparison and
are based on the known costs of hardware of similar complexity. Al-
though the figures do not include such indirect costs as software de-
velopment and impact on other systems, these costs can be expected to
vary roughly in proportion to the hardware costs. None of the systems
requires the expensive packaging associated with high voltage, nomne
requires a zoom lens, and all can operate in the red/near-infrared por-
tion of the spectrum for which inexpensive sensors are available. All
of the systems will require some form of iris or threshold control, and
this control will have comparable complexity in all three systems.
Because the color sensor and rainbow beacon of the "rainbow"” system are
the only elements in any of the systems based on totally untried tech-
nology, the "rainbow” sysiem represents by far the greatest risk.

All three systems have au algorithm hazard in common: they must be able
to determine when the target is not within the television cameras'
field of view. When the distance to the target is great, the video
signal amplitude will fall with the square of the distance to the tar-
get, and it may be difficult to determine whether the target is further
away than expected or is out of the field of view. We recommend a
physical simulation to demonstrate that a hardware system can solve
this problem.

In addition to this common hazard, the "rainbow" and ring-of-lights
systems have the problems discussed previously that caused them to per-
form poorly in the simulations.

The speed of the three-light system is set primarily by the video frame
rate, and the figure shown in Table V-1 is based on standard video
rates. A special-purpose camera might be developed for higher speed.
The other two systems, in contrast, are limited in speed by more funda-~
mental constraints. In both of these systems, two successive observa-
tions are combined to define target attitude. Enough time must be al-
lowed betweeun observations to ensure that the observations are signifi-
cantly different from one another. Therefore these two systems can
never achieve the speed of the three-light system.

Accuracy and television resolution are closely related. The resolution
specified for the three-light system was based on simulations that
showed the system works with resolution three times poorer. A factor
of three safety margin was added to increase confidence while adding
little to the cost; a 380-line resolution is approximately that of
standard television cameras.

V-9
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Tradeoff Matrix for Three Rendeavous and Docking Systems
v oY

)
(2)
(S)
(4

See Text

Chase Vehicle Svstem

For Comparison Unly - Based on Cost per kg of Similar Hardware

Table V-1
e g e e« - e et e g g s ~ . _—
Criterion] T [ | 7] Rugged-
ness
Size and
and Hard-
Hardware | Algorithm Weight ware System
Cost Hazaids (equip [Power Min/Max | Resolution | Relia- [ Compati-
Svscen 1) () Accuracy Speed (&) Required Range Required bilicty {bility
b N 5 SR - [N SR A A [RESE! SR
3-Light $300,000 | Moderate 3% at 20 Up to 10| 0.02 m3 10-15 Watts | 0-300m 380 Good Good
System Meters Measure- | 5 kg Television
ments Lines
473 at per
30U Meters | Second
S e s - - Tl SIS —WT‘—«-~7—-~A—-—~~—7—— Ao -
Rainbow $500,000 | Severe 4% at 20 Up to 1 0.04 mJ 15 Watts 0-300m 380 Fair Fair
System Meters Measure- | 12 kg Television
ment Lines
7% at 300 per
Meters Second
3
Ellipse $300,000 | Severe 412 at 0 | Up to 1 0.03 m |20 Watts 0-300m 380 Good Severe
Svatem Meters Measure- | 8 kg Television Problems
ment Lines
23% at 300 | per
Meters Second
i A - B

Constraint Imposed by Having to Take Two Measurements; If Measurements Arc Too Close, Noise Will Be Dominant




The resolution for the other two systems was specified at a level high
enough to convince us that accuracy was not the dominant cause of fail-
ure. Simulations with much better resolution demonstrated no better
performance.

All three systems are rugged, but the "rainbow" system uses a rainbow
projector and a color detector that may require fragile parts and pre-
cise alignment. The types and the quantity of components make this
system rate the lowest in terms of hardware ruggedness and reliabil-
ity. The differences among the systems are so great in other respects,
however, that this factor is insignificant.

A1l three systems place similar constraints on the system:

1) Nothing must be allowed to block the field of view of the cameras
or color detector;

2) The propulsion system must be able to support the added mass of the
guidance system;

3) The power system must provide power for the additional hardware:

4) The coarse rendezvous system must provide a sufficiently accurate
estimate of the relative positions and velocities of the two space-~
craft to give the video system time to search for the target, lock
on, and begin to track.

Additional constraints are discussed in Chapter IV. However, of the
three systems the three-light system imposes the fewest constraints; it
has only one camera, and the camera does not have to be placed at the
docking fixture, it requires the smallest amount of power and weighs
the least. Even if the other systems worked well, they would place
more constraints on the two spacecraft.

THE 'IARDWARE TECHNOLOGY IS AVAILABLE

The three-light system does not require any new developments in hard-
ware to make it practical. It can use television cameras of standard
resolution and speed operating in a convenient spectral band. The bur-
den on the flight computer is modest and will not require a special
computer design.

We do not recommend, however, that fully autonomous operation be tried
with the first such system built. We recommend that the system be used
first as an aid in remote plloting of the chase vehicle. As the system
proves its ability, it can be given greater autonomy from mission to
mission. This approach of gradually increasiag autonomy minimizes
risks and allows the collection of valuable data that caw be used to
improve system perfonnance.
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VI.

TWO OTHER CANDIDATE SYSTEMS

CORRELATION SYSTEM WAS TOO EXPENSIVE

In most correlation guidance schemes, a reference scene is compared to
the live scene from a television camera. The center of the reference
scene i1s placed at different locations on the live scene, and the cor-
relator computes the quality of the match with each alignment. The
system uses the coordinates that give the best match between scenes for
horizontal and vertical error signals.

The rendezvous system caunnot afford the time to do that because the
misaligonment can be in six degrees of freedom, not just two. The ren-
dezvous system would have to match scenes with several different hori-
zontal displacements for several individual vertical displacem:ats, for
each zoom lens setting for each of several rotations of the camera
about the optical axis, for each of several reference scenes showing
the target from different angles. The number of comparisons required
for each measurement is astounding, perh:ps ten billion at the very
least, and each comparison may require 2000 or more operations.

The number of comparisons must be reduced, and t.uis is possible. The
guidance system can use the centroid-tracking and ellipse-fitting tech-
niques described in Chapter IV to greatly reduce the number of degrees
of freedom. The system we considered used these techniques to countrol
the camera's zoom lens and gimbal set. This was done to keep the tar-
get image centered in the camera's tfield of view, to maintain a con-
stant image size, and to keep the major axis of the best-fit ellipse
horizontal. The eccentricity of the best-fit ellipse was to be used to
select a subset of reference scenes for comparison. The correlator
would then need only to select the reference scene that best matched
the live scene.

Without question this system was the most complex of the five systems
that were evaluated, though it was less complex than pattern interpre-
tation systems and more tolerant of sensor imperfections. It had the
advantage of requiring no special docking aids on the target space-
craft. With modifications to its database of comparison images, it
could, in principle, be used with any target. However, the scheme
could not compete with the other concepts in accuracy or cost.

CURVE~FITTING SCHEME DUPLICATED MSFC EFFORT

R. Dabney of NASA's George C. Marshall Spaceflight Center describes a
video guidance scheme in MSFC memorandum ED15-81-71. His system used
the same ring-of-lights docking aid as one of the systems described in
Chapter IV, but its method for fitting an cllipse to the ring's image

VI-1
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was considerably different, and a different approach was used to cGerive
guidance information from ellipse parameters.

This system was not evaluated under this study, because more could be
gained from the study of systems that had not already been analyzed and

simulated, as this one had.
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VII.

OTHER TECHNIQUES THAT WERE INVESTIGATED

Table VII-1 summarizes the approaches that were considered for use in
the video guidance system. Manv of these are discussed in detail in
Chapters IV and VI. This chapter discusses the rejected apnroaches.

Table VII-1 Techniques Investt jated

- Interpreting an Image of Three Lights

- Fitting an Ellipse to the Image of a Ring of Lights

- Correlation

- Recognition of Corners and Edges

- Projected Pattern from Target

- Recognition of a Bar Pattern on the Target Spacecraft

- Detection of Target Color, which Varies with Observer‘s Position
- Stereo Rangefind:uy

- Stadimetry

- Rangefindiag by Optical Focusing

CORNER/EDGE RECOGNITION IS TOO EXPENSIVE

Many of the studies on robotic vision have concentrated on the detec-
tion of edges and corners. While this approach holds promise in many
robotics applications, it is not recommended for an autonomous video
rendezvous system. There are two redsons:

1) Fast algorithms are easily fcoled. The guidaxe system must con-
tend with an image of extremely high contrast and with shadows that
are almost totally black. Although contrast aids iu the detection
of corners and edges when the target's geometry is simple, the var-
iable collection of instruments on the target g~rcecraft will re-
sult in a complex pattern of shadows that will m:x. 1+ 12e {nterpre-
tation very ditficult.

2) Better algorithms cannot compete in speed or cost. Speed is vital
when the system must operate with tumbling targets, and software
analysis of a complex image cannot come close to the speed of the
other algorithms considered. Further, the better algorithms store
the entire image, which may require as much as a quarter of a mil-
lion bytes of memory. A detailed cost analysis is not required to
conc lude that such a system will be far more expensive than one
that uses one of the selected algorithms.

VII-1

-~ -




BAR PATTERN REQUIRES HIGH RESOLUTION AND GOOD LIGHTING

The Universal Product Code has been highly successful in automating
checkout linez in supermarket-. In principle, a ecimilar bar-code pat-
tern could be used for locating key reference points on a spacecraft.
Although this approach would greatly simplify the target, it greatly
complicates the overall system. First, it requires good lighting to
2nsure that the bar patterns are visible. Because the target may be
tunbiing, sunlight will be unreiiable. While the problem is not insur-
mountable (a backlit pattern might be used, for example), the approach
rema2ins more susceptible to lighting problems than the selected
approaches.

The hardest problem to solve, however, is resolving the details of the
pattern. The pattern must be small if it {s to be effective for iden-
tifying reference points, and the small size makes it difficult to use,
especially when the system must operate at all ranges from zero to over
300 meters. Other techniques such as those discussed in Chapter 1V,
circumvent these problems and provide the same capabilities at a lower
cost.

RANGEFINDING BY OPTICAL FOCUSING IS HARD TO USE

Optical focusing, at first glance, appears to be a simple method for
determining range, but a number of practical problems make it very dif-
ficult to implement:

1) The system does not know what is in focus. A practical guidance
system needs to determine the range to a known refereuce poiat on
the target spacecraft to adjust approach speed for a soft contact
with the target. A simple focusing system attempts to adjust for
maximum sharpness of the image as a whole, and there is no guaran-
tee that a known reference point will be in sharp focus. While
this {s ot a problem at great distances from the target, it may
cause s:vere problems in deriving velocity at close range, and
proper aligmment of the docking fixture may require additional
hardware that partially duplicates the function of the rangefinder.

2) A telephoto lens is required at long range. Lenses with wide
fields of view and modest F numbers have great depth of focus; one
lens setting may produce sharp focusing for any range frcm a few
meters to infinity. A large-aperture telephoto lens is therefore
required ¢t make effecitive use of optical focusing. Such lenses,
however, are expensive and their narrow rields of view introduce
pointing problems. A gimballed pointing mount may be required,
along with a complex state estimation algorithm to keep the target
centered in the field of view of such a lens.

3) Automatic focusing 1s a noisy operation. Sharp focusing is detect-
ed by measuring the high-frequency content in the video signal,
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because sharpest focusing 1s associated with the highest high-spa-
tial-frequency content in an image. Finding the psint of sharpest
focus 1s analogous to finding a point of zero slope on a curve of
sharpness versus lens setting. Both operaticns involve the calcu-
lus operation of differentiation. This operatinn is always “ncisy”
in that it emphasizes signal corruptions, and the double differen-
tiatfon 1s especially noisy. The result is that an accurate system
will be slow, expensive, or both.

Although 1t may be argued that accurate information is not required at
great distances from the target, the simulations have shown that sys-
tems which are not accurate do not work well. The problem i3 that the
guidance system cannot determine the approach rate. Therefore, it al-
lows the chase vehicle to drift away from the target or drives the ve-
hicle toward the target at such a high speed that it cannot stop.
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VIII.

GENERIC VIDEO GUIDANCE SYSTEM

The simulation programs in Appendices A thru C are adaptations of a
single original program called DSIM, which was developed by Martin Mar-
ietta to test our autonomous video rendezvous guidance system. The
program and the guidance system were developed under IR&D project
D-11R. Because a major portion of this guidance system i8s common to
all three simulations, a detailed explanation of the system is
presented.

Figure VIII-1 {s a block diagram of the centrol system, and each block
corresponds, in general, with a subroutine or set of subroutine: in the
simulation programs. The exceptions to this rule are:

1) Telemetry uplink and downlink have not been implemented in these
simulations;

2) Several subroutines simulate television images of the docking zid
and process them to obtain position and target actitude. These
subroutines, which differ among the simulation programs, were writ-
ten to perform specific functions rather than to correspond to
specific hardware modulee in the block diagram;

3) Subrou*ine DOCK in each simulation is the “wiring” among the
blocks; it sequences operations and passes data among blocks.

Table VIII-1
Relationship between Block-Diagram Blocks and Subroutines in the Simulation

Programs
(Block Name Subroutines*
Kalman Filter INCORP, (COMPG, ESTCOV, KALGAN, UPDSTA, UPDCOV)

Mathematical Dynamics Model | PROPES, RPY, ESTRPY

lnertial Measurement 'nit IMU, (PIRMAT, ANGVEC)

Goal-Setting Logic SETGOL

Control Law THRUST, (CNTLAW, ACCEL, FIRTHR)

Thrusters SELECT, (TABLEl, TABLE2, TABLE3)

Chase Vehicle Dynamics PROPTR, 7COMPK1l, COMPK2, COMPK3, CUMPK4. POINT,

STPRIM, ANGVEC, LINACL, MPRIME, FORCE, DIRMAT,
TORQUE, LPRIME, MAKROT, QPRIME)

Target Spacecraft Dynamics TRGATT

* Library routines such as matrix arithmetic routines are not listed.
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Table VIII-1 shows the correspondence between program subroutines and
blocks in the block diagram. Subroutine narmes are shown in parentheses
if they are not the primary routines invclved in implementing a block.
These routines are called on bv the primary routines to implement low-
level details of a function.

™ Lof Controll o {Thrusters o Chase Docking Aid Target
Uplink Law Vehicle —-' on Target [*]Spacecraft
4 Dynamics Spacecraft Dynamics
Target Position
Desired '
A
State - ] ’ ttitude
-FEsti- Chase Vehicle Television
mated Position, Camera on
Goal-Setting State Attitude Chase Vehicle
Logic s
Thruster Command | [ Docking
Command State Link ] Aid
Covariance
Flash Command
, Update ¢
Inertial Mathematical I Kalman Video ™
Measurement Dynamics Filter Preprocessing Downlink
Unit Model [
Measured Chase

Vehicle Attitude

Figure VIII-1 Genexra Video Rendezvous Guidance Systems

Only Major Signal Pathe Are Shoum. The Simulations Reported Here Do
Not Use TM Uplink and Dowmlink, and Only Minimal Forms of the Kalman
Filter, Mathematical Model, and Goal-Setting Logic Were Implemented.

AI

THE KALMAN FTLTER IMPROVES ACCURACY AND DERIVES RATES

The Kalman filter combines observations to fine-tune the parameters in
a mathematical dynamics model, providing accurate estimates of position
and velocity. 1In these simulations, the filter adjusts six parameters,
the x, y, and z components of position a.d velocity of the chase vehi-
cle relative to the target. It can also be expanded to estimate such
other parameters as target tumbling characteristics.

Although a mathematical dynamics model is an essential feature of a
Kalman filter, the model 1s considered to be a separate entity in this
control system for two reasons:

1) The model would be used in the ccntrol system even if the filter
were not. The primary reason the system maintains the model is to
allow it to operate properly even when feedback is interrupted by
obstruction of the camera's view of the target. The model is not
simply a piece of the Kalman filter;
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2)

The model contains parameters that are not adjust2d by the filter.
The parameters include the latest chase vehicle attitude quater-
nion and angular veclocity vector from the inertial measurement
unit, the latest target attitude measurement, information about the
geometry of both spacecraft, an estimate of the mass of the chase
vehicle, optical system parameters, and other data.

The subroutine that implements the Kalman filter is called INCORP.
Each time a new measurement is taken, this subroutine updates the state
estimate (x) and the state covariance matrix (P) by calculating

KPGT (R#GPGT)1 (VIII-1)
xxtK(z-g) » (VI1I-2)
P<(1-KG)P , (VIII-3)

where

K, represented in the programs as KGAIN, is a 6x3 matrix referred to

P,

G,

as the Kalman gain matrix,

repres nted in the program as P, is a 6x06 matrix, the state covar.-
dance matrix,

represented in the programs as G, is a 3x6 matrix, the partial de-
rivative ot the predicted measurement with respect to the state.
Since the measurements in all three simulations are the first three
elements of the state vector, G is a constant with the value

OO+
ol N e]
- C o
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It is, however, "computed” in subroutine COMFG to maximize the use-
fulness of the program for other simulations in which G is not
constant,

represented in the programs as R, is a 3x3 matrix, the measurement
covariance matrix. This matrix is calculated from an empirical
formula in subroutine ESTCOV. The formula was derived by observing
the measurement errors at various ranges in several rendezvous sim-
ulations and fitting a curve to a graph of the mean square error
versus range. In the design of a flight system a similar approach
could be used, but test data and analytically derived tolerances
would be used instead of simulation results,

represented in the programs as ESTATE, is the estimated chase vehi-
cie state. This is a six~element vector, the first three elements
of which represent position along the x, y, and z axes of the so-
called "primary" reference frame. The remaining elements are the
velocity components along these axes. (The primary frame is a non-
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rotating right-handed rectangular coordinate system centered at the
target spacecraft's ceuter of mass but aligned with the body axes
of the chase vehicle at the instant the video guidance system takes
control),

z, represented in the programs as CVPOS, is a three-element measure-
ment vector representing the measured position of the chase vehi-
cle's center of mass in the primary reference frame,

8, which is not explicitly represented in the programs, is the pre-
dicted observation. In these implementations of the control sys-
tem, g is simply the first three elements of x,

I, the 3x3 identity matrix, is not explicitly represented in the
programs.

The Kalman filter form used here does not have the best roundoff and
stability characteristics for flight software, but is ideal for sim-
ulations because it is easy to modify.

THE MATHEMATICAL DYNAMICS MODE]. ALLOWS DEAD RECKONING

The mathematical model embodies the guidance system's knowledge of the
target spacecraft and chase vehicle. Some of this information--posi-
tions of the cameras, docking aids and fixtures with respect to the
spacecraft centers of mass, the optical focal lengths, the thruster lo-
cations, orientations and thrust levels, and similar information--is
known in advance. 1In the simulations, this information is passed to
all subroutines that need it through common blocks. All these common
blocks appear in subroutines INIPAR, where the variables are initial-
ized and the variables' definitions, which vary from one simulation to
the next, are given in comments with the type declarations in that
subroutine.

A second class of information in the mathematical model is measured
data that does not pass through the Kalman filter. Although the nature
and use of this information vary among the three simulations, all three
programs maintain target attitude, chase vehicle attitude, and the co-
ordinates of the lamp images' centers of brightness.

The third class of information, which is identical in all three simula-
tions, is the information processed by the Kalman filter. In the three
simulations this class included only the position and velocity of the
chase vehicle. These collectively referred to as the state estimate
(ESTATE) and the state estimate covariance matrix (P). Additional pa-
rameters could be added to improve performance with tumbling targets.

In addition to a data base, the mathematical model has procedures for
updating and using the data. The largest of these is subroutine
PROPES, which uses numerical integration tn propagate the state esti-
mate and covariance matrix between observations. The formulas {t uses
are
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%= A: K £/ m (VIII-4)

Ax = (x + % % At) At (VIII-5)

A% = At (VIII-6)
T T

6P = (FP + PF~ + NVN')At (VIII-7)

where

K2

|

x and X represent the position, velocity, and acceleration vectors,
;éspecfively. The position vector is the first three elements of
the array ESTATE, and the velocity vector is the second three ele-
ments. The program variable name for x is ACCEL,

is the transpose of the chase vehicle direction cosine matrix, as
measured by the inertial measurement unit, which is modeled in sub-
routine IMU. The variable name in the program is ACVT,

is a constant matrix relating the fonrce magnitudes of all the
thrusters to the force vectors they produce. The variable name in
the programs is AK2,

is a l4-element array in which each element corresponds to the mag-
nitude of the force currently produced by one thruster. The pro-
grams refer to this array as F,

is an estimate of the chase vehicle mass. The programs refer to
this variable as AVGMAS,

is the time interval over which the state estimate is to be propa-
gated. The variable is referred to in the programs as STEP,

is the state estimate covariance matrix. The correspo g vari-
able name in the programs is P,

is the partial derivative of d(ESTATE)/dt with respect to ESTATE,
which, in this context, is the constant matrix.

B 7
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This matrix does not appear explicitly in the programs because its
effect is simply to select elements of P to be added together. The
selection and addition were done more efficieatly by avoiding ma-
trix arithmetic,
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NVNT is a matrix that gives the covariance of stray (unmodeled)
accelerations of the chase vehicle. These accelerations arise
from uncertainty in thruster force magnitude from attitude
changes between the time AT is measurel and the time it is
used, from gravity gradient acceleration, from thruster mis-
alignment, and from roundoff errors in computation. Because
this matrix is sparse (only three elements out of 36 are non-
zero), it is handled without using matrix arithmetic and is not

explicitly represented in the programs.

The mathematical model is also responsible for attitude control. Sub-
routine RPY is used if the docking aid is within the field of view. It
returns the changes in roll, pitch, and yaw required to align the chase
vehicle's x axis with the line of sight between the camera and the
docking aid. Subroutine ESTRPY is used when the docking aid cannot be
seen. It estimates the changes in roll, pitch, and yaw required to
align the chase vehicle's x axis with the line connecting the chase
vehicle's center of mass and the target spacecraft's center of mass.
ESTRPY operates on the state estimate (ESTATE) whereas RPY uses the co-
ordinates of the center of brightness of the docking aid's image.
ESTRPY is the same in all three simulations, but RPY is slightly dif=-
ferent in the three versions because of the differences in the docking
aids among the three systems.

THE INERTIAL MEASUREMENT UNIT PROVIDES ATTITUDE AND ATTITUDE RATE
INFORMAT ION

The guidance system uses the so—called "primary" reference frame to
maintain estimates of relative position and velocity, and of the atti-
tudes of both spacecraft. The primary frame is a nonrotating coordin-
ate system that is initially aligned with the chase vehicle's body axes
at the instant the video guidance system takes control. The center of
the coordinate system is at the target spacecraft's center of mass.
Since both spacecraft rotate with respect to this frame, the guidance
system must measure the chase vehicle's attitude with each video meas-
urement to properly interpret the imagery. Subroutine IMU supplies
simulated attitude measurements from the inertial ressurement unit for
this purpose. The attitude is returned in the form of a direction co-
sine matrix defining the attitude with respect to tue primary frame.

The transpose of tue direction cosine matrix and an angular velocity
vector, used for control system damping, are also returned from the IMU.

The attitude is determined by examining the "true" state of the chase

vehicle, which is maintained in the lé4-element array STATE. Elements

10 through 13 of this array are the current attitude quaternion and de-
fine the attitude with respect to the “truth” coordinate system. Sub-
routine IMU subtracts the initial attitude from the current attitude to
compute attitude with respect to the "primary” reference frame used for
control. It then converts from quaternion notation to direction cosine

notation.
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The angular velocity vector is found from elements 7 through 9 of
STATE, which are the angular momentum vector, and from element 14 of
STATE, which is the chase vehicle mass. The equations are

1= Io + (m—mo)dI/dm (VIII-8)
= 1~1 (VIII-9)

s = AL

where

I, represented in the programs as the 3x3 matrix INERTA, is the

total chase vehicle inertia,

represented in the programs as th2 3x3 matrix INERCV, is the
inertia of the chase vehicle without fuel,

m, Mg , are the mass of the chase vehicle with the current fuel load
and the mass with no fuel, respectively. 1In the programs m is
represented as STATE (10), and mgy is MEMPTY,

dl/dm, represented in the programs by the 3x3 matrix FULDIS, is the
amount of additional inertia added for each unit of fuel,

represented in the progsams by the three-element array ATRATE
(in subroutine IMU) or BODVEL (in subroutine ANTVEC), is the
angular velocitv vector expressed in the chase vehicle's body
coordinate system,

—

. represented in the programs by elements 7 through 9 of STATE,
i{s the anpgular momentum vector of the chase vehicle, expressed
in the "truth” coordinate system,

Ac represented in the program by the 3x3 matvix TACV, is the di-
rection cosine matrix that defines the current chase vehicle
attitude vith respect to the "truth” coordinate system.

In these simulations the IMU returns exact values for attitude and an-
gular momentum. Although it would be easy to add corruptions to these
quantities, this has not been done because the inertial measurement
unit of a real spacecraft can be very accurate for the few minutes a
rendezvous operation requires, and IMU errors will not be a major
contributor t¢ the total error.

GOAL-SETTING LOGIC PROVIDES INTELLIGENCE

The goal-setting logic is a software module in the flight computer and
is responsible for planning, safety, and hazard recognition. For exam-
ple, it examines the state estimate and covariance matrix provided by
te mathematical dynamics model, decides how close it should come to
the target, and where i{ts aim point should be with respect to the cur-
rent position. The simulations use a minimal version of this software;
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a practical flight system might also decide what trajectory will mini-
mize fuel use, determine if the target is tumbling so fast that docking
is impossible, or decide to ask for human assistance via telemetry.

The subroutine that embodies the goal-setting logic is SETGOL. The
three simulation programs use slightly different versions of this rou-
tine because the locations of lights and cameras differ among the simu-
lations. The essential logic, however, is identical.

First, the subroutine picks a desired location for the docking fixture
of the chase vehicle. This point (Fig. VIII-2) will be just beyond the
end of the target spacecraft's docking fixture. It can be expressed in
target coordinates as r = hgy ~ d), where hy, is the location of

the end of the target docking fixture with respect to the target's cen-
ter of mass and d = (d, O, 0)T is a safety margin.

Desired Chase Vehicle
Position, Attitude

Current Chase Vehicle
Position, Attitude

Target.
Spacecraft

Figure VIII-2 Physical Significance of Equation (8=10)
Multiplicatione by A, and Ag Are Done to Convert All Vectors

to the Chase Vehicle's Current Body Coordinate System. Attitude
Control, a Separate Operation, Keeps ﬁdc Pointed Toward the

Target So That, by the Time the Chace Vehicle Reaches Its Goal
the Attitude Is Correct.

The value of d is computed from the state estimate covariance matrix
(P) and has a value of approximately three times the standard deviation
of the position estimate. If the chase vehicle is estimated to be more
than 15 meters from the target's x axis, d is increased to encourage an
approach along the x axis.

When range and velocity are sufficiently small, d is set to zero. If
this were not done, the chase vehicle might hover indefinitely a few

centimeters from contact.

VIII-8




e i A

After r has been determined, the subroutine finds a goal for the chase
vehicle's center of mass, expressed in chase vehicle coordinates, with
the formula

T

v = - - -

v Ac (At(£ Bdc) X) (VII(-10)

where

v, represented in the programs as V3, is the goal for the chase
vehicle's center of mass,

Ay represented in the programs as ACV, is the chase vehicle's at-
titude direction cosine matrix, as measured by the inertial
measurement unit,

Ap s represented in the programs as TRNAT, is the trauspose of the
target's attitude direction cosine matrix, which is derived
from the appearance of the target in the television images,

X, represented in the programs as the first thliree elements of
ESTATE, is the chase vehicle's estimated position in the “pri-
mary” reference frame,

hge, represented in the programs as HDC, is the location of the

chase vehicle's docking fixture with respect to the chase vehi-
cle's center of mass.

Finally, the subroutine defies a "box" or region of space around the
goal. The control law will use this box in selecting thrusters. If
the chase vehicle is already within the box, the control law will at-
tempt to pcevent it from leaving. If it is not within the box, the
control law will attempt to force it to enter the box before a deadline
time has been reached. 1If the chase venicle is within the box and is
not in danger of immediately drifting out of the box, the control law
will not activate any thrusters.

The box concept has two advantages. First, it allows the control law
to work on a single axis at a time and to ignore any interaction. Sec-
ond, it allows control tolerances to be adjusted as a function of the
distance to the target. This prevents waste of fuel at greater dis-
tances from the target where accurate positioning is not important.

The subroutines implement only a very simple version of the box-sizing
strategy.

THE CONTROL LAW DETERMINES IDEAL THRUST VECTORS

The control law, subroutine CNTLAW, converts the velocity estimate
(e lements 4 throuph 6 of ESTATE) to the chase vehicie body coordinates
and then calls on the function ACCEL six times, once for each transla-
tional and rotational axlis. ACCEL returns a value of zero or +1.0
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to indicate the state of an idealized thruster (off, on with positive
thrust, or on with negative thrust). The value is selected to ensure
that limit cycling along the axis the thruster controls is confined to
the "box" defined by the goal-setting logic. The algorithm behind
ACCEL is difficult to state in plain English, but the "pseudocode"
flowchart in Figure VIII-3 shows the essential logic. For a given set
of input parameters, ACCEL defines a simple phase-plane control law.
The input parameters have the effect of adjusting the phase-plane deci-
sion boundaries to accommodate different thrust authorities, decision
intervals, limit cycle envelopes and control bandwidths.

C start )

Is X
T Out of F
Bounds
f)

Will X
Go Out of
Bounds If We
Don't Brake
Now?

Is X
Getting
Farther Away
from the
Goal?

Thrust Will X
Toward Overshoot the
the Goal
Don't Brake
Now? Do
' Nothing
{will X
Overshoot
the Far Limit If We
Accelerate ow} or {Can
X Get to the Near Limit
Before the Deadline,
Allowi
Do Nothing Diitangg,fg; S:a:::§c Accelerate

Accelerate now}?

Figure VIII-3 Essential Logic of Funotion ACCEL
Tne Logic of the Subroutine is Complicated Slightly by the Fact That

The Thrust Directions Reqiired to Implement "Brake,"
"Accelerate," and "Thrust Toward Goal' Depend on the Current

Position and Velocity.
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After r has been determined, the subroutine finds a goal for the chase
vehicle's center of mass, expressed in chase vehicle coordinates, with
the formula

T

v Ac (At(_r_ hvdc) X) (VII[(~10)

where

v, represented in the programs as V3, is the goal for the chase
vehicle's center of mass,

A, represented in the programs as ACV, is the chase vehicle's at-
titude direction cosine matrix, as measured by the inertial
measurement unit,

Ag, represented in the programs as TRNAT, is the transpose of the
target's attitude direction cosine matrix, which is derived
from the appearance of the target in the television images,

X, represented in the programs as the first three elements of
ESTATE, is the chase vehicle's estimated position in the "pri-
mary” reference frame,

hge, represented in the programs as HDC, is the location of the

chase vehicle's docking fixture with respect to the chase vehi-
cle's center of mass.

Finally, the subroutine defies a "box" or region of space around the
goal. The control law will use this box in selecting thrusters. If
the chase vehicle is already within the box, the control taw will at-
tempt to prevent it from leaving. If it is not within the box, the
control law will attempt to force it to enter the box before a deadline
time has beer reached. 1If the chase vehicle is within the box and is
not in danger of immediately drifting out of the box, the control law
will not activate any thrusters.

The box concept has two advantages. First, it allows the control law
to work on a single axis at a time and to ignore any interactjon. Sec-
ond, it allows control tolerances to be adjusted as a function of the
distance to the target. This prevents waste of fuel at greater dis-~
tances from the target where accurate positioning is not important.

The subroutines implement only a very simple version of the box-sizing
strategy.

THE CONTROL LAW DETERMINES IDEAL THRUST VECTORS

The control law, subroutine CNTLAW, converts the velocity estimate
(elements 4 through 6 of ESTATE) to the chase vehicle body coordinates
and then calls on the function ACCEL six times, once for each transla-
tional and rotational axis. ACCEL returns a value of zero or +l.0
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to indicate the state of an idealized thruster (off, on with positive
thrust, or on with negative thrust). The value is selected to ensure
that limit cycling zlong the axis the thruster controls is confined to
the "box” defined by the goal-setting logic. The algorithm behind
ACCEL is difficult to state in plain English. but the "pseudocode”
flowchart in Figure VIII-3 shows the esgsential logic. For a glven set
of input parameters, ACCEL defines a simple phase-plane control law.
The input parameters have the effect of adjusting the phase-plane deci-
sion boundaries to accommodate different thrust authorities, decision
intervals, limit cycle envelopes and control bandwidths.

C start )

Is X
T Out of

‘\\\ Bounds
?

will X
Go Out of
Bounds If We
Dor't Brake
Ncw?

Is X
Getting
Farther Away
from the
Goal?

Thrust will X
Toward Overshoot the F
the Goal Far Limit If We l '
Don't Brake
Now? Do
|_Brake | L_Ncthing |
{will X
Overshoot
the Far Limit If We
Accelerate Now} or {Can
X Get to the Near Limit
Before the Deadline,
Allowing for Braking
Do Nothing Distance, 1 We Don't Accelerate
Accelerate now}?
Figure VIII-3 Essential Logie of Funotion ACCEL
The Logic of the Subroutine is Complicated Slightly by the Fact That
The Thrust Directions Required to Implement "Braxe,"
"pocelerate," and "Thrust Toward Goal" Depend on the Current
Pogition and Veloctity.
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THRUSTERS APPROXIMATE REQUIRED FORCES AND TORQUES

A practical spacecraft has a limited number of thrusters and cannot
command an arbitrary acceleration i- an arbitrary direction. The simu-~
lation models this restriction by giving the chase vehicle only 14
thrusters. (Physic-lly there are 15, but two of them ave controlled as
a unit., Combinations of the 14 thrusters can be selected to provide
accelerations in any combination of the three translational axes and
torques about any combination of these axes. The magnitudes of the
accelerations and torques may, however, significantly differ from the
ideal values. The logic ian the control law accounts for this fact by
knowing both the maximum and the minimum possible value for each accel-
eration and torque.

There are three possible commands (-1, O, and +l) for .ach axis, and
there are six axes for which commands can be given (x, y, z, yaw, roll,
and pitch). This means there are only 36 or 729 different command
combinations that can be given. Subroutine SELECT converts the set of
commands to an index and then looks up an appropriate set of thrusters
in a table. In flight hardware this could be done by using read-only
memory to convert acceleration commands to thruster commands.

CHASE VEHICLE DYNAMICS RESPOND TO THRUSTER COMMANDS

The simulation programs use a set of five coupled differential equa-
tions to compute the chase vehicle's response to the thrusters. These
equations propagate the vehicle's so~-called “"true state”, which in-
¢ludes position, velocity, angular momentum, attitude, and mass. Be-
cause some of these quantities are vectors, the number of elements in
the state is l4., These quantities are represented in the programs by
the array STATE, whose elements are defined in Table VIII-2.

The array STATE differs significantly from the array ESTATE, the state
estimate used for navigation. ESTATE contains only position and veloc-
ity estimates and therefore has only six elements. These six elements
are not simply estimates of the first six elements of STATE because two
different coordinate systems are used.

The truc state ls measured with espect to a nonrctating coordinute
system centered at the target spacecraft's center of mass. The orien-
tation of this coordinate system is fixed at the instant the simulation
begins, with the +z axis pointing away from the center of the earth,
the +y axis aligned with the orbit angular moment im vector, and the +x
axis defined by the cross product of unit vectors along the +y and +z
axes. This orientation was chos2n to simplify the calculation of grav-
ity gradient accelerctions.

ViIi-11



———

ORIGINAL PAGE 13
OF POOR QUALITY

Table VIII-2
Definitions of Elements of True-State Array STATE

Element Number Definition
1 X Position (m)
2 Y Position (m)
3 Z Position (m)
4 X Velocity (m/s)
5 Y Velocity (m/s)
6 Z Velocity (m/s)
7 Angular Momentum about X Axis (kg m%/s)
8 Angular Momentum about Y Axis (kg m?/s)
9 Angular Momentum about Z Axis (kg m</s)
10 qy of Attitude Quaternion
11 q; of Attitude Quaternion
12 q3 of Attitude Quaternion
| 13 qy, of Attitude Quaternion
14 mass (kg)

The state estimate (ESTATE) uses a different coordinate system to dem-
onstrate that the guidance system has no need for the target-orbit
information that defines the truth coordinate system. In a flight sit~
uation the guidance system may, {in fact, have no access to this

info mation.

The differential equations, summarized in Table VIII-3, are integrated
in subroutine PROPTt with fourth-order Runge-Kutta numerical integra-
tion. This integrat.on algorithm calculates the state at a future time
from the current state and the first derivative of the state at various
points within the integration interval. Since a minimum of four evalu-
ations of the first derivative are used for any interval, a separate
subroutine, STPRIM, is used to calculate the derivatives. This subrou-
tine, in turn, calls subroutines that evaluate the equations in Table
VIII-3. Table VIII-4 shows the meanings of the symbols in the formulas
and the names of the variables used in the simulation program to repre-
sent them.

The orbit is modeled as a 300-kilometer circular earth orbit. Because
of the choice of coordina”e system, the orbit has only a minor second-
order effect; it determines the magnitude and direction of the gravity
gradient acceleration, which is a relative acceleration between the two
spacecraft caused by the fact that gravity acts most strongly on the
spacecraft closest to the earth. The maximum magnitude of this differ-
ential acceleration is approximately 0.0001 g.

VIII-12
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Table VIII-3 Major Equations for True-State Computaiion

Subroutine Where
Equation Computed
m—
£ =A%k, F (VIII-11) | FCRCE
B k) E (VII1I-12) | MPRIME
g=a +fm (VIII-13) | LINACL
W
by .
wi| o [= 1AL (VIII-14) | ANGVEC
2
9
r . 7]
[ - w
oy by By
-w 0 W w
=] P3 by B2 | (vii1-15) | MAKROT
W -W 0 w
b, h By
- -W -t N
| b Py By ]
N=ATrE (VIII-16) | TORQUE
Len- @iyt (VIII-17) | LPRIME
g=0.510g (VIII-18) | QPRIME
x=v (VI1I-19) | STPRIM
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Table VIII-4 UDefinition of Vartables in Table VIII~3

Algebraic Program Coordinate
Symbol Dimension | Variables|Units System Meaning
A,AT 3x3 A, TRNA |[-- Truth Direction Cosine Matrix
Corresponding to ¢
£ 3x1 NTFORC N Truth Net Force Vector from
Thrusters
F 14 %= 1 F N - Element i is the
Magnitude of Thrust
Produced by Thruster i
I, 1-1 3x3 INERTA, kg-mz, Body Moment of Inertia and
INVIN -1 -2 Its Inverse
kg “em
d1/dm 3 x 3 FULDIS  |m? Body Sensitivity of I to
Additional Fuel Mass
T -1 -1
k 1 x 14 AK1 kgeN s -~ Element i is Fuel Mass
Consumed, per Newton-
Second of Thrust, for
Thruster i
K2 3 x 14 AK2 - Body Column i is a Unit
' Vector in the Direction
| of the Thrust Produced
by Thruster i
K3 3 x 14 AK3 m Body Column i is a Vector
Corresponding to
Thruster 1. 1Its
Direction is the
Direction of the Torque
Produced by the Thruster.
Its Magnitude is the
Amount of Torque per
Newton of Fonrce.
——k—‘r-
L, L 3Ix1 STATE(7) kg*mz/s, Truth Angular Momentum about
(et seq.), 2 2 Center of Mass and its
D3TATE(7) 1 kg*m" /s Rate of Change
(et seq.)
i DLDT
Viil-14
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Table VIII-4 (concl)
Algebraic Program Coordinate
Symbol Dimension | Variables | Units System Meaning
—
W, m Scalar STATE(14), | kg, - Total Chase Vehicle
DSTATE(14)| kg/s Mass and its Rate of
or DMDT Change
N 3x1 N Nem Truth Torque about Center of
Mass
a,q 4 x1 STATE(10) |--, Truth Allitude Quaternion
- (et seq), -1 and its Rate of
DSTATE(10)]s Chang=
(et seq)
or QPRM
V,V 3x1 STATE(4) |m/s, Truth Velocity and its Rate
(et seq), 2 of Change
DSTATE(4) |m/s
(et seq)
or ACCEL
L. .
N, X 3x1l STATE(1l) |m, Truth Position and its Rate
(et seq), of Change
DSTATE(1l) |m/s
(et seq)
wy 3 x 2 BODVEL s_l Body Angular Velocity
1) 4 OMEGA s_l Body Matrix Formed from
Elements of wbh to
Implement Equation
! (D-6)
te TARGET ATTITUDE IS MODELED AS DETERMINISTIC

Subrout ire TRGATT computes the target spacecraft's attitude as a func-

tion of time.

ferent rates about different axes.

In the simulations several versions of this subroutine
were used to simulate different initial attitudes and tumbling at dif-

In each case a simple tumbling was

assumed so that system performa ce could be evaluated as a function of
sinple parameters.

VILI-15
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DIFFERENT SPACECRAFT CAN BE MODELED

The dynamics model used in these programs is readily adapted to differ-
ent targets and chase vehicles. For example, different masses, thrust-
er orientations, number of thrusters, thruster forces, docking fixture
locations, camera locations, fuel loads, and engine types can be mod-
eled without changing the program logic. Different control laws can be
used by changing the logic of subroutine CNTLAW, and different methods
for deriving rates can be Invesi.gated by replacing the Kalman filter
subroutines. These investigations were beyond the scope of the study

reported here.
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COMPUTER MODELS OF MEASUREMENTS AND NOISE

LIGHT POSITIONS ARE MODELED WITH PERSPECTIVE PROJECTION

In each program, lights are assumed to be point light sources, and the
ihages from the cameras are simulated by perspective projection. The
calculations are identical for each light in every program, except that
the vectors defining camera and lamp positions vary in value. The bas-
ic strategy is to compute the position of the lamp in the chase vehi-
cle's camera coordinate system. This system is parallel to the chase
vehicle's body coordinate system but offset by h., which is the sepa-
ration between the camera and the chase vehicle's center of mass. The
formula for determining a lamp's position in the camera coordinate sys-
tem is

_ T
r=A (Ah - =-h (1X-1)

The physical interpretation of this formula is shown in Figure IX-1.

Lamp Position —_—

Camera Position
(Center of Lens)

Figure IX-1 Physical Interpretation of Equation (IXe1)

The position of the lamp's image on the television screen can be deter-
mined from

u=-ry £/r, (1X-2)

IX-1
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for the horizontal component and from
vV = r3 f/rl (1X-3)

for the vertical component, where rj, rp, and r3 are the x, y,

and z componeats cf r. The direction cosine matrix A. is derived

from the true state, which is represented in the programs as the array
STATE. Elements 10 through 13 of this array are the attitude quater-
nion. It is converted to a direction cosine matrix with equation (D-5)
from Appendix D. The vector x is the current position of the chase
vehicle's center of mass with respect to the “"truth” coordinate system
defined in Chapter VIII. This vector is the first three elements of
the array STATE. The vectors h, and h,, which vary from one simu-
lation to the next, are the positions of the camera and lamp, respec-
tively: h. is the camera position with respect to the clase vehi-
cle's center of mass, and hy is the docking aid's position with
respect to the target spacecraft's center of mass. The direction
cosine matrix A, is the target's attitude, which is computed as a
function of time in subroutine TRGATT, as described in Chapter VIII.

This measurement model's accuracy depends on the validity of several
assumptions:

1) The focal plane of the camera is flat and parallel to the y~z plane
of the chase vehicle's coordinate system;

2) The lens and the scanning of the camera do not significantly dis-
tort the image;

3) The lamp's image is small euough to be considered a pcint;

4) The lamp is bright enough to be considered the only signi’icant
object in the image.

Equations (IX-1) through (IX-3) are used several times in each simula-
tion. In the program that simulates the system with three flashing
lights, for example, the equations are used three times per observation
with different values of hy. Similarly, in the program that simu-
lates the system with stereo ranging, the equations are used three
times with different values of h..

RANDOM NOISE CORRUPTS IMAGE COORDINATES

To simulate the imperfections of a practical guidance system, the simu-
lation programs add raandom numbers to the coordinates computed by equa-
tions (IX-2) and (IX-3). The random numb~rs have a Caussian distribu-
tion with a mean of zero and a standard deviation selected to represent
the root-mean-square uncertainty in the ideal locations of the lamp
images.

IX-2
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This uncertainty arises from several factors:

1)

3)

4)

5)

Imperfect electronics are used to compute the center of brightness
of the image. The operational amplifiers, analog multipliers, and
other components corrupt the video and deflection signals with
biases and random errors;

Scanning is not perfect. In some cameras a sawtooth analog deflec-
tion voltage or current is used for scanning. Misalignment of de-
flection coils, imperfections in deflection drive amplifiers and
similar factors may cause errcrs in the center-of-brightness cal-
culations. Some cameras use discrete picture elements, which may
cause the center of brightness to shift due to quantization er-
rors. Finally, solid-state cameras use no analog deflection volt-
age, and the use of a synthetic deflection voltage in the center of
brightness computation may introduce errors caused by errors in
deflection amplitude and synchronization with the actual scannicg
of the camera;

Lenses introduce errors. The distortions, aberrations, and focus-
ing limitations of practical lenses can add additional corruptions
to the center of brightness calculations;

Camera positioning is not pecfect. The mathematical model of equa~
tion (IX-1) does not allow fo: misalignment of the camera axes from
the spacecraft axes, errors in the camera's mounting location, or
the transient changes in position and alignment caused by thermal
expansion and vibration;

Camera sensitivity varies from picture element to picture element.
In some solid-state cameras the variation is as much as 15 per-
cent. Further, some solid-state cameras have blemishez--picture
elements that always give full output or no output no matter how
much light shines on them. Charge-coupled device (CCD) cameras
tend to "bleed” from one scanning line to the next when a bright
light i3 in the field of view, while other cameras are troubled
with blooming and after-images. Many cameras have s.gnificant
"dark” output that varies from picture element to picture element
and may vary greatly with temperatur:.

Meaningful numbers cannot be assigned tec all t! =se error sources, es-
pecially because there are no detailed designs ror the spacecraft,
guidance system, and mission. The noise model should therefore be con-
sidered a specification of the maximum allowable signal corruption
rather than a prediction of system perforrmarce with come specified set
of hardvare.
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APPENDIX A-~-COMPUTER PROGRAM TO SIMULATE THREE-LIGHT SYSTEM

The program listing, in this appendix is provided to document the simu-
lation methods used in analyzing the three-light videc guidance sys-
tem. It was written to run on a Prime 550 computer under the PRIMOS
operating system, but it has few hardware-dependent subroutines. If it
is to be run on another computer, the following information will prove
useful:

1) Several library routines are used, and these are not shown in the
listing. The routines include ACOS_and ASIN, which compute the
inverse trigonmetric functions cos !x and sin'lx, and a random
nunber generator, RANFN. The latter function computes normally
distributed random values with a specified mean and standard devia-
tion. In addition, the matrix arithmetic routines MADD (addition),
MSUB (subtraction), MMLT (multiplication), MINV (invevrsion), MSCL
(multiplication by a scalar), MIDN (setting an array to the iden-
tity matrix), and MIRN (forming the transpose of a matrix) are used
from the Prime library MATHLB;

2) File handling may present conversion problems even if the program
is to be run on another Prime 550 computer because logical unit
numbers, file names, and amount cf disk storage vary from installa-
tion to installation. Standard Prime subroutines are used to open
and close files. These subroutines (TSRC$$, EXST$A, CLOSS$A,
DELE$A) are from the Prime library APPLIB;

3) Run time is approximately real time if the computer is dedicated to
a single user., That is, a simulation of three minutes ¢f flight
will take approximately three minutes;

4) The perspective drawings shown in this report are not created di-
rectly by this program. They are drawn by a second program that
uses the data file created by this program. This allows the crea-
tion of stereo plots and views from different perspectives;

5) Several WRITE statements in subroutine DOCX are rendered inactive
by a character C in the first column of the text. Removing this
character will provide a printout at the user's terminal for moni-
toring the progress of a simuiation, but this will make the simula-
tion run more slowly;

6) The geal in writing the program was to make the program easy to
modify. As a result, many of the operations are done inefficient-
ly, and a speed improvement by a factor of two or three might be
achieved.

The first part of the listing is the text of a terminal session, «~hich
includes compilation, loading, and execution of the progruam.

A-1



TN

§e

-t
-

AC

ORIGINAL P

w0

v

BN CNOIiV RIS ..U.%
NIDIUIND HOCNVE L11010-91 -?.dw.n
®NOH W34 SIINO3IA NI Iivi IIEWNL LR EW

ATALILOILE3M 0N WO
‘HO11d ‘MVA HO4 £ ¥O ‘Z 't ¥3IINI --Sixv

SI3H0IT NI
38 1SN STIONY--—-FONINDIS TION-HILIS-MYA ¥ 804 IONLLALY
13D¥\1l WILINI A41D03dS 0L SITIONY NOILVION NU}J‘N?
El

1NdAND W04 AN3
N e

(] I
3137400 a

|

[ 2]

oF POOR QUA!

.
[
- L
Y g ¢
Y .
[
‘wd
(¥ LIAIN-NLI4. Gudd>] SHOMNI 0000
(¥ LIAIU-NL3C CQudX>) SNCEM3 0000
[y L1A3W-NLICLLIVYONIT ] SHNONNI 0000
Ty LIAIU-NLACIIAONY>] SHOWNI V00
(¥ LIAFU-N.4C  1HMOS>] SHMONN3 0000
Iy LIAIU-NL4ZININIC ] ¥¥3 0000
(¥ LIAIU-NL2 100V ) ¥¥M3 0000
[y LIASW-NLII IINSL ] C¥M¥3 0000
Lo LIAIN-NLICINDNOLD) DMl 000C
(r LTAIU-NLSICTIOWNI T ] Od¥u3 0000 ~
{0 LIAIU-NLI<III UMW ) QuWN3 0000 N
[y ZIAIW-NL3C 3IJN04>] SWINNT 0000 -
Iy LIAIN-NI3CWINGI8>]) SHONNT 0000
{y LIAZM-NL13CivHNIG>] SHCHEI 0000
I¥ LINIB-NLICMYALIDD ] SNONE3 0000
Iy LIAIU-NLIICHIHLID. 1 SHCHN3I 0000
Ly LIAZW-NIICALNISTS ) SNOMNI 0000
(¥ L(AZW-NL1AT AdE> 1 SHONM3I 0000
LY LIAIW-NL 3 Nl -] SHCHES 0000
[y LIAJU-NLII MHAY] 423 SHOHBE3 0090
SIAV . IMVHA 438 ABVMIND, = (. Z'.A°.X) o [y LIASW-N1CCIMVL. 1 SHOMIT 0000
) [y £ .AJY-NLSCZINEVL. | SHOWNT Q000
ALIJ0TI3A .Z (933iv1S3 o] [¥ LIAIW-NLIICIITEYI. 380883 0000
ALIDJ03A . A (€)31viS3 2 [¥ LINAIV-N13<1337ISO; SHOMNI 0000
ALIDOG3A . X (®)3I1VIS3 o] (¥ LIA3N-NL14< T32IV> ) SHOMMI 0000
NOILISOd .2 (€)31viS3 o] [ LINAIU-NIICMVYIIND ] S¢DME3 0000
NOIL1SOd A (&)31visS3 2 [y LIAIW-NLICLISNEML> ] S1OdEI CO00
NOILISDd .X (1)3iviS3 o] (¥ LIAZM-N13T091350]) SHOUE3 0000
5 (¥ L1AW-NLIFCSIJOND. ] SHCHNI 0000
3ivdIlS3 J1VLS 2 (¥ LIAF=-NLISNOITIN>] SHOWE3 0000
o (y Z1ATH-NLII<VISAaN> ] SEONNI 0000
o (¥ LIAZP NLANYD WK 1 SNOMEI OOCO
S3XV .HINAL., = (Z'A‘X) o] [y LIAIM-NL3CAOQILSTDO) SHONEI O0N0
o) [y LIAIW-NL3< OSM0I>) SHOME3 0000
A3Nd TIONI  ‘SSVYW (PI)ALVLS 2 [y LIASM-NLICJNOINID] SuQu¥3 0000
/ #B (E1)>1ViS o] [y LIASN-NLSZLWYND0LD ] SHOME3 COOC
S3XVY . HLIN¥L. . . 3aN11lav < £0 (21)31v4S o (¥ LIAZM-NLACNMIYIDD ] SNOME3 0000
N 20 (11)31viS 2 (¥ LIASH-NLS-ADONLIA] SEONNI 0000
N\ 10 (01)31ivLS o] [y LIAIN-NLAZGNL41V. ] SH0ONNI 0000
Z 1NOAY WNLNIWOW HYINONY (6 )3IUVIS 2 Ly LIAIW-Ni4< L1SO4. ] SuONE3 0000
A LNOEY WNLNIWOW HYINONVY (B )3LViS 2 P LIAZN-NLIC ANIOLD ] SHONNI 0000
X AN0EY WNLINIWOW ¥V INIONY (£ )IUVLS 2 (P LIAIM-NLIACOWSNOI>] SHNOMNI 0000
ALIDUT3A Z (9 )H3LwlS o] (¥ LIAIU-NLSIEVNMIOI)>] SHONMI 0000
ALID0T3A A (€ )31wLS o] (¥ JIAJM-NLI ZWAOD ] SHNONE3 0000
ALIDON3A X (¥ >3iviS 2 (F Z1AZW-NLIICIWN0DD ) SHONNI 0000
NOILl1SOd 2 (€ 31v1S o] (¥ L1AIY-NLII HIHO0NLD ] SHONNMI 0000
NOILISOd A (2 )31viS o (¥ LIA3M-NLi4QUIN3I. ] SNOWNS O00C
NOILlISOd X (1 )31vis 2 (¥ L1AIM-NL4T WO0A:-) ON¥3 0000
J (¥ LIAIW-NISCHISINI 3 OuM¥3 0000
3ivisS 3INYL 2 (¥ LIAIW-NISMYLINI: ] D883 0000
n" h“>wnll2bh\, N340. 3 SwONN3 0000
(X APRT.S NLd< z*(t m.n s 0000
'O
1 304 NNH VS
’
WYHO0Nd NOILYWWIS 30 NOISH3A IHOIT-33MHL -- ¥V XIGN3ddv RYEO0Nd NOILVWWIS 40 NOISH3A 1HO] T-338HL -- ¥ XION3Iadv
. P T e fa . . . - - N “oor B e " . -



ar

W 3

J <

o ]

oo

L R

<

=

—_—

3 an3
o 11x3 T2
o 73 o1 0L 08 ((I- .NOILVINKHIS w3IHIONY LNUM (WOA OG. ) VSONSA) JI

(o) (0 DT VRIS UL ONY " SINTR 3 MBHL M B01VHSED wEY )

Ov UL D9 ((+-1NC)V¥YSSOTD LON ) J1
(s 314 ¥iva ISOND #)

4 ‘GINO0T 'L ‘IAVLS ‘3LVLIST "dINI00 T1IVD
(# SNOILIVAYISEO N3IIMLI6 TWAHILINI 2 NOILIVANZSHO 3i%0MIS - O0Ge @)

OE 0. 09 _(a3INO0a) 41 oc

(e G3INO00 10M 3NTIHM JOOT #)

3I5TIWV4 =GIND00
{31IVISIKISINI TWVWD

(¢ HOLYIWWIS IZITVILINI - Q0€ #)
(4'31¥iS3 'd '31VIE 1INVLINI TTVD

(% SUILIYYYY WI1B0Ud IZITIVILINI - 002 »)
CANC *TINKYNAL 'HHITNTJINIIO T1TVD

(e 3714 vivd N3O - 001 =)

INNILINOD OF

(% SNO. \VWWIS FH0W ON SINVM ¥3ISN TIING dJOOT «)

400 INKMI L/ WL S/ NOWRO D

TWNIRHIL LV H3ISN WOHd HIMSNY ON/S3IA 130 QL NOILCNNG
VYSONSA WD1907
INILNOHENS . NIJO, WOU4 GINHONLIY 3T BOBHI

SNIAVY ONIYIOA NIHLIM SI 3T3IM3A 3SVHD 3MHL 41 . 3Nl , OL 43S 3COD

CIYNIWH3L HOd HIAWOWN LINO NVHLINOI
TINNY3L ¥3IDIINT

IiL G3ISAvT3
4 Iv3y

HOLD3A 3LWLS 3IDIK3A ISYHD
{(¥1)31v1S V3y

FLVUILSI 34VLS O IONVINVAODD
(9'9)d W3y

314 LOdIN0 40 HIBWOWN LINN NVHLNOS
ANC WIDLUINT

NOILIATNIS MALAY SHILSNEHL WO¥S $IN0I
(#I)4 v3N

HO1D3A 34ViS 40 3iviW1liS3
(9)31viS3 Wiy

(SS3AJINS SIUVIIONI 3INTWVA NGILINNA) S3INId4 3SOTD 0L NOILIONNI AuvdElD
v$S07) WOId0D

VSONSA ‘N3dO ‘WISINI ‘UVJINI '1TX3 'WI0Q 'veS02
STv)

1HSTI-33 . 'WYHD0Nd NOILVTINKIS ONIWIOQ - THISG J3ISW WYHIOUd

£ .39vd
WY4304d NOILVWWIS 40 NOISH3A IHOIT-338HL — ¥ XION3ddV

3NN 1NOD ot

(S A Y

[¥]

QUELLLULL U L VU LU LV VW U UV UL

[ 4314 1 visgen
(33 2 ADIQ4N
€0e e 11vOM8s
+* 206 L€ IN0WL
oae 4C ABNY ML
€ ZBvy 9 cIry
Z 26v ”"” Iy
1 28y -1 4 LERA
To0e €< NiNdLS
€06 19 1 D
oL L3 O0LIS
28y i A0373S
oy o6 AdM
Ty ez NULYNO
L ZTO& e d 1wl
oy 91 (I )
[ ed £L 834084
ocy zz 1180«
<Zy 12 A0
001 t NISO
T TOs 3 E T
9 Z0o &% AL0Wnew
€ Z0e €C F 0 hl
€ 2.4 *K RE IR
cex ot YO WM
ool o1 WISINT
[« 4 14 WwdiMl
ot > L S¥041
Oy r 3 4 (a2
T 206 12 340 4
Oty »t HEV 14
c8y a Wiinla
vy »z ADONS 3
oSy tc Ad¥MLED
ZCy o2 ADJIBI
ooy Tt WIS
106 TC AvHglQ
"2y a2z v DY
€2y &t € D3
P<4 at [ 4L = v
1Z» L1 ™ 2]
iCy a2 O DD
18v B8C "V UND
ove cz aniliv
yOb 29 IINONY
T 189y &€ REEE.4
000 1 NIV

VLU LOVLUULULULULUULLDUULULLUULUUULILDUUVLLOURVLULOUUVUUUVY

WYHO0Hd NDILV WIS 40 NDISHIA IHOIT=338Hi — Vv 1iON3ddv

L



14 'GVENOA "ENV "TWY * 1 W/ I1HIA/ NOMO D
'V ‘N304 ‘ATHdL 'HINdL /SASL JO/NOWDD
AL ' JUINT 'S 10 W4/ SUIEVH/NOWNMDD

XIMAVE INISOD NOILDINIA AI0WVL "WILINI INML
(C°C0iVNIL "IN
Wil AIVAVII
4 WaN
TUNINNIL ¥IBN 40 U3EMNN LINA “WII1007 NVIL N0
“MAL NIOAINT
HOLI3A 31VIE TVDIMIA IBWVHD
‘91)31ViS8 Wan
ANINILIILEIN 'ONINNVIE VUIMNVI MOL SNDILI3NIA
TIIAHIA OGNV TTVANOZINOH Ni SAIONY MIIA-A0-01E14-47WH 40 SINIONVL
AlHdL ‘HiIHdl W3d
FIHI A ISVHI 40 NOINGLLYW NINLILIYV WILlIN]
(#1000 WIM
2ININD IS
TVY-1ILId-MVA ¥V HOS PAUULLILLS LA30WVL TWILINI ONIAAIDISE SIIONY
VidMl ‘1S4 ‘1Hd "W
3UWMILES 34ViS 40 IINVINVADD
(9°'9)d “WiN
IS INdINC HO4 YIAGKHNN LINND Nedl¥OsS
ANO MIOIINT
3N ANOHLIN TTILEA 3BWHI K0 SSvM
AldbIN "WIY
ATIALLIIA830 ‘IIEWNNL
T sd MO ‘HOLId ‘MVA S3AVOIAGNI € M0 ‘Z ‘'l 40 INTWWA ‘S1XV II8WNL
TENLT MIOIINT
JDTHIA FEWHI ALd3 ,30 YIiluaNl

3

ORIGINAL PACGE |
OF POOR QUAL‘TY

~14¥00) L4VHIIOVAEES IAILDISESIY NIIHL NI SNOILISOd -IWNLXTA ONINIOA
(E)IAM *(E£)0aH Tvau

ATIAILIIAEIN "IVHES AGOE LAVNIIIVIS 130WVLI NI

NOILISOd IV ONIWDOO GNV Vi3S AGOS FWDINIA IGVYHI NI E“Mwﬂﬂl YuvO
UJ~IN>Wﬁ(tunakggglsustwghnzghg!rﬁt—u! .

[
NOILIDITIIE NILIV SMILSNEML HOWS

YWOSN31 VILYN3INI NOILNEIWASTE-TINZ ITIIMIN ISVH)
(E'CIBIAWNIS WV3IN
SHILI NI HLIONGTYT W03 SNID
NIV04 W3
¥OLI3A 31viS 40 3ivWiisd
(9)31viS3 VI
G3INO0C AIUIA ISNOD
IYVY LIVEDIIOIVIS IHL HOTHA NIHLIM L3vHI3IVdHS L30UVL SIM(“\&M(.J(WG
H11SNH¥HL MOV ¥OJ NOILDINIG INOHOL B NOLMIN/INDNOL SIAID CWY
M3LSHYHL HOVE NO4 NOILIINIA P04 S3NL0 Zwy
HILSNYHL HOVI HO3 LSNEML 40 ONODIS-NOLMIN ¥4 ISN 1INS SIATO_twy
FVIHEA 3ISYHI gn>u—uw& SIAO1uivM
(PT ‘EIEWNV (PL‘CIEWV ‘(¥ ) IWY WIN
SHILIMW NI S8INTIVA - (SI1XV ONINIOG NO vl 04
ASVE=E 'dWv IS ¥IMLII OL 3ISvE=VY) GIV ONIMNIOG ND s-h(l(aﬂg.( iﬂ.l

TAM DM L CTINMIMEL (LVAS ‘ATHdL
'HIMdL ‘d 'ALdWIM "ADNINT ‘T4 °81G NS 548& ‘31VLISI 'QVEN0A ‘CHY ‘EWV "Iy

(# SHILJWVHYL HINBOHd 3
(4°31V1IE3 ‘d ‘31ViS ‘L

-
-
2

S 3wd
WV¥30Hd NOILY VWIS 40 NDISHIA IMS17-338H1 — ¢ XION3dd¥

U VUOULLULOUUUU UL DUULU U0 U U U L U UL UL 2 0 LY U U L RLY LW WVWWLWUU U WL

aN3a
D

€. ANDLANO B03 WIVNHIYYE UILANGD. ) iVKNG4 206
(EV9L1).iWiN0D4 106 -

NUNL 38
M. =PuI 14 OC

NuNL 3
I8 WA 8IS
OC 01 00 (O 3N 2003).°1
(3C0] ‘Iail 'SOSHI ‘¥-1N0 ‘HiVE ‘WVENSH+ LI UMY 08IMEL 1WD
O=( 3 ) SUSMMI
INNELNGI) O
Of 01 OC (2L E(l-‘a 10M vlu

‘. 3118MM3A0 01 WO SiSIXI AQVINTY UJ—KO‘.. ) YSONEA bn! )41

J

4 843 WOIRAS pi-.

TYNIMNSL LV NISH NOMS NISNY ON/S3A 130 04 WOL1INNS
veONEs WI1901

INILNON INITIVY 0L GINWNLZN I00- ONNID
B3I WII20T

(SABIXI A1 7 IN. ") F19 0 IINIUSIXI WIIMI OL INLILNON NILEAS
vS.i8X3 “WI1%0"

CINSSSIOINE A1 INUL SNNNLIN) T4 v IUTTIC 04 INILANON HNILSAS
veI1IQ WOI20

(36IH GISNNN) S8DURL AS CINUNLIN I00D 3dAl
JdAL NIOIANT

IVNINCEL WIEN HJ0 MIBWWN 1. N TWIISOT NWNLND S
WEIL MIODINE

VN HIVYE ININI SO0 1108V 40 AvENw
(9TIMIVE NIOIUINT

ANGINO MOJ NIBWNN LINN WII00 NMVMLB04
INMNEL A0 MIORINT

X30M1 <4007 00
1 M303umMi

(MONMMI ON 47 Ou) S$8DMEL AS GINNNLIY 00D WONNI
3000 NIOILINI

SSD¥SL INILINCH WILSAS WO $3C0D AINNOI/NOILISOd NILIWNWVMD
(Z) 0440 MIOIINI

A-4

1041N0
4N0 ‘N1
ANdN}
NI WD
AS 33 WDO
8,17 ! 'WELER3 'VeITIA
STWD

(@ INIGNIJIIA NUTIVTIVISNI ATHOIN ONINUWM  1N4LNO W04 83714 NIJO - 001 )
CAN0 “NINIL ‘WNIL 4 E NI LNONENES

VU UULUUULUUOLLUL VU U VU YUYV U VLV LY

r 3d
WVEJ4d NOILVIKIS 40 NDISH3A 1MO1 =331 — v XION3ddY .



B T e -

A

ORIGINAL PAGE 3
R QUALITY

OF Poo

O=(r '1)CWY
O=(f '1)BWY
i OC OO
C’'i=l OC OQ
3NN LNDD
*-9CY o=(I)tWw
*t‘i=1 OV OQ
0L =(L'CISIAMNJ
0L =(Z°2:810 NI
184 =(1°1)181C0 N4
N1 LNO
‘O=(r 11810 4
€ ‘t=" OC 0Q
€'t=1 OC OG
INNT LNTD
O=(1}34
»1°'i=] OZ OG
O O=j
€ sAIMAL
€ =MIMdL
COSt=(C 'CIADMING
COLI=(Z ‘2YADMIME
CCOI=(1 ‘T r)ADNMINT
INNT INOD
O=(f "1)AJ3IN]
€'t=" 0t DA
C'i=1 0% OG
O9C=(yl)1 4
O8=(E1)14
0= (21)3 4
O2=(I1)14
08=(01)13
oZ=(6)134
OL=(8;" ¢
O8=(L)14
OB=(9)14
O8=(g)14
0@=(¥>14
08=(C)t4
08=(Z)14
O9C=(1)14
€0 =NM3IVD04
* =aGQvaioa
B
=
9-JCIOVE velvaNl=1viaNl
ANOD3IS/SNYIAVYE UL BNOM/SIINSIQ ¥4 ILVH ITEMNNL LYIANDOD )
LVMNNL (® TINMN3L)AV3IY
(CO6 "INMM3L ) 3L T U
(8 31vE FIENL LNdN] »)
INNTILINGD ©

(AE L]

YU ] Ullﬂlﬂlf

-

40 3IS0 Hi ILNMNOD
SZECYLTIO aviIMi=aviIHL
LZECHLIO oIS+4mIGd
OGZECHLTIO s IMd=IMNG

!

(* SNVIQVYN Q1 SITONY 1NIANOD e)
Vi1 '1Sd ‘IHd (@ *"WNWNIL)IGVIY

(306 " INKNIL) ILT

{# SITONY IANLTILIVY WILINI 1N4NT =)

L 3Nd

WVBO0Hd NJTLYWWIS 40 NDISH3A 1HOI1-33MM] -- ¥ XTONIAdY

¢

8

-]
-

2

AVENNL ISNNLT 'OLYNNEL7DANT LY/ NOWMO >
00/ 338/ NOMMD D

LG DTN 7 A0 DM/ 2S00 # NOWMMWD D

ANC " WM IL 7 TS/ NOMNE )

§ 34
~¥HI0Hd NOTLYYWIS 40 NOISH3A IMO1 =331 — ¥ X[QNIdV



winafin, - - . - . m s w— -

ORIGINAL PAGE 1S
OF POOR QUALITY

. SINIIQ M1 . a
/.38 L8N SITIOMR--~F 3B TW0H-HIild-"WA v 04 IANITILY . v
7.430WL WILINDI A410348 Gi SYIONY NOLILIVION 33441 WIINI .\-D..“-‘W“ 104

¥
¢

T

INMLILINDD O4

14
8

o
]
0
(i(3'51dPLE0S (1) IUAVASI 'TININVI
1
1
1

d St dd
b
€4
> -
nee
Wi

0
°
2
.
é
1 3

e
3
M
3%
38 SnIne
gonoeo,
citads

! b

AP LILIILNNR

NARAR AN S v NN

L 1-»=

nasanAannnnm

HH
uﬁnvea----i‘o-nn--
11433333

$-=
an3a 5 "li
s
(.3Ixv 318WNL Y03 GIUSINI I 4SAW € o o« ‘1 JO INTVA V . /)ivHiGs 06 t=
(. WHOH ¥3d SIIPDIA NI FivY ITEWNNL HMIINT . /) 1iveEO4 EOs i=
(LATIATLDISEIY ‘10N WO . v 1-=

7. 'HILI4 'MVA BU4 € HO ‘T ‘T HILNI --SIXY 378HNL YIUINI . /) LIVHHOS ZO6

1t

o
H

SHMERIrBP < eI OGP i
3

-
]
PP + ]

B o o i e W W W e W W W W W W W W Te W

L LT

&
o<

& Fwvd 8 Iwd
WY908d NOILVYWIS 40 NOISHIA IMOIH-338HL -- ¥ XION3ddV NY¥ONUd NOLIY VWIS 30 NOIS¥IA IHOI T332 - ¥ X1ON3ddV

A6



L R a0 .
R .«.«. R RN »n.:z»\..,in.w, RECER VIR LRSS ) Qus N L e s e

- ~

(£1)ZAWWNG 'QVHAOA ‘ (84 ) TAWWNT/ DIHIA/NOWWOD
AQH ‘3AH (2) EARWNG / JJDONH/NDWWO D
4N0 'AWWNAT /TNWIS/NOWKWOD

(M3IA 40 0N31d4 NI LHOIT) QITVA IN3W3¥NSYIW dJ1 3IN¥L
arava wdoioo1

SNIAYY ONIMDOG NIHLIM SI ITIIHIA IASVHD JI INYL
aGanooa vo10o07

S30VWI ., SdWv 40 S3LVYNIAND0D
(PXA (DI VI

ATIND L0dLND ¥DI (S3XY HIN¥L Ol LD3dS3¥ HilM)

X1¥lvd 3INISOD NOILOFHIA LAWNIFIVLS L30HVL 40 3ISOJSNYHL
(E'E)YLNOVL v3H
W1l A3Sdv3
1 w3y

HOLI3A 3LVLS ITIDIH3A ISYHI

SNYIGVYY NI SHOHHA MVA GNY ‘HDOLId
AHOIT HALN3D QIV ONIVDO0a L139d¥V) 0L VHIWYD

L PAGE ;3

A

g
3
(o4
£

4
.
o

ORiGIn

‘AONVYH AAINSYIM
OHY v3d

JHOIT MILINID 1LV

GIUILNID 3kvidd QIV ONIWODA LNIWYND NI SILYNIANO0D VHIWYD 3AI1vIIY
(£3S0473d w3y

NOTLIVLIIHGYILINT IWIISAHD IIdWIS ON HLIM SLINS3Y JLVIGIWHIINI
(EXPH(EIEM (E£)2H '(E)TH V3N

3iVKWILSE JLIVYIS 40 IONVINYAOD
(9°93d v3Y

314 1NdiND ¥Od HIGWNAN LINN NYHLHOS
4N0_"3ADUINI

SWILSAS

3LYNIAHOOD L37HI3OVdS 3A1L1D3dS34 NI SNOILISOd .S3HNLXI4 ONINDOQ
(E)LQH ‘(E)DAH W3y

X008, WRO 40 SLIWIT ¥3IMOT ‘Y3IddD Z ‘A ‘X
HZO '1Z9 ‘HAD ‘TIAD ‘HXD ‘TIXH w3
NOILD3T3S HILAY SEILSNNHLI IIDIHIA ISYHO IDKE.WWWMD&(NZ

UOLO3A 31VIS JO 3iVMWILS3
(9)31V1ISI Tv3Y
S3IHGYId NIIMLIE SILYNIQHOOS IOVII divYI-¥IINID Z—>W@MWI”¢W:

a3VWO0a ARWIAISNOD SI FIDIHIA FSYHD HIIHM L. 130d8vi WDH4 SNIAVY
AVIM0a Tv3d

» X0, W_d NI 3TDIH3IA ISVHD SANvM D1907 ASILVHLIS HIIHM A8 3IWL
NITJ3G W3y

3uvidd FONIYIAFY AYVWINd NI NOILISOd 3TIIHIA 3ISYHD IUNSVIM
(£)S0dAD_W3N

S3XV 3TDIH3A 3AGVHD LNOHY SILVvH IANLTLLY TIUSYIW
(E)31VHiV V3N
13¥HI3IVdS 139¥vL 4D XIdLivi 3INISOD ZDmkowannMMMQm“N£¢wx

ADY_40 ISUUSNVHL ANV (3lvdd IONIUISIY AHVWING 0L 3AILYIIY)

AANLILLY 3TNDIHIA FSYHI LNINHND 9 T8I¥8DS30 XIN¥LIVIW 3INISOD NOILOIMIA
(E'EYLAIV (E 'EYADVY w3y

d '31Y.1S3 'G3VI0a ‘3 ‘L ‘3LviS
iNdin0D

ADHINI ‘4 'L ‘31VLS ‘Gv¥NDA ‘3LvisS3 ‘d
ANdNI

CNIVIW>
AH @370
AAY ‘GOSW ‘LW ‘AdY ‘NWE
‘hmbkth.mmmDEL.DDPukt.innl.:hbota‘IM4.k.PKOW.PWEGKl.ltouzn.JDOFMMJ 5
. v

(% TIWAMIUANI INSWsy VI 3.0 HO4 NOILYINWIS NNY ~ OO0t «)
‘ (4 'G3VO0Q ‘4 ‘JIN'US ‘3LVLIS3 ‘dIVI0C INILNCUENS

il 3vd
KYHO0Hd NOILVINWIS 40 NOISH3A 1HDIT-33dHL —- ¥ XION3ddv

TTIIN TN sk srert b Wi Y A RALL P BT T e v o -

an3

NMWN LY
{# NDILYTNWIS TYIISAHd SILVACMOIIV - INILINOY AWNNG »)

VOULLVLVLOLLOLL VLU © L U LV LV LV L L LV VL UL ULVL UL LU VWLV O VY

(& HOAVULWMIS JZITVILINI - OOC &)
(31ViS)WISINI 3INILNOMANS

5]

01 39vd
RYH308d NOILYIWIS 40 NOISH3A IHOIT-33MH] - ¥ XION3Iddv

9

L VLYLLLVLIVVLDY

v ﬂ
ST b Ny 8 e 0 L3 . AL e
JE ) R T TP, - e e o 1

[N P U R L i R A S . .
: ' aaa B T TR S R I 2

R N '



-~ S ——, e ot et e 2 et i\ e b A h s W e . T o

(r1)IUVIE (606 ‘1IIULTMN 2
(6)3LVIS (B)IUVLS *(£I3IVIS (¥06 'TIALINA 3
(E1)ILVIS (Z1)3UVAS(T1)ILVIS ‘(O AUVIE (EO6 '1)IILIMA 3
(9)31VL6 ‘(§)13LVIS ‘(#)31VIE (206 '1)ILIWR 3
(E)IUVIS (ZIIUVLIE ‘(1IIUVAE ‘L (TOS T)ALIMM 3
1nGv1 ‘3148 -4 (LAY 2LIuN
L7ANOWL) LIVOEL TWD
(s 34 wSIQ §i TSl Rave 3LTER «) 2
( 002 16 (((E}AUIVIBIBAV ' ((Z)IQiv.-)SEV) IXVNV) 2
MO (G 10 (T)ALViIS) ¥O ( OBE~ .S (1)3UVIS) a
‘M0 (082 10 1) v
¥0 (avywod I (Ze#(E)pusZos(2) yusZos 1) v I HO8) 20 INI00
(1‘E'EY 'LOH ‘PM)ISNEM TWD
(1'C°C 2N AV 'CNILI T
(1°C I1wiS ‘T8 ‘ZHICEVE THD
(1°E"E “DOH LADVY ‘TMIL 884 TWI
(% 13A G3W0Q SYW FIIIHIA 3BWHD J1_I38 ) )
(LADV 'L 0 '3 'AUViST ‘'dISIdONd TWI
(% FONINOIS LXIN 30 HEVIS Hiv H0 3I1 Ol FUVKILSI 3iVLIE dOldd - 099 &) 2
(1 °31Vi8 ‘49 0)HidOUd TWD
(e FININDIS LX3N 30 HEVIZ LSHIS 40 IIL 0L AVIE INHL ILVOWLO¥d — OZ¥ «) F)
CHYIADY ‘ALVMLY 'ATY ‘(0 ‘L-N1WCIQ v
3 TXVIIW "HID *1Z8 ‘HAD “IAD ‘HXO ‘TIX0 ‘AUVWiS3 ‘A LML TWD
e 8 e e 2
‘NITG3A ‘HIO T1Z0 ‘HAD *TAD ‘HXO “IXD °L¥W ‘AW ‘L ‘d ‘ALViISI) WDOLIS TWI
2] Wu (¢ WAUIINT INFUAWISYIL LXIN ¥OJ WOO 136 - OL¥ &) E
- (LADV ‘CECCEES ‘4 '31ViS3 'd)S3M08d TWI
= (% 3ONVHD ONVISIOD M3LSNHHL 20 3WIL OL 3UIVKILIS3 31ViS AivovdOld - 0% «) 5
tal INOVL ‘FUIV1B "2 (1N0)3LIMM
£ o, (L IN0VL) LLVOML TWD
) (« 3714 WSIG Ol SUILNWMYY LI &) 2
INNTLNOD 02
[+ M 4 (HUIADY " LADV ‘FUVISS)AJNLISA TWI
(+ 31VIS WOH] NOWY3 3GNLILLV 31VKILE3 - OS¢ &) )
- 3NNIiNGD O1
= o6z 01 09
Q (31viS3'd ‘S0dAD) JNOINT TV
Z 0 (e 3LVWILS3 3iVLS 31vGdN OL INIWIBNSYIM 38N - OCy &) 2
TR (SOdAD 'A¥ A " "OHN "SOJT13N "LADY "AIVIGNLILY T¥3
g 13 2
== Hit iv NOTLIBOd FIDIH3A 3SVHD ANV 3ANLILLY 136U W3 Tore &) 5
X (OMY ‘B0J13Y ‘A ‘NI 11804 TWD
50 (e HEVT4 Hiv 40 W1l Lv SNOLISOd 3iv NI WD - OEY ) 3
(MUIALY ‘A ‘NIASY TWD
(v BHOHE3 MVA GNV HOLId ‘TION ILVINIWI - OV =) 2
AGEECEELEE +(E)AS(EIA
NASCECEEEE +(EXMmLEXN
NZeL9D QP +(IIA=(1)A
NA*LF99999 +(1IN=(TIN
(¥IA-(Z)A=A]
(pIN—(Z)N=nd
(% NOILOM 3T1DIH3A HOdJ SAIOHNIN3Z LS(VGV e) )
O1 OL DO (GIWA LON )4l
(1 °31ViS '3 ‘CECEEEES ) NidOMd TIWD
(# 3ONVHD ONVAIO0D N3LSNMML 30 FMIL 0L IIVIS INNL 3ivOVdOdd ~ OZ¥ #) k)
CILVMLY ‘LAY ‘ADV "3LYIS)I NI TWD
(o ANBIUISYRI (W1 IV - 04F ¢ 3
(GIWA'31VLE 'L ‘2 ' (Z)A ' (Z)NIHVY TS TTwD
(o FWIL CNODIG .~O17 NILNBD HSY4 - 0L+ #) )
(L 31¥1S" 4 ‘CLCEEESD ) BLIONY “ "
(% 235 0C/T 3iVIE 3L 3.CLWIONd - O3 ) 5
(GITWA'3LVLS ‘L'E (€ A(EINIREYIZ "W,
(# AHBIT LHEIN WGW1d - DIy &) 3
(1731918 ‘3 ‘EECEEEED ) HidOHd TWD
(a 238 OE/1 ALVIE INHL ILVOWIOMa - CZF o) 5
an3 (A1 IwA *31W18 L T CIIA T NINBY 15 T2
0 (s 1HBIT 1437 HGVIS - Olb &) 2
(£ 9197, SI_SSVYW .)iviH0d CCb (L ‘31VLS ‘4 ‘CECCCEE0 ) UidOdd TIVI
(¢ $10E'. SI WNINIWOW HVINONY . )ivW¥0d v06 (¢ 036 OC/1 3AViS INUL ILVOW4ONd - OZH &) 3
(2" 919v ‘., S1 NOINYILYNO .)LVid¥03 £06 (GT VA "BAVAE "L 'Z (§)IA (§)INIHEV 14 TV
(L PI9E I ALIDODT3A .)1VWHO3 206 (s Lh3IT M3LN3D HEVS - Olb_e) 5
(L $I9E'., Si NOILISOd ,/Z Ofd‘, =WILl~=~——= . 7)1vWH0d 106 INUL =0] WA
o) (# INNSNNGSVI INVL ) ]
N¥NL13d 3
El 39vd ¢l 39vd
3 -
Wydo0ld NOILYYWIS 40 NOISH3A LRIIT-338HL -- ¥ XION3ddv WYH904d NOTLY WIS 30 NOISH3A iHOIT-33¥HL — ¥ XION3ddv
- . e o o o e . : : e et e e s i e+ e : . S .. - p o ey .



ORIGINAL PAGE IS
OF POOR QUALITY

(s . Jv

anN3

N¥NL3Y
( 00Z2/NIN1I0A8ATHAL ‘A ‘FININVUH=A
( QOZ/NIVIDAYHIHAL ‘N 'F)NINYY=
(e ISION HL'™ SILYNIAHN0DD GIONMINID LdN2HOD #)
O A9 (1194 GNY A1 'WA=A1 WA
(Y'E'EGA LV ‘9AIL WK VD
(€ "1YNMNL “LVINULIW WD
(1°€ ‘€ 'LIAIJUNYEL ‘CA) LM TTVO
¥D32vdS L30uvLl 40 3Q1S 3IMGISIA NO S1 JIV ONIVO00 J¥NS 38 #)
NuUNL3IY (UIWA LDON )41
0 18 (1)1A ONV QI VA=AL1TIVA
(s Ya3WD 40 MIIA H0 Q314 NI S1 Qlv ONIYD0Q 3uns 38 =)
(1:LTIA/NIIJ0H4e (E) LIA=A
(1) 1LA/N3T1204e (2) LWN-—=D
(e NOILDIVS3Q ONIY )

e 3
(JWNEL OV (O1)3LVISILYMHEIG 1D
C17E'd1%1S ‘1A '2A)8NSH 1D
(T/E'E A LYNEL ‘TA) LMW TWD
3NN AINOD ov
V- (Z)YIH=(2) WA
CT)EH=(T) A

(Z)iH=(Z) N
-1

3T LNCD ce
cy 0L OO
Ve (Z)1H=(E) TN
(T iH=(1)IA
ANNTiINOD ot

:

TR
(L LWNHL)LLVOHL WD

(e 30NLILIY LIZYVL 31NdWOD - €06 %)
(s waIwD OL 123453¥ HIIM ‘A=) NOTL1ISCd div) ONI 2 s,

6T 3Wd
WYNOONd NOTIY VWIS 40 NOTSH3A IHOIT-33M! —- ¥ XION344Y

vow

Y

(9 ) AWMNG * LK * DH/ 2IDONH/ NOW40 O
g '¥ ‘N304 ‘Alddl ‘HIHdL/SASL D/ NOWKMOD

IONVIISINSIS GILvI3¥-W3308d ON hiIM S1NE3Y JAVIGNNIINI
(E1FA {EIGA “(EIEN(EIEA(F 1 IA(EITIN WIY
wEIWYD 0L 123538 Hil% ddv JC S3LYNITH003
(€Y1 WA WM
(M3IA 30 GT3I2 NI SIHOT) J1 WA INIMNSYI 41 3Nyl
a1 wA WwlIooT
SH313 NI FOWMI dWv 40 GIOHIN3D 0 mUh(inmiDBWIWK
AN3AILIBISTE ‘ONINNYIS VHRND ¥0s SNOILD3WIA
w311 H3A ONY TWINOZIHOH M1 S3IIONV MIIA-S0-AI3I S-3TWH 40 SINIONVI
Alrdl ‘HIHdi VW3
Wi ISV
i Tv3d
FiwliS ITIDIH3A ISYHS 30dl

(91334vwiS W3H
AHS 1 g=E ‘HIINII=Z L 437=2 (€E-1) =

HIBHNK AV
WV d3D3INIT

SH3434 NI HIONIT WI04 SNI]
NI1204 W3

ATIAI1D34638 VHS AQDE LIVHIIDVIS 1398wl NI

NOILIEOd CIY ONIWSOG UNV 3Mvid AGOE 30IH3A FEWHI NI NOILISOd wdIvO
(E:AH1EIIH W3H

3S04SNVHL S1I % X1diviW 3INISQD NOILD381IG L1300V
(€ 'EILYNBL ‘(€ 'cilv W3k

(SH3L NI) SNOILVMVIIS oV
'V Ww3is

JSOSSNYEL S1I ONY XIdivi INISOD NOILD3WIG ITIIM3A ISWHD
1EE)DVWNEL (€ 'EX)DV 3N

arwaa‘n
ANd 100

A1 WA BV 31LVIS dMV ‘AIHdL 'Hirdl ‘NIT204
ANdNI

w00
A8 Q375

NYLW ‘NINVE " BNGH AvHEIT LR L AYDd)
€3

(o vl v HSVId - Oly .,
(GI WA WIS ‘1 WY A N HEYS NI LNCUEBIS

y1 3N
LNANNA NNTIY VRIS 40 NDISH3A (HB1T-338H] — ¥ XIONJedy

VO

wouou

[NV RN C IR SR I

O UCUUeLLLURUL O

A-Q

R P T I



0

L% I

AR

w

e

e, - —— - [ SR e P SRR
a3
N8013d
1Q+0ixL
3NN NG OF
o1 o1 05
d31lEei=t
(ILV1IE)INIOd T3
(o vuIw) NOILY WIS iN10d - CZ¥ &)
W LINGD
WB/¢1131w1SE(1)21WiE
£1°01=1 o€ o0a
(To+(ET1i31VIE L4
+Z88(ZT1)3LVIE+Z89 (11 )3ivIG+Z4e(01)ILVIiE) LEDE=WD
(2 NOINSILWVND 3Z1WKHON )
IWNT INDD
G/UCIIENS{IIEAS Z+11ITHe St it)ed N-WF‘Fm'an»mP‘bm
0 > v1°1=1 02 oI
—-— an3 (# JIVLS MIN JUN0D
= (P4 d3UE “FUVLE €N 4) ¥ MDD TIVI
w o ED (s ¥4 FLOM0I - ¥Z¥ ®)
ANNTANO Gt (EWM’L ‘dILE "IUIVWIS ‘U "FIENMIOD TWO
oda (1)44v1SQed3L8e (1) 1N "e EW ILAMGD - €Z¥ )
< > #T 1=1 01 OC ] (ZW°1 'd3LS *3LWLE I 4 ZHMDD TI¥D
oo (» (3ATLYATYIA 31vis)edIiSeiN ILNMOT o 5 (s ZW ALNMOI - ZZ¥ %)
(31VLIS0 i ‘VLHINI ‘3 ‘3AVISIWINALS TIVD (L 'dRLS ‘ILVLS ‘T "4} [ AMOD TWD
s oSATIVATNIQ 31915 ILNMOS - Z0b ®) ) " IW 3in0D - 12¥
-4 (€ "TININT ADHINT 'VIUINIIQAYW TN ey ST PELH
& (AL (¥173LvLS ‘€ 'C 'S10WNS 1IN ) D5 T WD (14371 xHd315) INIWv=d15
Z (e JTIUINI 3LNA0T ») 3 G~ D168 (O 37 1437441 o1
lllllllllllllllllllllllllllllll 1=04
& m ALHIH  ADYINT ‘S1TIN I/ dH ISV NOWIO D 1G=14371
= 1L aFSdvI3 3216 4315 NOJLVEOIINI WOkl xve
L L vay 2 0=XWd315_HILIMVEVd
00 NOILY#9ILN] 804 3ZIS_d3LS 10 40 NG DO DL 1437 3Wis
4315 w3 1937 Wi

HOLO3A 3ivwiS IDIH3IN 3ISYHD
{v1)3ilvlS WV3Y
NOILVHIZINT viiNW-3IONNYE NI 335N nﬂ'mﬁwwwbth

(430v01) INDIHIA FSTYHD 40 VILMIN?
(EEIVLININI WY

3Nd 0 vIid3INT
TE'E)IINIPT VI

X3N] 4007 00
1_d393uN]

HOSH3L YIL¥3INI NOILNGIHLISIA -13N4 IFNDIH3IA ISWHO
fE'EISICNA W3H

NO1123738 ¥31i4v SHILSNdHL WOBd SISH0S
{(Pp1)d W3k

BOLO3A 3iwi5 40 3IAILY 1430 ML
(¥1>31v1ST W3y

13
iNdino

AL 'ADY3N]T 'SIGWNS 'L ‘d3LS ‘ILVWLS ‘S
ANANT

(8 NOTIVHOILNI YLINW-3ONNYE 804 I 80LI33A 3LNd0D - 12¢ +)
(1'd3LS "3LVLIS "IXW ' 4) IVNdOD 3INILNOYENS

L} 34

WYH904d NCIIYYWIS € NOISH3A IHDI-338HL —- ¥ XION3daV

AN A MLASITVT OTRITD, v . UM F S ATV, LTS

L S N L L e N

[EIR G TR TRV IS LU I PO IR ] AERIN

e e e g e

TWASIINI NOILVHOTEUINT S0 L8viS5 iv W1l ONv Iy DWW\(J:U-(WK
i
NOILIYgDIIN]I ¥04 716 4316
d3S W3IH
80L33A 3iwiS ITDINM3A IS MO
(#1334viE W3y
SAINIREIT2 NOINH3LVYND 30 SIHvNOS 20 WNS 40 1008 NR(.SZVM.‘(N
t.
NCOILVESIINT VLiNW-IONNY NI 23S0 M NgHl Iy 3801030
(FLIPM (PTIEA (PIIEW (P13 In TWwIN
x3aN1 4007 OC
1 ¥3%341
NOILDINIS H¥IidY Sd2150NEML WOM4 £30e0C4
‘ol1s I
3718 WAMIUINI NOILYHO3ILIN]
10 w3y

i 'Aawis
iNdino
L °'34waS "4°14
LNnaNI
w20Q
A8 C3TW3
ANIDG ‘¢ W0 "ENSIOD ‘ZHAI0Z * I MDD
ST W3

(% NOILVSOIINI VLILINAW-IONNY UIMUO-H.¥ A8 3LviE INHL IivOvdOdd - 0S¥ o,
(1 °34WLE "4°10 1 81408 INT LNQEEANS

91 34
WY§08d NOILVWWIS 40 NOISH3A 1H3]F-33HL — v XION3Ide¥

LRI © R & S el

(KRS IR

QUUUCLLIVLLO Ly

o



{1)31V1S0sd3iS=(1) EN
vl’1=1 02 O
(# 34VLIS ANVNOLW3L 1Y JAILIVALIHE30)#dILC=EN 3.Nd0 )

muvwh(rg‘%.nvN‘
¥1°i=1 OF OQ
(# 3LVLIS ANVNOAGL 1V 3AILVAINI(A) ¢dILS=ZH FLNAI0D )

(2] (31ViSA 'd315eC +1 VININI ‘4 '1SIWILIWINILE TV (31¥15Q 'd3LiSeE +L ‘VININI ‘d ‘1SddIi WINdIB TIWD
— (# 31V1S AHVNODNIL 1V 3A1LVAIHIG IiNDWOD - Z06 #) (& 31VIS ABWMOMMIL iV JAILVAIN3G JLNAHOD - 206 #)
w3 (€ € “TAUINI 'ADUINI 'YLUINI )GAYW TIVD (€ ‘€ ‘1Hu3INT ‘ADHINT 'VININIICAVW TIV3
-l (ALdM3M- (¥ 1) LSdWIL ‘E ‘€ ‘S1GW13 " IIHINT ) 1S TIv3 (ALdu3u-(vT)ISdM3L '€ "€ "SI ININT) 128 1w
O L (% SSYl_31V1S 2 SBWHW 3i1¥iS
<> AWVHDNEL 30 NOILONNS ¥V S¥Y VILHINI ANVHOJW31 INIWH3ILIO ) E) AYVBOdM3L 30 NOILONNG SV VILHINI AMVMO&I3L IMINE3L3T o)
3NI1LNDD ot N1 1INDD ot
a o (1)Z%eg O+(1)31ViS=(1)1SddIL : (1)IWeC Oe(I)IIViIS=(])1SAd3L
1 ‘T=1 OT Da : ¥ 1=1 O1 OQ
-l o (% 31V1S ANVHOdWIL FLNAWNCD =) [ 2 (% JIVIS ANVHOAMIL FINAIOD «)
e e e el e L BV ATV AT T L 3 e e e e e e e e e e e m e e e e T L L
m m ALdMWIW ‘ADEINT ‘SIAMNS/ JEISYH/NOWKHOD ALdiSM ‘ADNINT ‘S1T NS/ JHLSYH/NOWMOD
2
— BOLD3IA ILVIS ANVHOLWIL 2 UOLI3A 31VIS ANVHOLMIL
O a (v1)1SdWd3L_VIY (¥1)i5dd3L_W3IN
= 3WIL a3S4v3 3 1L GISHVTI
X u L vad 1 w3
(e ¥e} NDILV&S31NI ¥04 3215 _d3LS 2 NOILVNO3IN]I MO4 311S_d3iS5
d31S w3y 4315 w3y
HOL23A 3AUVLS IIDIM3A 3BVYHD 2 01034 3UVIS FTIIHIA 3IGWHI
($1)31ViS V3IY ($¥1)31V.IS “W3IH
303 LNOKLIM 3ITDIH3A 3ISYHD H0 SEw! 2 T3N3 1NOHLIM IDIHIA ISWHD 0 SEWM
Alaw3W_TWIY AL W3IH
NOTLAVHOILINI VLINW-3ONNY NI Q357 £n ANV 2% SHO1D3A 2 NOTIVHOILINI VLLNW-IOMNYE NI G3ISN Z% OGNV 1% SHO1D3A
(P1IEM"(PI)EZW W3N (PIIZN (PTIINW W3H
(Q3av0T) I1IIH3A 3SVHD 0 YILE3NI b (@3a¥07) 310IH3A ISYHD 0 VILNINI
(€ 'EIVLNINT IvIY (€ 'E)VININI W3
T3N3 30 VILHAMTY 2 T3N3 0 VILMINI
(r o JMDUZ» WEL] (E ‘E)4¥3INT W3d
31DIH3A ISYHS ALaW3 30 VILI¥3NI ) FVDIH3A 3ISYHD AldW3 30 VILNINI
(£ 'E)AJUINT v3H (€ *EXAJNINT W3
Xx3aNI n_ocJ og 2 x3aNT sonJ og
HIOIINI WIOIUANI
YOSNAL VIL¥3INI NDILNEIWLISIG-T3Nd 3101130 38004 v VOSNIL VILHINT NOIINEINISIG-T13Nd w._u—xu\, 25WHD
A v 3 (E'E)SIANI w3IM
NOILD3N3S 8314V SHILT ums widd 532804 5 NOIL123T3S ¥3Ll4v SHILSNEHL MON4 SIDH0J
(p1)d w3y (v13d4 w3
MDLD3A 3J1VIS 40 Ania...I 3T UL 2 401D3A 3iViS J0 3AIAVAINIO WIL
(#T1IUIVIOU v (911)31v1Sa W3y
s
€% 2 2w
1NdLN0 3 1Ndin0
1°d3iS ‘3IVLS ‘ALWIE ‘7 ADEIML HICTN2L 2 L°dALS ‘IAVLIS ‘AL ‘TH ADNINT 'SIC WIS ° o
LNdNL 2 1NdN1
)
¥1idoNd 3 HldNtid
I ERR A 5 A@_GITIVD
WINdLS *1DSH ‘advw > WINCLS ‘IISM ‘GO
-3 % 3 ST WO
5
(« NDILVHOBINI VLILNW-39NNY ¥03 ‘EV ¥01D3A 3NIWW3IL3Id - E2y #) 3 (¢ NOTLVHOTINI VLILNW-3IONNY B3 ‘2% MOLIIA INIWNILIG -~ 72y e)
(EW ‘1 'd31S ‘ILVIS 20 ‘4 CHdWOT 3INILAOHNANS (ZW°) ‘dALS ‘ILIVIS ‘T3 '4) ZHd0D INT LOOMENS
2

61 34
WYHI0Hd NOILV WIS 40 NOISH3A IHOIT-338HL - ¥ XION3ddV

8! 3vd
WYHIOHd NOILYVWIS 40 NOISH3A 1HOIT-338H1 ~— ¥ X1(N3ddv

1,0

A-1l

U ULLOULLDULLLL LU U LV VUV U L O UL LLVOL LV

o W



Lo gty B e o e L A

ORIGINAL PAGE 1S
OF PCGOR QUALlTY

anN3
NYNL3Y

HldOdd

AB Q3TWO

<INON2
[-an, 2o

(sNOILY WIS WIOISAHD 01 NOISNVAX3 ¥3ILY) 804 SI 3NILNONENS AMKMNG SIHL #)

(s YHIYD NOILV WIS NOILISOd - 2% #)
(31v1S) INIOL INILNOYENS

12 34
WY¥0¥d NOILYWWIS 40 NOISH3IA LHSIT-33¥HL -~ ¥ RION3ddV

U vLULLLLL L

aw3

NuNL 3N
NN ANOD
1 uwhthgtlwbhlq 1w
¥1°¥=]1 OZ OQ
(8 JiVIS AMVMOANIL LV IAILVYAINIC)ad31S=o% ALNNLD o)
(31viSA ‘d32S+l ‘VidIN] ‘4 'LSdi31)M] Sdi8 TIWD

.>Fl!l.!u-hw§ ‘E‘E m-u-su IAMINT I IO TIVD
(s SG¥l 3iv.iS
ASVHOMIL 40 NOILONND ¥ Sy VILNINTI AuvEOLAII: INIKNILIC o)
INN] ANOD
FIIEM+(]13iviB={ 1) 184431
1 ‘I=1 O1 OQ
(o JUIViS ANVHOR3L ALNMMOD o)

AL ‘ADUINT ‘S1A WA/ JUIIVUH/ NOLIDD
40LJ3A 3LVIS ANTMOMIL

NOLivdS3IN] 804 3216 4315
4315 W3s
H0L23A 3iviS FDIHIA ISWHD
(PT)31VIE W3y
TINS LNOHLIM F1DIHIA ISYHI 40 SEWW
AL WIN
NOTLVNOZLINI WLINW-30NNY NI G3SN v¥ OGNV £% SH0.LI3A

(E 'E21483IN] “W3a
FIOIHIA ISVHD AL 40 VY]laIN}
(€ ‘EXADUINT “WIN

HOISN3L VILYWINI NOIINGINISIO-TINS FIIDIHIA IBYHD
(€ 'EIBIGN4 “WIH

NOILIITIS dIL AV FHILLNESL WO¥S SIDOM04
(¥1)4 W3

MOLIRA ZUAVWLIE 3D SNAILWAINIA FdId
(¥1331v1iS3 Wiy

(3]
1iNdANO

1 'dALS "ALVYLS ‘AL ‘EN ASYING 'SIGWNS "4
LNdN1

HidOMd
A8 AQIT WO

WINdiS ‘1IGH ‘GaV
ST

(# NOILWHOIINI VLILNW-3NE MO+ ‘#¥ BOLIIA INIKEILIC - »Zv o)
ML 'dALS ‘3LVLIS 'EN ) PRAMA0D INTLNCUENS

3¢ 3vd
WYHO0Hd NOILY VRIS 40 NOISH3A IH3IT1-338H1 — ¥ YIN3ddY

[

(V]

(S 18]

U LLUUULULULLY U U U U UL U LU LU UL LU Ve

A-12



A-13

(€ 'EYLADY LE 'EXNDY V3N

E0dAD ‘1Y
iNdino

8 IHDHIADY 'ADVY AN OHY 'SDJ3Y
1NdNI

w20aq
A8 d377vD

BOASK "Ll ‘CO /W ‘NYLYND "1vWEIa "ADONT 4
377wD

(% JWYEd ADNIH3ILATY

+Y¥HIde NI ROILISOd 37121H3A 3SYHD ONY 3ANLILLIYV 1398YL 3NIWAILIA — Oty )

(S0dAD "1 A 'N 'OHY 'SOdTI3Y 'LADY 7,29 AL T LY 3NILNONENS

£C 39vd

WYHI0Hd NOIIY WIS 40 NOISa3h HOIT-33dnl -- ¥ XIONTFedV

LU ouoLQLu

)

Ll -
ok
a5
D
=X 2
BN Y
4
.
3
= Q on3
o) P
o a NENL 3N
— (Zea(€)B0dTIY+Te4 (Z)SOJdT3U+ZTee (1, 50dT13Y) | HOS=OHY
o'l ™ aN3 OHdedl=(E)SCI 1IN
3 OHiedA=(Z) B804 T1IY
00O NUNLIY @+OHBega=( T )B04 13N
(1°E Sy IA'SOdADIENSK TTIVI d¥/( (Z#aNIVDNA+ToedA+Ze8dN) o (Taedl+ZeesdX) ) 1 UDSevsOMY
(T'E'C‘IH LAV 'EAIL NN TIW)I dA-mdA (DN Z 1O (E)XNe (1)) 4]
(1'C ‘SN ‘SChWI 'IAICAYM TIVWD dZI-=dZ (DA 10 (Z)A)AL
(T'E'C 'VIH LIV ‘ZA) LN TWD ((Q+ 1)/(Zesdled- 1))1lu40B=dA
{E)IH=(E)VIH ((Js 1)/(Zesd2l~Q))IHOE-=4X
(Z)AH=(SIVIH ( 1-Zoe) INDE-Wedl
G- (1)IMm(IIVLIH ((C) 1UDBere T)/(0* 1)edfiswy
(% dvid 2 Zre( (vodll) /SedVi=q
438 AUVHIHD NI ALIAVEO 40 ¥3ILNID 3TDIH3IA 3ISVHD JO NO1LISOd 31NdWGD ) 2 (Z8a((Z)N-4WN)+Ze8((Z)A—HA) ) L WDE=L48
(11V 1V ‘10)1vidId TW) ANNTANOD OC
(# NOINNILYND WONS XIHiVI INISOD NOILIIBIA L30HVLI 3ILNIWOD -~ 106 #) o] (CHs((TIN-IN)+Zue( NVDDUD:-s@-I
(A ‘0 'ADV *1D ‘SOdIIY ‘SOMIVIINSLYNID TIVD (ZIASC(ZIN=-DN i 0 d8S=DN
(# YH4 JOINIUISTY ANVMING NI 3ANLILIY L3OWVL ILNDWO) ~ 2y ) 2 (dS-C)/ ((Z)NedS~-(1I1NSB4+(IIA—(Z3AI=DN
(SOdUHVY) ‘(ZINA(Z2)N ‘OHH ‘LA YIADANTIS TIVD 8/ 1-=dS
(¢ IV ONIMDIOQ UL 1D3dSIY HLIIM MOILISOd YUIWYD FiNdOd — 1he ) 2 CCEIN-(3INI/((EIA-(T)A)=S
||||||||||||||||||||||||||||||||||||||| 3 (SO (LIA—(EIAI+Z08{(I3N-(E) 1)) INDSEL =dV
(1) TAWMMNG/SASL IO/ NOWKO D AHWIANOD OZ
(9 ANG “ LH * I/ 3IOONH / NOWIO D Ot 0L OO
o] ((Z3N-(1)N)BBY=H
IINVIISINGIS 34V TIG-W3HONd ON MiIM S1WNSIY JAvIGYILN] 2 (I A=A
(EIENA (EISA'(EIIA Tv3Y (1 :1=30
AIOHINDD LHOIN-YILINID 30 SININOJKOD TsD11H3A ONV "WLINDZ I HOM 2 (C1IP-(EIAISEYEC =dV
(EXA(EIN tw3IN 02 Ci 09 ((EXA_ I (T1)N) 41
YEIWYD GNY SLIHOIT N3I3IML38 IINVISIO 3 o€ 0L O%
OHY_ Tv3Y ((Z3A~¢TIA)SRw=H
3WVY4 ZONFHIAIM o] (1)A=DA
449YDADVUS 13DHVL IN3HHMND NI SILVYNIAGHO0D 3TDIH3A ISVHDI INILvITY 2 (2)N=N
(€)50d7138 w3y ((I)N-C(EINIGEVES =dv
iv 01 ONIONDJIS3HMMOD NOINHILVYND b} Ol OL 09 ((£)A IN (1)n)51
()LD 3N CEIN (TN oG =N
a0y LH0deNS LHO1T HALNID A0 HIONI WOJ& iH 2 2 CEIA+(TINAISC =i
(E)WIH T¥38 =0 0~ T - - - - - = m e - s - - e s e s o — = = - = - = = e = o = = = = - o
AT3A1103d53H ‘IWvid AQOG LIvHIIIVHS L3DHYL NI o 8 'Y ‘N3O0 (2 AWNG/SAS L JO/NOMMO D
NDILISOd QIv ONIYI0Q ANV 3Wvdd AGOE FT1DIH3NA 3SVYHI NI NO1LIISOd vHIVYD 2 2
(EYIH(E)DH_Iv3IY v o ‘GEOL# xgnuhg WONI 335 SLWNSIH 3UvIGMUBLINI 2
Iivdid ION3IBISIN ANVHIND NI NOILISOd 3NDIH3IA 3ISYHD dIHNSYIM o ‘WD ‘BA X 'IA IS 'E 'H'C ‘dil ‘Y 'dY W3
(E)S0dAD w3H AT34 :uwummw ‘SNO!11SOd QIOBINID HIINID 1SHI4 ANV 2
3vdd IINTYISTY AuVvKHIEd O TIITTVEYL ONv LHOIT alv o) ‘AHOIYH ‘HIUINID ANZ ‘L3371 H04 SININOOS TWIIL¥3A OGNV WINOZ 1 bO- 2
ONIWIOA ¥3ILUIN3D v J3IWSINID SAS (GHOOD NI NOILISOd VH3WYD 0IBNSYIW 2 (EIA(YIN WY
{E£)S0dWV) Y3 vd3dv) OGNV SiHOIT NIIML3E SINIGIC 3
FONYLISIA LHOIT-H3IIN3D-0L-3SVE QIV ONIND0Q ol Ch TWw3L
8 Iv3 ~ A1 §3INIDT 1y IIMIiNID vEd 3
XIBiIVMW SIri 0 ISOISNVEL OGNV 2 AONIFY3I3Y IV ONIANDL0C L130W¥L LIN3HUND NI SILWNIGHOOD veIyd 3ALLvTI3N 3
UV HA 43H AUVIWNIHG NI) L14YHD3IVJIS L30dvl 40 XIdivW INISCO NOILI3MIG 7 (E)S0dT38 W3
(E'EYLIV'(E'C)iY Ww3H Sg2.3é NI HIONIT W04 SN3D >
ISOISNYYH: S11 MV ‘3Wvidd IONIYISTY AHVYWING 0L IATIwI3IH o N3 1504 W3
3ANLILAV 3IDIHIA 3SvHD IN3EHND ONIABIYIS3A XIHIvW 3INISOD NOILISHIA 3 ‘L49H330YdS 130HVL INC ANV 304 G3XI4. SNIDWHS iHSIT P]

8'v v3iu

Orb 'S0d138
-~ iNding

A
- ANdN]

(¢ SOIGHIN3D 309wl 1517
(W3i6S Ju005 QIv-ONINI0C NI NOILISO2 YHINYD JiINKdDD - OES =,
10HY ‘SO4T38 ‘A ‘N 1180 INILINONANS

J¥d
WI¥300e NGILY WIS 40 NDISH3A InG[T-33a0] —- 7 Y1(ON3ddY

|9
o\

e e e iy st >

T T S I I E L I VS P S

VLLLLDULLLLOLY

O



S1INS3Y JAVIGINIINI
{EJEA “(E)EA 3N
S1NS3Y FLVIAINYILNI
(EXINA v3Y
SQINHINID 39VKWI dWV
(EXA LENN “Iv3Y
1HOIS 40 3INIT 1N0BY 3NIONVY NOILVIOY ONILVSN3IMWOD
SOIL08 Ww3H
V4 JONIYIHIY GV ONIMIOA ININHND NI SILYNIQHOOD VH3MWVD
(E£)80d471348 W
3WvS 40 NOISH3A G31038N0D ONV
(EHOIS J0 3NIT LNOEVY NOILwi0¥ HLIM 38AVK) NOINYILYND 3QNLI1iv 130¥vWLl
(PILD‘(¥) 11D W3
NOINN31YNO NOILD3INN0D
($)00 Tv3y
12NJ0¥d SSO¥O 40 3ANLINOWW
OvWddd TV3H
39NV NOILV.IOY H3ITWN3
IHd w3y
S04713¥ ‘SOdWVYDY 40 10NQ0¥d 104
aNdi0d_ wax
AHOI GIV ONIMOOG HALN3D L1v G3I¥IUINID INEG 3vidd  43u
AVWINYG OL 137WHYd 3Wvid IONIHIFIY NI NOILISOd VHIWVI JIUNSYIW
(€ )S0dWvY WY
3SOdSNYYL SLI ANV (NOILO3HN¥OD 0438 ‘IWvyd
438 AdVHING N' 1D03dS3YH HLIM) 1398yl ¥O4 XIMivik INISOD NOILOIWIA
(€ ‘E)LYNYNL ‘(E ‘E)LV w3
XIdlvW 3NISOD NGILO3H¥IA GIUNSYIW S, 3NDIH3A ISVYHD
(E‘EVYADVY v3H

SLN3NOJWOD LDONa0d¥d SSOWD

10
1Ndino

AN AV ‘'SDdI3Y ‘SODKYD
LNINT

anliiiv
A8 d37wd
LW T LVWETIQ TIOSK 'SOD ‘THOS 'NIS 'SNViY
871D
(% INIWIUNSYIW KON
VY3 IONIYIS3Y AUVWIND NI NOINYMILYNG 3ANLILLY 139HVL 3iNd0D - Skb »)
(AN ‘ADVY '1D 'SOdI3Y 'SDAWVYI INYLYNDG INILNONENS

6¢ 39vd
WYN00Nd NOILYTNWIS 40 NDISH3A 1HOIT-33¥HL —- ¥ XION3ddv

At ot e i s OO . i M o et

U DLULVLOLLCLVVLLUL U VL VO O U LV VL VLU LU LV L LV OV

an3

N¥NLIN
(1'E'ET1I3A "LADY ‘SOYI) L Wild TTIWD

(% 3Wvdd LHOIM-¥IUANID LI0UYL NI NOILISOJ YHIWD OL LH3ANDD #)
OlLVH#DA-=(E£) 133N
O] LvdedN=(Z)1233A
0! LvHeNIID04-=( 1) 123N

(8 VYA VHIWYD NI NOILISOd 130¥ve 340 O3IN (ONId «)
(Co8dA+ZeedN+ZeaNIN04) LHOS/OMHE=01 1VH

(# HIINGIL N NYTIWIS 3UNGWOZ =)

(Z)TAWWNG ‘NITO0A (Z) TAWMNG / SAS L 90/ NOLWO D

VS YHIWNYD NI NOILISOd 1308VLI 40 3AILWO3IN
(E€)1J3A V3N
QIONINID IOWNI
AHDTT-HZ2INID L13%4VL 3IHL O SININOGMOD WIILN3A ONV #F%N.W«ﬁ(wt
VHIWYD ANV LHDIT AIv NIWDOQ H3IUINID N3I3IMLIAE IONVISIA DWEQJ"W“(W!
JINVIISINDIS AIIVIIY KITEO¥d ON 'SLINSIY FLVYIQMNIIN]T
OIlvy Wiy
SHILIN NI ‘HIINIT "WOI04 SNIT_v¥IIVYD
N304 W3IN
AHDIT L30MVL H3INID 1V _dIHIINID iNE
3WvH4 438 ANVMIN¥D OL 137IVHVYd VNS NI NOTLISOd VYD GIWNEYIR
(£1S0dMv) N3
VHI IONIHISIE ANVHING 0L IAILVIIY
3ANLTIL4Y ITOIH3A 3SYHD LINIUHND ONIBINISIA XILlMVM INISOD NOILOINIA
(€ 'E)1ADY "W

indino
N304 ‘OA 0N 'OHN LAV
1NdN]

aniliv
A8 @3TWO
LUOS LW
STIVWI

(# LHO91T 139yvl ¥3IIN3ID 1V GIAUIINID LNE
1 0L 3TWHYYE VN YHIWYD JO NOILISOd 31NAMI0D - Ted #)
(SOdMVYD 'IA "IN 'OHY "LADWIADANTI 4 INLLNONBNG

3WvHd 438 AUW

tc 3vd
WYHIONd NOILYWWIS 40 NOISH3A IH3IT-338HL -- ¥ XION3IddV

[¢]

[S18]

¢ LLULDUDUULUULLU VU VU LU U L VLU WY

14



ORIGINAL PACE IS
OF POOR QUALITY

aGN3

NHNL I
LSO 'NIVOY *d)IADDDdN T1TVD
(% XIMLVW FONVIEVADD 31ivQadN - CCy )
(S0dAD ‘NIVOY '31VLISTIVLISAdN VYD
(# JIVLIS JLWAdN - ¥Cy &)

(% X1YiVHW NIVO NVWIYHW 3LNDW0D - £CP #)
(¥°'31viS53)IA0I153 TIWD

(# IDNVINYAOD INFIUNSYId ILIVYWILST - 2Cv «)
(9'31viSIIOMAD VYD

(# O NV1G0OVYM ALNGWOD - ICP «)

3ONVIHYADD LN3WINNSY I
(€ ‘E)d Tvay

JIVYWILSI 31VIS 40 3ONVIHVAOD
(9'9)d w3

XIHivid NIVO NvWIvH
(€ ‘9INIVON TW3IH

31V.1S 0L 1234538 HLIM INIWNIBNSYIR 40 WILidvd
(?'E)D Tv3Y

¥OLI3A 31VviS 30 3ivudlis3
(9)31viS3 W3H

INVEI IONIYIS3Y ArvRI¥D NI NOLISOd ITDIH3IA 3ISVHD dIUNSYIM
(E)SUdAD TTv3s

31visS3’d
1Ndino
4°dIJiviS3
ANdNI
w>0q
A8 _d37°wO
NVO IV ‘ADDLET 'Ddid0D ‘¥1ST4N 'A0DALN
STIv)

(o LNIMIUNSVYIW FLVHOLHOINI - OCH «)
{3L¥1E3 'd 'SOdAD) JYOINT INTLNONENS

L2 3vd
WY#30UHd NOTLY WIS 40 NDISH3A 1HOIT-33BHL -- ¥ XIUN3ddV

(¢

U OOULLLUOULLY VU U L L LV LUVL L L L L

an3
NUNi3Y
(#)1108(#) DD+ (E)TLDS(E)IDO-(Z)TL08(Z)D0-(1)T14i0e(1)20-=(¥) 10
(P)1I0(E)IIO+(E) 1108 (#) D+ () TLO#(T,20-(1)1.08(Z)J0 =(£1.0
(¥)TL04(2)DD+(E) 1108 (T)ID+(ZIL1LDS(EIDV+(1)T10#(E)JO~-=(Z) L0
(PITIO8(T)DO+(EIT LD (SIDO-(ZITLON(EIJO+ (1) TLIDW(P)ID0D =(1)1D
(e 30 AE G3IMOTI04 110 IO sr—‘hQC 43N 3UIN0D »)

:NO‘:UMCQJUCQNQ‘.N~8H-UK v
+209(1)50d713%) LMOS/ (SO 1LO¥SC INIS ‘I ‘€ 'SOJ 1IN ' J0) I8 TWD
(» NOIIVION ONILI3¥NOD NO3 NCINNILYNW N0 =)
(E:N=-(TIN " (THA-(EIAIZNVLY-( (Z)EA ‘(E)EA)ZNVIY=SOIL0N
(1'E'CZA'AW'EA)L M TWD

(e € Pv.ouJ DL T 1HOIT WON4 INIT OL (IO 8V ‘. Lv. AS
G3421334d SY ‘LIOUVL NO NOILDIHIA A— NI ANIT) 40 NOILVION GNId »)
(LWNNEL '1y '110)AVNICG TIWD
(» X1divdd INISOO B-hUWIuO 0L 110 iH3ANOD - 106 e)
(# LAHO1S ANIT LNOSY NOILIVIOM MO4 LO38MOD e)
!Sbwl (C1)A 63 (E)A GNY ¢TI0 B3 _(E)XN)r sl
3NNTIND) OC
.n *IHd)S0I=(¥) 110
(OVQNd/ (€ #IHLINIS ‘IA'T110)TI0SH TIWD
(e mbigu 8~!KNP§ 3LNAHOD »)
{J¥d10G ‘OVQlNd ) ENVYLIY=]1Hd
(= 3TONY NOILVIDN ¥3 N3 31NA0D #)

INNT ANOD oz
o€ 01 OD
C i=s(9)110
O=(E)110
3NNT INGD or
o€ 01 09

O O=(¥)I10
O I=(€)110
01 01 09 ( O 19 Gu¥d10q)31
O=(Z)140
O=:1)110
(# HOINY LNO GNIJ 3TWUVLILNY 80 ._w|3<¢(u 3y _SHO1D3A &
0L 00 ( O 1O OWNGNJ) 41
(€)804 T3 v
#(€)SOYI+(Z)STdI3US (2) SOOI+ (1)S0d T3 ( 1) S0V I=d84100
(288 (E) TA+288(2) IA+Zee (1) 1A) TUUS=OVIANL
(1)S04T34e (2)SOdVI+ (2) 8041344 ( 1 ) BOMVI-=(C) IA
€)S0d 134+ (1)SOdVI+ ( 1)30d13us (€)804AWI-=(2) IA
(Z2)SOd 1384 (£)S0HVI+ (E)S0dTIN (Z)SOMVWI-—=( 1) IA
(e SOdVI 01 SO4138
WO¥d SIXY NOILviON 3NI43G OL iXXIONd SSO¥D 30 SININOSMOD ILNA0D o)

92 34
WYNO0Nd NOLLYYWIS 40 NOISH3A 1RSI T-33MH1 — ¥ XION3ddv

R S P S

VLU VL

[¥]

oLV

A-15



OF POOR QUALITY

ORIGINAL PAGE 18

an3

NYNL3Y
3NNTLNOD
IONNYA=(T ‘1)
€'I=1 O 0a
TO +2#8(2 #{E)3LVISI+Z#a(2)IALVISI+Z#e(1)31VviSI) 93818 =IAINUVA
O O=¢r‘1)¥ T4NOD
Wy

(SIXY ¥3d) IINVINVA GIALVYWILSI
IINYYA W3Id

FONVINVYAOD LINIIUNSYIR
(E'E)H W3

S3DIANI 4007 OC
1 H303JINI

HOLO3A 31VLS JO ALwMiis3y
(9)31v1S3 wvaN

(e IONVINYADD LINIWIPVNSYIN IALVWILE] ~ ZCv )
(H ‘31VLIS3)IA0I183 INLINOUENS

6C 3Md
RY¥O0Nd NOILVWWIS 40 NOISH3A (HII1-338HL — ¥ XION3dd¥

o1

U QULLULLLLLULY © VU LU VL

»

(® FLVLS 0L 1D03d53d HiIIM INEINNSVIN 0 WILWVE FINAIDD -~ 1Ey o)

82 3vd

(9 °31viSI)IOA0D INTLNDNEANE

WY¥304d NOIIVWIS 40 NDISH3A IHOI 3381 — ¥ XION3ddY

(SIS 18]

(SRR CIVICIVIVIVIVININ I VIVEN R A

A-16



aN3

N¥NL3Y
31 ANOD oz
(IH)=L73A+(1)31ViSI=(1)31Vvi8I
?‘I=1 02 0OQ
(1°'E'9'HYIS0Od ‘NIVOY ‘VLiT13A) L Wi TWD)
INNT LNOD o1
(1)31V¥1S3-(1)S0dAI=1 ] NYIS0d
€‘l=2 OY OCQ

(% (NOILISOd G3.31Q3¥d-S0dA2)eNIYOM+ILIVISIaILIVISI 31NdM0D #)

1 ¥3931NI

H0103A 3AVIS 40 3ivkiis3
{9131vlS3 W3y

31viS3 0Ol LN3MiISWayY
1{9)¥113d w3y

FVES IIMIYIATY AUVWIHd NI NOILISOd IF1DIH3A ISYHD GI¥NSYI

13

(E)S04AD WV3IN

3ivis3
ANdLNO

34iV1iS3 iV 'SOdI3H
PUIT

JHWOINIT
A8 G37wO

L R
S7WwD

‘# JUIVWILS3 3JLlvlS 3ivGdN - ¥Cb =)
(SCdAD ‘NIVOM ‘JUvLIET)viSAdN 3IN1LNCHENS

FIvd
WYHI04d NOTIVIWIS 40 NOISH3A LHIIT-338H] ~- ¥ XION3ddv

U QLLUVLLVVLLLL U VU UL U U WL

(. NVDTYY INILNCHINE NI 3N VI NOISEIANT XIMivh. ) iVN04 106

NN 3
(€ ‘9 ‘'O ‘1AL ‘d ‘NIVOW) LBl TWO
(€ °C 9 "ThIl ‘AD ' iaIL)L N TYII
oz 01 8 (0O 3N uy3) 41
CNNF 9 ‘'Y "HOWNIS ‘C ‘Caddl ‘ZMEAL)IANTIN TWD
(€ 'C ‘2L ‘¥ 'CM3L)00WM TWD
(€°9°C 1N ‘D 'TAMILIL R TWD
(C°9°'9°19'd " TILI LTI TV
INNLINGD
(Fre1)0mt] )LD
9 'I=" 0t 00
C‘i=1 Ot 0G
(8 ((OINNLOGOO+UINNTIS (D)I)NULAG=NIVIN FLNMCD &

AWWNG T *TINMNNEL 7 W [ S/ NOMM{O D>

TUNIWNNIL W0 MIBWW LINND NVELNO4
“INNMAL MIOIUINT

IONVYIIAINDIS GILVIIN-WINE0Nd ON HLLM SLINSIN ILIVvIAEINALINT

(€ 'DHIEIMAL “(C'E)EIMIL (L ‘D) T3l W3
AMNIN INILNON WOJ Q(!Ub(luﬁ

3iVIS 0L 1034838 MHLIMN INMINNEYIM 40 i—b’&

¥U3 ¥W3IDIINI
NIwaw
ANdiNO
O'd’Y
ANaN

(# XIMIVM NIVO NVWOIWY FiNdd0) - CC¥ o)
(NIVOW'D 'd "HINVO R INLLINCEENS

0E 3vd
WY400dd NOLLY VWIS 40 NOISH3A [HOI1-33MH1 - ¥ XIGN3Iddv

ot

WO UL Ve v

U VLLUVUUULUUVLLY UL U U LU LWL

A-17




e e e Veme e i ooy @

[

(LC)IZAWMING ‘ZWY ‘(12 TARNNG 7 D IHIA/NONNO D

GGV 31DIH3A 3SWI.D GILVWILS3
QC9C=SVHIAY HIL VUYL

4315 WL NOILVESILNI
d3ILS WIY

31wMii53 31v’'S 40 FONVINVADD
(9 '9)d W3H

S321aN1 40U Od
1 ¥3SIAINI

X JvHd 3IDNIUIIIN ANVHING N1 SIDW0d
¢(E€3710804 VY

S3XV AJOE INDIHIA ISVHDI INOTV S$3J804
(£)0084 v3d

NOILD3135 ¥3ILJ¥ SHILSNUHL WONI S32d0.1
(p1)4 W3IN

3.viS Q31VWILS3
(9)31v183 "WId

ORIGINAL PACE i3
OF POOR QUALITY

3AVLS NI IONVHO
(9)31v1iSA VI

IINVINVA NOILYHITNIDDVY CIAVMILSI
yvAY Tv3id

NOILVH3ITIDOV WI0L 30 3GNLINOVH #) Juvnos
OSOVMY v3Y

¥OLO3A D04 LIN DL SHILSNYHL IWNAIAIANT WOH3 S3IDB0s ONLLVIIY X1u)ve
(¥t 'E)ZWv “WIN

XINAWW INISOD NOTLO3IWIG FTIDIN3A ISVHD 40 ISODJSNVHL
(€ 'EVLIADY V3H

NOILVHIIIOOV AIIVWILSS
(£371300V "WwaM

31visS3 ‘d
1NdinQ

0345 '4 1AV '31V¥LIE3 'd
1OINT

(e IINVIHWAOD OGNV 3IUAWMILST ILViS JLVOVIOUd - O9F o)
T1ADY 'd31S "4 'ILIVISI 'd) SJd0Nd 3NTLNONRNS

£r 30vd
WYNO0Nd NOTLYYWIS 30 NOISH3A IHO1 =331 — ¥ X1ONIddV

UULUUJbL—UUULUUUUUUUUUUUUUUUUU

awld

NN LIY
3NNT ANGO oC
(r’1rtgmir ' 1)d
9 t=r OC OQ
9 't=1 OC OQ
(9°9°'Q ' ‘dbd3) "Tad)L WM 7T
(e o MTIN_FiNGMDIZ @
FNNTANGD oc
D te(l ' T1amIL=t] 1) INIL
7:1»1 O2 CO
IWIANDGD ot
(P I)dMIL-=t ‘1) dIa
%'t O1 OQ
9't=1 01 DG
(9°C'9 'O NIVOW dbidi)Li ik TV
(o DeNIVIWN-1 JANOD o)

IONVOIIAINDLIS GILV IN-NITA0Md ON MAIDL SATNSIN IAVICOIINILNT
(9 )1’ O ' D)Meidl WIN
3:vM1L83 IiviS O FONV I WWADD
{9°'9)d W
LTMAVE NI%D NVWTWH
(€ 2INIVOW W3Is4
s3O10N1 4007 _Oa
T W3DIINI
31V1S OL 1J34638 Milr INFEINNEYIM S0 WIldvd
€9 °'Cr9 vaiy

(e (de(Dex-1)=d) WOMS XIMWiIVM NV INVADD JAVCHN - CLw o)
(9 NIVOW ‘' dIADC N INLLNONENS

Ct 3Nd
WYHO0Nd NOILVYWIS 0 NOISH3A IHOIT-338H] — ¥ XION3dd¥

A LAV I AT L

U VULULZUVLLUL. U UL o uuv



NAL PAg
Erg
PooR QUALITY

ORIGj
OF

AGH ' JAH * () CAMMNG /7 SSODNI/ NOMMG D
(9 1) ZAWKNNG ‘GVHNNOT * (BL) TAMNNG/ I THIA /NOWMNG D

QI vA Svm ININIUNSVYIM LSV 41 3INai
atrwa woHIs0"

SLWMEI¥ ILVIAMMNIALINT
(EICA(EIPA “(EIU'(EIEA(EIZA '(E)TA W

(SIXV ¥3d) NOI) S04 NI NOSMI TINOTIV
dJOE VI

31183 JUvLS JO0 JINVINWAOD
(9'9)d WIH

SHILSAS JLVYN1AWOOO

LAY 3IVLS IATLII4S3Y YIIML NI SNOTLIISOd SIWNAXI- ONIWOOT

1) AGM °(E)ICH WIN

. X068, DO 40 SilklY HAddN OGNV BIMOT T °A ‘X

HIS 120 'HAD ‘TAD 'HID "IN WIH
¥WOLD3A 3UVLS 40 I1WMWILAS3

YV L1IVHIIIVAS FHL HOTHM NIHLIM idvddIIVdS L30WVL WNONA SN1dve

avuwdag v

, X068, VOO NI 3TIIH3A ISVHI SINVM D190 ADILVHLIS HOIMM AS 3mIl

N17130 I

ALINIVINIONN NOILISOd VHDIS-E
g vIN

XIdivW INISOD NOILIINIA LIDWVL JO IROSSNVYHL OGNV
4AYHIIOVES 130¥VL T IFWDIHIA ISVHO ¥04 SISTNIVM INISOO NO1LOINIA

{€'E)AVNML (E'E)LV (€ 'E)ADVY W

NITIIA 'HID *TITD ‘HAD “TTAD ‘HXS ' IXD
ANdLINO

AV ‘ADV 'L 'AVENOQ ‘d 'ILVYLSTI
1NgN1

w0a
AG G3TWVWD

BOSK LM "NELH ' I XYWV ' T H0S
8T WD

(® WOD 136 - 0LV o)
(AQ1WA 'N1ITG0

HZO "TIZD "HAD TTIAD 'MXD IXD AV 'AIV ‘L ‘¢ '2AVASII WVLIS INTANDNENE

GE 30vd

RYNO0¥d NOILYWWIS 40 NDISH3A IHOIT-3MHL -- v XION3ddV

ko g~

v

ULLLLULUUULY VUV U LU U0 © U W U L LU LU L Ly

v

5Ky
:
3

308

(Fr'BdBetl ‘1igdmt 1

re
LA
.-ut(hgt.-uﬂhihﬂv.“ﬂ
(e IDNVINVADRD O AiViS
.ﬂoﬁ‘nvt.ﬁ.u.almﬂ. »

cr

v

A

el
RuTRRY,L 1S

;%8 of

i 82

(r'Colidair 1)
*t

§ o
oz gei; Hing,
iﬁggisigziii
gt.g,:S §.‘fu‘98
8

(C~1)T73IIve L B=( 23

(5 ISV AL

@315 (LSO (1) VI IVvel o.ﬂo..&»(»ﬂﬂ.n.m.w»
‘f=
(s FONWHD NOLLISOYd ON14 @)
L= 1+.080VNNeCO DwiVAVY
2o (L) TIIIVTo8(2) TBIW+Tes t 1) TIUIVeOBONN
(o AWNVINVA NOIAVATTEIW 2iWNILIED o)
(SVNSAY/ 1°1 °F 33804 ‘TIIW I I T

1)

s5
¢

A

(191 'C 4°'2vv 'Q0ES) LA M T W)
te JeZWNeLAIVEIIN0S FUNMIDD o)

¥ Fvd
WH0Nd NOILYYWIS 40 NOISYIA IHOIT-33tH1 - ¥ 11(M3edY

AR e ol
. et e

A-19



Q-
=
853
<> :
a. o
-l oy
4 .
&
b«- -—
i
C mw
c ana
. 5
5 NNG4Y
M () UHLNIS TV
. (» SUILSNYHL Ju1d — CBY ) 5
S 3ANIINGD  O1
< (I T4%(1)3=(3)3
- ¥1'I=1 01 _oa
! (3 'GWILIX ‘GWIL08) L3136 TWD
{ (# 1SNBHL G3033N 3A10 OL 138 ¥3ILENWHL 103135 - 289 ) 3
<o (HUIADY ‘ILVHLY 'HIO v
i 120 'HAD *TAG ‘HXD *TXO ‘HIL ‘ADY ‘I1VLET ‘AWILIX ‘AW LOM) HVILND TIVD
- (s 1SNYH1 GIUISN INTWNILIG OL Mv JOULNOD 35N — 186 #)
y 14056 AWKNG7 3 THIA/ NDWIWOD
: LIMIT 3WIL
i W1l w3y

(SNVIGVYY) MYA OGNV 'HOLId ‘71108 NI HOMH3I 3GNLILLY GIUNSYIM
(E)UYIALY WY

MYT TIDYLINDD WOUd SONVKWOD “WWNOILVYISNVHL OGNV IWNOILVLIOY
B fEXAWILIX ‘(E)AWILOY W3y

X34GNI 4007 04
1 ¥303LINI

W09 40 S1IWIT ¥3ddN GNV H3IMO]
HZO ‘128 ‘HAD “TIAD ‘HXO ‘IXO W3

S3DNH03 HILSNHHL WAWLIXWW 40 ASID
. (v1)1d4 V3N

. NCIL1D373S H¥3Iidv SHILSNHHL WO¥d S3IDW0J
T (¢1)d I

v o 3ivW1iB3 3ivViS
Ty (2)3.lviS3 WV3AY
R 21807 1037138 HILSNYHL WOHS SITHLINI GONVKHKOD KWWWQWIWEWZ

. JTOIHIA 33VHD 40 S3LvH 30NLILLV GIUNSVIK
(E)ILVHLIY TWIY

IVUHS 434 A¥VKTING NI 3ANLILLY 3DIH3A 3SVHD GIUNSVYIU
(E‘EXAJV W3

H j E]
. 4NdIn
HYIAMY ‘JLVHLY 'ADV 'ILVISS 'WITWL ‘HZIO ¢ X9 .whthmmmzn

' %20Q
A8 Q3w

i 1937138 ‘HHLIH1d ‘INT S3Q "MVIIND

S [Sa Rl 2]

N (% SHILSNBHL 1037135 - 08Y #)
(HHIALY ‘IiVHIY ¥
ADY 'WITIL CHZO 129 'HAD TTAD ‘HXO 'IXD '31VAISTI ‘4) ASNNHL INTLNADNENS

9 . xoda.

LE 33vd
p KYHIDUd NOTIVTWIS 40 NOISH3A LHOIT~33¥HL -- ¥ XION3ddY

NP . ORI S S 9 PR

W

QULOLLULUVLVLY U L VL U U VU U L WU W VU vV

(8]

anN3

NMNLIY
(20 (E)CA+288(ZI1EA+Zoa (1)EA) LHOSHCZT +1i=N1TI3A

dOTS+HAO=HXD ( B8 17 HXD) JI
{ 1 IEAHXD
U1 wA)ISaYsl ) INIWNVSCZ O=dJd05
(T'E'E'EA'AIVENILBEE WD
(1 'E’'ILVISI ‘1A 'ZAIENSH TvD
{1 'E'E CA'LVNNL 'TA) LR TIWD
(€ 'LV "LYNNLINMIN T¥vD
(& NDILISOd INIYUND LOVHLENS OGNV SIALVYNIGHOOD 1N3IANDD
(1€ 'DUH '8 ‘CAIENSEM TV
02-0-=(Y)¥ (QIWA LIDN YD O S22 1O S (E)9A+Zas(ZipA) I]
(1 'E'E'ILVISS LY “SA L Hid TIVWD)
(E)1GH+ O=(E M
(Z2)104+ O=(Z)Hd
(1)1QH+0-=(1)Y
(¢ SIXW X L3F0HVLI NO INIOJd WIV 3iNGMO0D =) 2
INNT LNOD O2
O=Q
ANNTINOD O1
0oZ 01 O
(‘E'EXd+(Z2'2)1d+(1 '1)d) IDESe €=
91 Q4 00 8
A7 (24 (9)3UVLIEI+2¢# (L)ITLVISI+Zaes(P)ILVISS) [HOS v
47T (CHe(£)31VISI+Z#4(Z)ALVISI+Zas (1) ILVLIET) 18OS) 43

(81

) 2

9t 3d
WYHO0¥d NOFLYWWIS 40 NDISH3A IHOIT-338H1 — ¥ XION3ddv

. —c— - -
B L A - ) ' N

ALY



R

i
SR e

2
P =]
L
<D
o o
-=d

=5
Z 0
Ga
[+

cS

3NIWA X VNI 318v1d4300V XV 'NIW
XWX NIWX TV3IY

SIxv SiHL N 151200340
10ax W3Y

3INTAY3C 1INN 8gN0J38 - L1IWIT IL
Wi7l Tw3d

NO1AVH3IT3IIOV 3782804 *VM NIW NO Q3SVE gLIAF LONOD
W ERTH TN w3

SNOISIO3C NIIML368 9348 M1l
1a w3

180EHL 3A11VRY Xwad QWNe NIW
Xviv ‘NIWv W3H

CATND 3NTWA NOT1ONNAD
ANJLFO

10 ‘W11 T XWHX NIMWX ‘100X 'X
LNdNT

‘UOUUUU'JU

o L‘UUUUUUUU\

MYLIND
4@ g3TWVD

S1xv 30 BO3 NO1LivY3T322V 3iwW1i163 - ¢ 18y €3
il 10 'WITL XX ‘NIKX -104ax * 1320V NOT LNN3

&€ 3Wd
Wy¥a08d NOTLYVMIS 30 NOISHIA 1HF 1 T33ML — ¥ XI0H36dV

e WA Ak S it S ESURN -

& T A .

aN3

wNyNL38
(vL0 ZO ‘CECEEZ 1 v
‘W1TL ‘20 +(€) BHIAY- ‘20 lRNUGIE&KI.aﬁuWP(E(vJNU*lnﬂvaﬁUSﬁ
(9LS 2D ‘CCEEET 1eceeez 1 v
‘20 +{Z)BH3ALY- ‘20 |.N-¢KN>B¢I.Aﬂyuvtkk(ndunv(lnﬂuguwha
(wl0 ‘29 “EEEES 1 geceeZ 1
(20 +{11883AdY-) ‘.20 -1 HUIAdE-D (12 .\kh(uduu‘lﬂnse&uat
(1 ‘ED ‘€7 EEZ 1 Wil ‘W20 1210 ﬁuggwdouﬁn.ﬂ-EUle
(1 'Eu CEEEET 1 W10l "HAL .J>0JN~§1~UUQ¢I.N~EUPJ:
(1 ‘EU JECEEES 1'WTTIL 1;01;0;nvnogvdunw(!nu-ﬂ!urdn
s SHJiivd3T30v vaal oxid -t 18y =)
(1'E .ﬂQ'-Wh(FMN.)U( “GO8A) L N TVO
(e SAS GuO0D AQOCE OL AL112073A LU3ANDD #)

mws Oww CHDLId ‘10 NI ¥OBE3 Aaniiiiy a3IuNSYRd
(€ d3ASY W38

My JOULNGD WOHS SONVWMGD SUNOI LY ISNVEL ONV “WNOL LYi0Y
(£30HILIX (EIAHILON VI

xpa. “w0d A0 S11W17 ¥3ddD aNy  HICT
H29 129 'HAD ITIAD ‘HXD XS W3H

(9)31v183 W3
€3ive ML uTLLY FIDIHIA ISV QIS I
(€r3iviiv W3
v s AINIYRS3Y Auwwlas NI qaN.LLLY FDIHIA ISYHD qI3eNSY I
(g ')A W3Y

GMDLTIX ‘OMIL0N
1N&INC

S WITL AN ‘31183
LidNY

AU3AdY 'ILVBLY HID

(s My OHINOD - 189 ».
(MHIAdY *ILVULY ‘19 " IId v
MG TIAD THIS XS WITIL TADY ‘3iwis3 ‘aWdLIX ‘O LOW I IAND ] LNONENS

BE 33vd
WYES0Nd NOILY WIS 40 NOISH3A 1491 3L — ¥ TIIN3dNY

(5

AR AN

L‘UUUQUUUUUUU o VL Luuwv [CI

(5

A-2

¥



PP

aN3

ML 38
30MILNOD
1)€378vL TV
<6 63 Ex3aN1) 41
3ONTINGD
yZ3T8vL T
(0 03 Zx3aN1)a!
3ONTINGD
¢ ) 1378vs TWI
o0 (0 03 IXQNI) 4]
ﬂ (s 135 W31SNWHL 1) 28y . T 28y »)
ot (2)302.10¥86+ 1 1)3CIL0MeC+ (£) A0 TdL=CXION]
(€£500210usa+( 110G JHeE+( 2)A0D 1YL =ZXION]
n (£)00310U#6+(Z)A0I10UeE(T)A0I TL=TX3ION]

(¢ SONVIMMOD H3ILSNWHL ¥OZ LIAGNGD OL F7@VL HOTHA 3NIWNILIA #)
=2 30NTLNGD
Q 0O O=(r)3

vl 06 OG
(+ SONVIMWOD MILSNHML LG OW3Z *)
30M11NOD

&= &~111003100
o8 01 0Od
0=(1)300104

]

3ax
oo

3ANT
o0

30N

“8 01 00

I1={1)0d0J10%

0L ‘0% ‘06 ((1)0WMILO¥) A]
E'1=1 08 OC
IONT LNOD

Z=( 1) 000 i

oy 0L 09

D={1130074)

Oov 01 0%

121130037781

0€ ‘0Z 0 ¢ (TIQWIL NI ST
C'I=I Oy OQ

% NOILVALILDV H3LSNUHL 04 IAUT INIWKYILIT s

RIGINAL PAGE 18

0

S3Tgvs BO3

SIDIANI 3UNAWOD QL 335N S300D NO!LVYISNVEL GNY NOI1wiOY¥
(€)0027TML (€)Q02L0H ¥IDILNI

£378vL ANWIWWOD H04 S3510N]
EX3aN1 'ZX3IGNI ‘TXIONT ¥IDIINI

S331aM1 o007 _0Q
7 u333UINI

MY JOUINOD WOHA SANVMROD WNOILVYISNYHL ONV WNOILvLIDY
(C)IAWILTIX (£ QWIL0H vIY
31907 1353136 d3LSNUHL WOYS S3IHIN3 GNVROD RHFWDW‘.%(WR

(w1)

3
AndinG

AWILTIX 'QUDL0H
andNl

1SNMHL
A8 331w

€378v4 ‘'2378vL 1318VL
37TV

(s 3813 OL SHILSNWHL HOIMM 133738 SiNDLIND MY TOBLNCD HOW3 - ZBY )
(3 'CUILIX ‘QWIL08) LOTTIS INTLNOYENS

Iy $vd

WY¥O0Ud NOIIVVWIS 40 NOISH3A 1HOIT-33HL ~~ ¥ YI(NIddv

(a1 4

001

v U Vol

Ooouvionueuoue oW

e e o it ot

1= I33IN
OET 0. 0% (NIWX 35 Z#sl00XsEW-1CeiDaX) 31

1-=1305V
0,7 0L O (xwx I ZeeiQ0XeCH+LQ8L0T¥) 51
g2t 01 0% ¢ O IV L0Ar> 31
N¥O L3

D& 0L 00 (NIWX L1 Zes(id-WiIL:eoneiQe 00X ) 4]

NYN L3
=30V
0% (XWX 37 Zes(LOOx+ZH SEV+ INe LT LOAX) 4]
NBNLIY
1~=Y32¥
OL QL 09 /XWX 371 Zee OQXsEW+ 130100 33

09 02 0% ( C 10 L0GX) 4!
00T OL 08 ¢« G I NIWX) 33

GC (XWUX LD Zes/ 1A-WITL)arW-wITiei00X s 3]
N3N
O=T1305%

OF OL O9 (RIWX 3% Zsa(LDAY-Z%; «CW-1%-1Ce00x) 1

01 Ol @5 7 G 47 LOGx; 3l
CL CiL 03 « O 30 vwkx) il

ZosidsAviress =Uw

oct

>zt

ot

00

a7

WYHO044 NOILY VWIS 40 NOISH3A [HG]'-338H] — V YION3dd¥

A-22

e

»
ol ot
WYL



ORIGINAL PAGE IS
OF POOR QUALITY

s
[ T

PAGE 43

Py

S ey

[eRele] o oc (o1~} [elee] [=1-] =] 000
°°§OO°°°§OD §008000§00 §°O §OO° §OO §OO §O°° " 1]
-

. - v
N Lol B Pl nb ol N Dol L | L] Ll K P il Ill A AR el R L LAY 4 f "
II““OIIlﬂﬂollﬁhﬂclhﬂ'ﬁloll“rﬂlﬂﬂ°|ll“ﬁ°’|“**0|ﬂ~~blIlﬁﬁall*“* N

i PR S PPaPY H P v N 2O A D - T [ --onp— AnOMNE -~ m il mam N~
¥

Nqu-g-m'-- Nt v MDD =N nn- D =MD D Nt (TNt (Dt g
[P RROROY . 1O
[N]

Www wwwwugwwwwusuwouuugﬁhﬁgvvvvgvv"NQ‘““"gmwwwgwmummgu;fﬁﬁﬁg

2 3 ® 8% 8 2 § B & & 3 8 :

g
o
a.
B
g = -
st E o f
. —
g [¢ 3]
"
Sy
LI & ;
x ) wn R
:' * w
Do % e s
P [y
3
fy 3
Lo T ;
. w N
; g ! K
|
<
et
=
2
fri]
[~
b

- - - - - N N N N [\] [y}
- (%}
El «
’ E
-
) « "‘,
W
. - o
: g s
5 N i ¢
; g g o
' E b é 3
. § i ' "\
' x5 v 5 g 5
K § 3 8 ¢
: =] . S R
& $ o .
z - 8 8-
. =] ® Q 1 -:x
- - w i §
2 < = « 1 &- .
F E E 62
i m g .23 :
R & g L :
v & : N '1
VN E ] Eoue -
' ~Z% gsq M
LS 8 g '2 \
: hf--m - 1 o'§ E
{ fold « sh
5 I! 5 10 .. A
= §g§ §'§3§ R
* = s - ;
i ok g u.agg |
172
S R o
4 - - % )
+ | g é ‘ﬁa 1 ugg. W
N < Y& e - RSk 000 000 oQ_ oo occo .
‘ - G gmo x = s § §__“ __‘_§oo§ooo oo §oo gooegoo. §
" S h;a ® #5 w § ' :8-:\»9--0 2nD~~AD ~AloTioitepe s IR ;
AN E ; 3: E-—w § gn-'80-:;-:;-22»-:2?-22-»-m-m.ue-um-a-m.-.e °:‘:__2:;:..;';5::: ‘ ‘
88 = § - u-‘-5‘5858uwsuuwgmwu:SNuguwwauwwauu8umu8wuu8uuwu8umwsuuuuu l.\ :
A A

¢ % $ 828 8B 28§ 2 R 8 ¢

-t H -1

U LPULUULLULLLLL VU VLU

L,
A-B Lo
r



™~

.

PAGE 45

-LIGHT VERSION OF SIMULATION PROGRAM

ad
L
o
x
—
1
'
< o © o o Q
OOOOOOOOOOOOOOOOOOOOOOOOOODOOOOOOOOOOOOOOOOOOOOOO
»>< [y} .M. ﬂ Ly Y]
— -
% EI IEIHH!DI IOI IDI IDIIIIDHIkIDIII“gI IE! IDIIIHD!I RDI lg
il anN_ Ne9o "0 NO l'lﬂ MNYM_MONE _MDRO 00 0N ﬂndﬁ' no NGP Q
o Bt e B e o e = Lot ~rieiurind = Mo COv~DvwwwOvvOwwis &
% OUWOWWUWW o [THITHA .-JNWOWWWWOUUOWWK M)
c =3 o o [~] o (=4 o o Q o S o Q
< n 9 N @ o o - o M < 4 O
- - - - - - o 1] N 4] [y ] N N M
o]
'
, 1
w '
- -
] 1 O
& -
I -
r = 19
< <
wi > [
=) b 1 g
E T - 13 n
<t Q. P(' E; LI ]
% o a ! 0o
o) - <
o 4 [
a. < - N
I [¢] i 8“
= L w »
() o ] -‘g
— n W .
— w 7] 1 oz
L o - N~
E>J F & § .
£ g B3
) w g 1 -
4 ] | 86
« - n
< |~y
- L = * ..
%] | 00
- I x x0 e
¢ (=] w lg -0
] ~Z¢ o 1z09
> ms W - -g
i) - 1 _ON
5’; 25; E . TNo
= -
2 a2¢ 5 80N
- ZBW m P
] ~0Oa -0 SO
ad Y LN~
vy I 8 wim.N
% wR -4 Q.
12w R 6'8
— 1ol 3 NG -
<u OXE | =ON
v - S M.
] [ 4 (X*] -g
! (R ~u wo
LS 4 [od A> - o Sl | N~
- :Ntl, -ﬁ » :g gl 5 1 008008008000030000Q0OQOO00QO000R0O 0000Q00S0 °°O°§00
S ag_} D gs NEE! .-.g.. D bbb - ettt vtetetel el oot ettt ool ot v ot
o] * 1] NS [ lgvnlIDllIDIIOIII!OIIIIDIlﬁllIIQIIIIOIIOIIIIDllUIOIIIQOII
= xe 4V d 2o uw -l 0 ~~ Lo et adelalrdadabed L
la_J §. i i & [ S ; I‘P- N N _ND_enNhOd NOND 90 NG _NMIC Ne¢ _NEID NeEnDd Nend <D
- - -~
~ (ST - 8 x - lvg ww waguwguwuugwwwmgww mwuwgmuuwgwusumumgwwww IAHAHIHH UW
% ) ‘o =] S od ]
S R 8 3 & 3R g ® 8 S & R

] - - - -

U LUUDLLULLOULLU U VUL

A-24

o e o = At v oA T T




s

he e

APPENDIX A -~ THREE-LIGHT VERSION OF SIMULATION PROGRAM

APPENDIX A == THREE-LIGHT VERSION OF SIMULATION PROGRAM

PAGE 47

PAGE 45

ORIGINAL PAGE IS
OF POOR QUALITY

[s]a]e] (o] 000000000 [elele] (o1 (=] [=1e o}
Q000 000 O o O oOCOo 000 OOO OOO OOO OOO
=) - ~MeM=~ - -
AN et ® = AN 6 # BN ﬂﬂﬂ . ln l ﬂ Z
ﬂﬂOIIAOnH*D*‘DADADH!H*DIHAOHH*OHW**D'IHO“I*
ONbAnCh ANkl ~ A~~~ A b ~ A -~ A~~~y
- OO~ .on.,« .-.- e Nt r\m- NQe~ -oo«—e N0~ QO Q
ot * ol o b e o i & N = Rt s I Ovevlw 2
UUOWUUOWWNONWBNUUOWWWWGWWWONMMOWWNWOWNWOWNNK u
o (o] o © O © [ [ o Q Q [=3
L) N o QO —~ [\] ] < n 9 Q
~ - ~ - 0N N 'l o 3} 3 ] \'] n
)
1
'
3
E i
g LR
% [
[ ! g
& b
2] | .9;
-
»(- 1 -
o t 2‘
< -
I ()
- 0n
3 | -E
w - -
(<] 1o
4 e wz
E a I e
z - 1 O~
Il ) -0
W [T
4 - I
a 8 8
4 el s]
- -4 L]
w 1 g«
5 R 5
- 2 ggm
Asa E ] N
w -
Nt [ i 0§
D s&
xiz S x| s n
42¥ 8,088
- [ uaog
2y ‘2
oty n ER
Iyl S W wWim .~
Ug - 9“
JZu g mls N
2*8 ne .§
'S EXh | =
™ S " -
y'2 292, degoo
- A> N CZmbE ) oo o0 oQV (~]-] ] -]
=My QL x v g w.— oo§oo §GO§OO§OO §oo § § § § 0 §OO §°0 §°O
- w (] ~hE&D 2.nn e
8aJ 0 SJ gs w 8!I8VS~~OA-DIIDII~~DIIB IDIIAA ||- E EIIADIIB Il
eer JVJ“ Sun.w iulm- o-o--o-mnv---»——- SOmb AR ANk AAD- -mnmt-onv-Ob-n --on AAOKA o
I‘ i i ! E & E !‘F ABem AN 90 Ol = O v NOvw A@~ h@ﬁ
8v v v - x = lvg wwgwwguw8uwwu8uw8wu8wwuw8muwu8um8w8;guuuwguuugwuw WW

U LLULULVLULULLLL U

t
I
v

@8 8% ®33® 8 2828 8 % B

A-25

2%

e



™ N ™ —— ot e e i oS mim sn e e~ A A———————a - iwn

ORIGINAL PAGE IS

anN3

NBNLIY
(AJYL “IAVHLIY ‘(L) 31YLS ‘VIHINI) OIAONY 1TvD
(# HOLO3A ALID0TI3A HYWIONY ONId - #0646 «)
(E‘E 'TAMINT ‘ADHINI ‘ViNINI)IAAVYW VD
(AL~ (FT)3IVIS ‘E'C ‘SIGHIA " THHINI ) IISK TWI
(# YILHINI 3NIW¥3L3Q #)
(LADVYL ‘ADVL (01)3.VIS)IYKWHIG VWD
(1AJV ‘'ADY ‘dD) LVIWMNIC TIVO
(# SIOIYLIVH INISOD NOILOIYIA OL SNOINHILYNOD LNIANOD - 106 #)
(E1)31viSe#100
+(TL)LVISH(EI00+(TT)JUVIS#H(Z)0D0+(01)31VLIS*#(1)08=(¥) dD
(C1)31ViSe(E)I00
—{ZT)IIV.SH(PI00+(TTHIIUIVISH(TI0D-(QT1)3LV.IS#(Z)00=(E) dD
(E£1)31v1S#(Z2)00
~(ST)ILIVISH(T}00+(TT}1IULVISH(H)0D+(O1)ILVIS#(E)I0D~-=(2)dD
‘€1)31IViIS#(1)0D
~(21)3LIVLS#(2)00-(TT1)ALVLISH(E)0D+(01)31VIS*($)00=(1)dD
(# 3Wvsdd 438 AdvWIdd NI 3ANLILLY
AINIHHND 139 OL 3ANLILLY INIYEND WO¥Y 3ANLILLY WILINI LOVHLIENS #)

OF POOR QUALITY

€ €4 ¢ «

ALldW3M ‘AJYINI 'SIGINS/ dUESYR/NOWWOD
00/ 438/ NOWKOD
XIHlYW SIHL 40 3SH3IANI QNV_W3LSAS JLYNIQHNO0D
HiN¥L 0L LD3dS3H HLIIM XIdivW 3NISOD NOILI3MIA 31DIH3A 3SVHD
(€ ‘E)LADVL (€ "E)ADVL W3
31vlS 3T2IH3A 3SVYHD 3NHL
($1)31vLiE VAN
ATTIANILO3dSIY ‘3WVHS FIN3UISIY AdVKIVND INIHYND ANV

JWVYd IONIEIAIY HINYL, NI NOINNILVIID 30NLILLY 3TDIH3A ISVHD WILINI

(v)dD '(H)I0D TW3H
3I2IH3IA 3EVHD AldW3 40 SSYK
AldW3W TV3Y
(@3avoT) 3 IDIHAA ISVHD -0 YILM3NI
(E’EIVLININT W3H
HOSN3L VILN3NI 13nd4
(€ ‘€)1JHUINI W3
3TDIHIA ISYHD ALdW3 J0 VILH3NI ONIBINDOS3A ¥OSN3IL
(€ 'E)AJH3NI WwIAY
NOILNGIHISIA I3Nd ONIEIYIS30 HOSNIL
(€€)S10WN4 w3y
S3XY 3ITNDIHIA 3SvhD LNOEY S3ILVY 3IANLI1LY JIHNSYIW
(E)31VYHLY Tv3H
3Wvd4 IONIYII[Y_AUVWIHD OL 1D3AdSIY HiIM ITIIH3A IFSYHD 40
3ANLILLY . Q3UNSYIW., ¥OJ FSOLSNVHL SLI ANV XI¥LIV 3INISOD NOILO3NIA
(E'EVIADVY '(E'EXNDY W3H

31VHLIY ‘LAY ‘ADV
4Ndino

ALdW3W ‘ADY3NI ‘SIATINA ‘3LVLS ‘0D
4ANdNI

w204
A8 a3717vd

O3NONY ‘105K ‘GaVM ‘LYWNIA
S17vD

(¢ ANIWIHUNSYIW NKI LY IWIS - Obb «)
(IUVHLIY 'LADVY 'ADV '3IVLIS . NWI INTLNONENS

&b 39
Wv#004d NOILVINWIS 40 NOISH3A LHDIT-33¥HL -- ¥ XION3ddV

oL

W UUDLOUOLVLLULG UL L L U U U U LULU U LLL

s

anN3

NEN1L3Y
(# INILNONENS AWKNG AUYHOMIL «)

21907 1737135 HILSNNHL WOM4 SITYINT ONVIBIOD HILSNHHL
(9133 TW3E

<INON>
th»a
1NaN]

AB8NWHL
A8 Q3O

CINONZ
87 WD

(# SLI¥O0d ONYWWOD NI SCav#W0D H3LSNNHL INd - E£8¥ &)
f3)¥HINI4 INTLNONENS

8t 39vd
WYH30Hd NOILYWIS 30 NOISH3A iH31T-338HL —- ¥ XION3ddv

A-26

U LUOULUVLLULRL LLUL L

e g - a7 |
R T e T T S T A P A - .
B Bl > £ . et B S - A oL s I . et



ORIGINAL PAGE 1S
OF POOR QUALITY

CH(Z)0-2e8(1)D ' ((¥)DS(EID+(2)
o6 OL
(({r)O8(Z)0-(

n8°

{OwMQHd/ ‘EIM'ZH)IIBW_TWD
3NNILINOD GE
oy 0. 09
ANN] INDD oz
O I=(¥»)C&
O O=(E€)0
ANNT ANDD ot
oz 04 09
O O=(¥)O
1=(€)0
O1 04 02 ( C 19 GHJLOA) 41
O=(2)0
O=(1)>0
Of 04 00 ( O 19 OSWdid) 31

(1'E)IADV v
S(EIILVIEI+ (T ‘2 LAIVYS(Z2)IIVIBI+ (1 ‘1) 1AW (1)3LAVIiEI=CNIL00
(Co8 (E)I1UrZ98(2) TH+ZToo (1} 1Y) LHDES=OVIOND
{1 —wSU(.anWh(hmw,oan\N»;U(‘.-NF(FGUOB:U—x
(1°E)1ADVWS(T1)I3UVISI+ (] ‘1) 1IADYE(E)FLIVIBI-=(2) 1N
(1 '2YLADVSIEIILVIST+ (1 'E)iAIVS(ZIILVIBI-=(1) 1N

NO INE3LVND SGRU 3anLiiLy
(¥)D W3IY
BI1xy X IFIDIHIA

arty 135d¥L 0L 3INIT ONINIA3G SHOLI3A 40 LONGDHL SSOHD 40 3GNL INCWVH

Oviidd W3y

IIONVY 308¥3 ¥3 NI
IHd w3y

3iviS Q3ivK1is3
(9)31v183 Ww3id

SIxv X IJIHI. GNv 1309dvi 0L INITT ONINIA3AG SHOLD3A 20 LONADHd L

Qddi0d W3l
(ZAdvH4 AONIHIIIY AWVWIND OL

103dS3d HLIM) XI1diW INISOD NOILIIFEIA I IDIHIA FISYHD 0 IBOJISNVNL

{E'EVINADY "W

HH3ALY
1NdiNG

1AV ‘Javwl83
LNdNT

wo0a
A8 A37°WwO

1064 ‘NISY 'ENViY
-l

(8 JLIvWILSI 3iviS WON3 HOMHI IANLILLY ILVKILE3 - Q08 «)
(MH3ALY "LADV *3LVIB83) AJHLIEI INILNOHEBNS

16 3vd
Ky¥30¥d NOILVYWIS 40 NOISHIA LHOIF338mL — ¢ (1ONIdaY

T ok e USRI ¢ dEIn 8 e ki men A et © e e

vo

[V e s

4]

O LILBULLOUL LY DL

YNNI WI =,
(NII004 - .N.)-gh(laﬂwlgt
(¢ HONNI HDild ZUVINIOIWI =)

(Z) ZAMMNG ‘NI1DI04 ' (25 TAWNG /SAS L S0 /MO0 D

YHINVD NOISIAITIAL WO¥Y SOIOHINGD J0WNMI &V
LEIAEIN WIN
(B vIGVY) SMONNI MvA Oy MOLIeé 0N

(E)NN3ALN “W3IM

BUIA N
ANGLN0
Ah

L0dM3
»30a
A8 AITWO
2wviv
8T wd

(o SHOHMI MYA ONVY ‘Hiitld " T08 2UYWNIIWD - Owe
(HUIASM ‘A1) AY !ug

06 34
WYI0Nd NOILYYHIS 0 NOISHIN [HOI 331 — ¥ 1iONIddv

v

v v

Y LUULVOLOULUL VU UL Juu

A-27



.~ . ] e e ——— = e
: (7] ﬂ
s -—
B -—
i | [ VT ]
. O<
< < D
E e
-l 0
L d
X =
-
: O
= -
[T aa 5
) oo NNNLIN
. (PIUUVII=(CINLVLIEG
§ (C)AUViS= () ALVLISE
CIBLY. [(§ 8> TOIT
v (e Hh(i% ALY ANLILIC =) k]
¢(0T)IRIVIDO ..O:Hr“w#ui TWD
{8 NODINMAILVND 40 IAIIVAINGG INIL DL AUVININD ~ £ 204 &) 3
v TEAIDE ) TWI
(e VOIMO XIMNLVM 3AVL08 - @ "B0b #) ]
(WNAL ‘¢ £L)TUVIST 'L L)RLVLE TBA0DE ) BMINGY TWD
! atgggiibguggn!-h%0|njty k]
i VML TW
(8 NDIIVERJO VALENNHL HONd LJIVIHIZIVIE NO 2NSNDL ﬂb%t ‘204 #) 3
N (W " TAADDE ‘(L) &iﬁiu-g TWND
M CivrBIVISa (1S ELY AN (T ALY S LI oI T 2
! .‘!‘rﬂ% WINIT 2uNddiD - € 206 ) J
i :uu .hu!-; TWI
. {s BEVH LAVNIIWVIR 40 gnh‘)n - 2 TOb ®) 3
w CVNNL .E‘vﬂog TV m
: (o SAR GNODD .HINNL, NI SNILENUML WOMJ 3JW0S LEN INIWMELEG - T Z06 #) 2 )
; (UNML 'Y (O ) BAVIE) LVIAG TIVD <
m (& NOINMBLVND MONJ WNIL 'YV ALNGOD ~ 106 &) w
. V. 40 380J8NVIEL 9
: T e vl vau an3
Al AN b 2
[ 1 W NWNLIY
VOLIBA BUVLIS FDINEA IOWN!: k] (€ 'V 'UNMLINBLM TIWD
‘ (#3)ALVIS "V (e ¥ J0 ISOISNVEL FLING0D ») b
(31Vi8 40 CI~-0F SINIITA=B) 0 JO INILIVAINEG 1L HMD4 Oi 2 228 (9)0+264 (E)D+Z4a(2)D-ZT#2(1)0-=(E ‘E)IV
.0, XIWIVH NOINMNILYAO OL GIIVddVY 38 0L 'VORD uul.rtt sr..c._bz b ] ((®)DS(T)D-(EIDe(C)ID)s S=(2'C)VY
(¥ ‘9IVEEMD "W ((#)D#(SID+(EXD#(T)ID)e Zu(! 'E)Y
NOILVENIIO NILSNWHL HOMY 30W0d LIN 2 ((P)Da(T)D(EXDR(Z)D)® 2-(C ‘2)VW
(€) JMOIN W23 Zeu(P)1D+2wa(C)10-Z88(2)0+Z02(1)0~-=(2'2)V
SBVH 40 MAINTD 8Ll LNOEV LNVEDIIVER NO INBNCL 2 ((¥)OR(E)D-(Z)D8(1)D -0 Z=(] '2)V¥
(N “WaM (()IDR(TID-(EXDR(1))8 Z=(E'T}VW
CIBNA WINI) FVDIHBA IV 40 VILNENI 3 ((PIDR(EID+(Z)DR()1D)e Z=(Z 1)V
(€ 'CIVLINENI “WaN Zaa(p)D+Za2 (EID-Z04(2)D-Z94(1)D=c1 "1V
M SEALONML FIDINIA ISVHD g.'ﬂ-Wle ] (¢ v 30 SINIINI 31iNGHOD =) 2
- A, 2 I e e 2
WOLIIA FUVIS 40 BATLIVAINIG EIL 9 N, o
(P1)AIVASA WA Mol wwwe w3y 2
TIDIHEA IBVHD 40 BIAXV LNOEY ALIDCTIA W INONY ] v 40 3S04NVIL ]
() WAIDE WA (€ 'E)YNEL TWw3N
FDIKEA FVVHI VW04 XIMiv INISOD NOILOFNIA .2NML. b ] © NOINY3IYND WOM¥d4 GIWNHNO3 XINIvM 3INISOD NOILO3NIO 2
(E'E)VY W 5 (E‘E)V W2
>
Alvisa =] WNNL ‘Y o]
:iNdiN0 3 1Nd1nNo ]
VLIMGENT ‘2iVi8 ‘) ‘4 e | [ 2
‘LN w ANdNT w
FNEHOD ‘ENGMOD ‘THEHOD ‘ TNEH0D r] ADGNI 4 ‘NULIVND ‘HEV 14 ‘WI0Q ‘WI¥dLS ‘ANLILY ‘N 3
‘AG GFTWO 3 A8 G37WD ol
LVANIG ‘INDUG.. ‘I VD *IT Wl ' LOVNWM ‘T VST TIOVNITY ‘DIU04 ' IDNONY ) NY LW o]
BTWD w S WD w
(# WOLIOBA AULVIS 40 FALLVAINGG Bdil _INIWNRLIG - 206 &) 2 (# NOINHILVND v WONY XIMIVE INISOD NOILIIWIA v FLINHOD - 106 =) 3
(31viB0 'l ‘VIHINI ‘d ‘3iVi8)ININLLE uug 5 * (WNYNL ‘Y O)iwi'Ia !-»:oxunﬁ
b
£6 3Wd €6 IWvd
WYHO0Hd NOILYINWIS 40 NOISH3IA IHOIT-334HL -- ¥ X1(N3ddY WY804d NOTLIVIKIS 40 NOISH3A IHIIT-33H] - ¥ XION3ddV




S e T o

N D=
==
a2
<

a3
-t 0
<

Z 8
oo
e u
(o Ne]

(# 3IATLIVOIN SI SSO7 SSVK
CEPU T "4 IHY ‘LOWA) L N T1TTYD
(a dalyy = 10WA ILNDWOD #)

(66 ) AWMNGT ' THY/ ITHIA/NOKRKOD

NDILD3M3S ¥4V SHALSNYHL WONS S3DH04
(#1)d4 W3y

ESYM 40 3AILvAl1E30 3WIL
13Wa w3y

Vivad 3ISTNGWI D14123dS INIONT WOd¥d A3AI530 ¥DLI3A INVISNOD

(¥1)TIvv Tw3d

Wilydls
A8 @3wvd

L7
STvH

(% SSVYMW LAVHIAIVYES 40 IATLWAINAA FWIL AUNDWOD - & Zus #*1
(1WA "4) T DR DN LNDHENS

66 30vd
WYHI0Hd NGILYIMWIS 40 NOISH3A 1HOI1T1-338HL -- ¥ XION3ddv

it AR AT A A e

R R O e O [T L S

[S]

(S

(el e)

- ULCLLUoULoULUL LV L VL

S s et R R N U TSN Sy

anN3

NANL 3N
(1'E’E '8 ‘WNML ' DHOALNI L N TIW)
(T°oT'E°4°'2wv 'E)2N TWO

{(®# 300024 L3N 31NM0OD »)

(LCHZTARNNG ‘ZWY * (1) TANNNG/ DTHIA / NOMWO D

vV XIdiwid INISOD NOILO3410 40 ISOSESNVEL
{€ ‘Crvrpl Wiy

SAS Qd00CD HLINYL N1 NOIIvH3IAC ¥3LiSNdML WOUWd 3J803 L3N
(E)JM04IN "W

NOILO3T3IS ¥ALSNWHL H314% 3 10IH3A ISYHD JO ¥OLI3A FOoMad
(v1)4 “Ww3d

S1WNSIY ALVIAIMINILINI
<€E>8 "Wy

(SYILSNHHL 40 INIFWNOI WSIk S3.vd0WH0OIDY SIML)

VY3 IONIWIIIW LIvud3OVesE NI LE8NMML LI Oi

SINGLNO YILSNWHL WNAIAIGNT ONILVIIM X1 4ive LNVLISENDD
1€)XWy W3

MludiS
AS AF VWO

L7
-, go)

(s 34 & 2wy & ISOJISNWHL V =3J804 L3N

NOTLWNO3 ONISN NOILWHIMO d31SNYHL WOH4 F2H03F L3IN FUNMOD - 1 206 #)
(UNML "DHOELN ‘43004 INILOOWENS

¥o 30vd
WydO0dd NOTLY WIS 40 NOISH3A IHO1T-33MHL -- ¥ Y1ON3ddV

[SL0]

O UOLLLULULLULWLL ULY W L Vv LY

A-29



OF POOR QUALITY

ORIGINAL PAGE IS

NUNL3Y
CT-E'CIN‘UNIL ‘NILBEd TWD
€T’ '‘C 4 'CWV "IN LA T
(o JeCYNWOVNULaN ALV INOWI &)

(CIIZAMNG ‘WY * (9C) T ANWNG/ D THAA/ NDWNHDD

IANITLLY A7) S3AI0 LVHL XINIWVH INIDOD NOILIBNIA 40 FNOLENVEL
(E'CIVNML "W
BVES AIMGBUALN A D NI 2NSNDL

(E)IN Wau
‘SAS "JMOO0D HiNYL NI BSVH 40 WAINDD S1I LNOEY LIWNIIIWGE NO .‘ﬂ‘-ls,r
NOLLOSYES NiL4V SHALONNML NON4 SIJM0DA

(91)4d “Wau

VU4 43¥ LA, NI SINVUCL 0L SLNHENT HIUBNUHL ONILVIZY XIMIVM
' (¥1°€)CYWY Wi

L]
A5 ielne

VNALL ’d ‘EWY
“dN4dNT

-AS AFTWD
1094 'CAVM ‘ L B4
8TWD

(e (N) INBNOL AUVINIWI =~ » 206 =
"WNUL ‘N ‘4) 3INBN0L NI ANOYENE

L5 INd
RYHI0Ud NOLIVIWIS 40 NOISH3A IHOIT-3FMHL -- v XIONIddv

ou

YULULUUULLOULL O O U VU VL

o

- -

aIN3
W2 EL]
W/LC)JUOSANSIDON=(C) 137
W/ (Z)JUC AN+ 2DV~ Z) 132V
W/ALTI MO LM OOV« 1132V
(@ (SHALSAYML SNd AL1AVHD) NUTIVEIIIDIIY L3N IiNddlD o)
(AMO® (L :SCdBNI+1IMSe (1 )1SO4INND) e 1MIew= 250V

D O=AD9YVY
(1M (CISOIWNI+ iMCe( 1 )S0GUN ) # LMS oW DY
(® NOIAVHEITIIIOV ANIIAVED ALIAWED 3iNOD o)

? IL99 2~V
£- 36291 1-0m
Atmwu(t_lJ(RU)WMQWWS.medﬂ.-.U»DgUUK&o.

23S /SAVE N1 NOILv83IIIDOV ((u-«-.ﬂ.vsl IN1ivi3e

i
SiTNE38 JUAVIQCINEILNT v IS I,
€ ¥ iMD LiMS Wiy

NOILYNIHO 31541 WCY 3 32804 L3N
(€)JM04IN W3y

W S1 LIvud3ovdasS O SSvu
o V2

HO133A NOILISOd IISIMIA 3ISwMd INIJun
(€.50d8N" D Ivis

ANVIaweD ALlswdd OL 30C SNOLLYEITIIZOV
129% ASOV XSSV W in

SNO1.178377320v 14¥HIIAIVLS
(€2T332y Wi

Lk ol 4
1NdinG
SOd¥NT d04IN W L
Fial B4
Hlndis
AR QAT
FOUNIS
S YWl

(e SNOILOIMIA Z GNV ‘A "X NI SNOLLYHNINIZOV ovINIT IINdWL) - € 206 o,
(30IV '50d8NJ "DHOIIN "W "1, I39N1T IN LAOWENS

96 3vd
WY¥304d NOLLYYWKIS 40 NOISH3A [H9: 33! -- ¥ XIONIddv

Vew

LSS e

DRI

LSRN

A-30



AGE IS

(184

aN

N¥OL 3N
€)73A008-=(E '¥) ¥YOIWNO
N~JN>QDBIIAN.Ov(0g

&

ORIGINAL P
OF POOR QUAL

3
5

el
335835

b
: BEEitis

L 4

-~

" e s
-

Q

-

1 H3D3INI
HILSAS 3LVNIQHOO0D AD NI ALIDOTI3A NV INON/

(E€)I3AA08 v3IY
3GNLILLIVY A D 3NML ONIAIY XIMive 3INISOD ZO—;..UWKAQ

(E°'E,¥ vaH

(# HO1I3A ALIDOT3A HVINONY WOUHA YOO XIHiVW NOILIVION WHO4 - 9 204 ®°
(¥ '¥O30 ' TINA0E) LOUWWH 3INT LNONENS

65 30vd
WYHI0Yd NOILVIWIS 40 NOISH3A IHOIT-338H1 - ¥ X1ON3Idd¥

vOOLLLDLLLLLVLVC. U U U JLL

am3

NENL BN
(F'C BN LCIQ)IBNESN VW)

(T 'C'C " TIACOE ‘UNEL “TIAONY) L Wik T
(8 WILSAS FUWYNIGHOOD .HANNL. 04 ALIDZOTEA WV INONY LMIANDD »)

XIMiv 3INISOD NOLLJ3NIA O IBOLBNVEL
(C'C:vNNL WIu
HILSAS JLWNIGNOOD .HLINML. NI SSVAM 40 NIINID Til LNOBY A 5 NC gaﬂvlumzw
L)

NOLO3A WIININOK SvINONY 1 IATIVATEIT ili
(L. L3C Vw3

04334 IOVEOLS AWVE 3L
{C. 4 WVas

WILBAS ILWNIGENOOD A2 NI ALIDOT3A NVVONY F1DIMBIA IEVVD
(C)1EaNE0E W

HIALSAS JIWUNIQEOOD .HMINNL. NI ALIDOIEA wv NONY F1DINBA ISWMD
1€) TIAINY ™Iy

MILSAS JUWYNIGHOID . HINMLA. NI MOLD3A WNININON W INOK
() ANMDNY WIS

MindiS
AS GITWO
1%l * BNEW
ST WO

(2 WNIKINOW YW INONY 40 FATAVALEIG INIL IANAMOL - ¢ 206 o)
CWNNL ° 1790  ANONY ' TIAGOE ‘N TN INT LNONSNS

BS 3vd
WY3008d NOIIYIWIS 4G NOISHIA 1ROI T33! = ¥ IION3IddY

g

sou

UV OOLUULVLUUUUIUL U U O U Wy

A-3]



.-

4

« PAGE IS
+ QUALITY

N 4
3t

ORiGIN

OF #OC

anN3

NuN1 3
(0 O'X)IXVMV) LYOS=TH0S

(ATWNO 3INTvA NOILOINNG) 1HOS
iNndina
X
ANdNT

N¥LIW¥YNO '0913S ‘11504
A€ @3ITWO

ITXVHY ‘LYOS
57w

1be ¥ o AT LN ATUAHOITS SMOTIV INE 100N IYWNOS SNWNLIY - COs =)

(X)THOS NOILOWNN:

i~ d0vd
WYsOUbe NUTLY 1iS 30 NUiSE3A IHOT 1-43aHl -- v (10N3adY

WU OIYUCLULBULe

aN3

L AT L]
(6 0’1 °'w INID WNEdD)IIBN TIVD
(09 % °0 "wOIO ANID) } Wil TTWD
(s OOVORIDE O = O 0 INLIVAIEID WL ILiNdWOCD »

D 4O 40 IATAVAINIG ilL
(PINNSD WIN

IINVITIIINGLIS QILIVIIN WINE0Nd ON 'SINWA FAVIQIAIING
(®)ANID TviN
FIDIHIN ISYHD J0 NOT INNILYND !..”n”h“(wl

>

SANINOGNODT ALIDOIA WY INONY WONI CIMO4 N1ive
(p'e)VvOMN0 WIN

L2 2
Al.diNO

vOR0 ‘O
ANnant

Mivdis

(e O NOINWILVND S0 IAIIVAINID NlL = WadD IANSI0D - L EO6 o)
(Wl ‘YOO ‘O) Il 8D INIANONENS

U %
No¥O08a NGILY WIS 40 NOISH3A (WD T338M1 -~ ¥ 210N3ddv

[

ULOTOULJUULL O v L VY

A-R



QUALITY

oRSHAL PAGE 18
GF POUR

NUN13e
(€ ‘C ‘L "LAWOMD ‘CLVNIL ‘LVNNL ) AW TWD
. 3OMNLILIV L30UVL INML IANSIDT #)
FWIINDD OF
(IM44) B0 (E °
(1M INIS-=(C
O O=(€
(IMNAINIS=(E
CINd)B0D=(Z

© O=(& '1)AAVOKD
O O=(1CrlLVONS
O O=(3 'E)LLVOMD
O T=(1°T)ALVvOMD
(s FWANL 0N ¥ HOMI ONILWNEIN 20MVHD 0NLTILLY FiNS0D &)

oy 0. 00
( IMd) SO (E ‘) ALVYHND
O O=(C ‘BYLIVOMD
CIMAINIS=(E ' 1) LAVOMD
O O=(Z°CIALIVIHD)
O I=(E B! LLVOND
O O=(Z'1)1iVOKD
CIMdINIS -= (1 'E)11VOMD
o (1 '2YLIVOMD
(IHIS0I= {1 T)ALVOHD
( FIEMNL HOLId WOMA ONILINSIE FONVHI 261111V NSO o)
3NN ANO oz
oy CL 09
0 I=(E'CIAAVIMD
O O=(C 'ZILiVvOr)
O Om(E ‘1)1AWEMD
O O=(Z ‘CILLIVOMD
(iHd)80D= (Z ‘E)LAVOHD
(IMdINIS-=(Z '§ILAVIND
Q O=(1 'E)LLAVOHD
(IMdINIS= (1 'Z) 11VOKD
(IHSIS0D= (1 "T)ALWOHD
(® I7AMNL MVA MON3 ONILINSIY JONWHD IGALILIY ANWOD &)
INNT 1NOD o1
agMNLI ‘(OE'02°01) OL 09

(e IGALILIV L3OWVL MO ¥ NWBOI SO L3S 3AVINdOUddY 1237735 =)
ASLIVIRNL =T Md

(J2G/0vd NI) Zivd 2I8WNL
AVHMnL W3

L¥NML 40 3NTWA W1 LIND
1C'EI0LVNEL "3l

XIHiV INISOD NOILDIWIG 3GNLTLdw an@i S.439MVLI 40 IBOJLENYEL
(€ 'CIIVNHL W3

i1 938av3I
i Tv3d

oWy NOLLYLIOY
Mg W3IN

SEMNA IO X3 ‘HWOLld

‘MYA SINISTHdIN E #O 2 T M IN WA ~-31XV IIGNNL L3I0WVL
Nl 1 ¥3D3ILNE

IONVMD 2Nnil1Lv

L1308VL 3NN ONLAINISINIIY XIULVEH INISOT NOILIAMIO S0 ISO4SNVAUL
(£ 'EVAILVOND W3M

AVNNL
ANdLNO

'y
iNaNT

(e ML 40 NOILONOD ¥ Sv FANLILLY 13DWVL A:NdW0D - CO6 @)
(L ‘LWHNL) 11%DN1 INILAONENS

£9 3vd
WYH90d NOTLVYKIS 40 HOISH3A IHOTT-33M)L ~= ¥ X1ON3dd¥

[¢]

“ UeULULWIUOUY WU [V RGNS N S

on3
(. 93NNV INILNOFENG NI NIV NOISNBIAN X1HIV . )iviaC4

J0i 8

104 DIl AL 1 WM
(m ATVM OWW NOILIONO:: NOBND LNOJLIM o)
MWt LNOD

NN 3N
(3¢ °C AL "IANT TTIACDE) L TR TWDO
REA DO Y RTT RaaCd

(o LN VaVeNIAN]=TIACOE AUV WI &)

Al 0. DB (O 4 BIl) st
(NUAL W CWMNOM 'C FLEINT ‘NIANTIANTN T

te MOSNIL VILZING 40 IBNMNI NND4 o)

ININE3L NISN JO ¥IGNNN LINN W10 NVELN0S
Seigdi ¥IDIANT

(MONNMGE ON 241 0=) OV 13 ¥OWD
WNI1 wIOILNT

FIVISWEON JAVICINNILN] NV
(9 'w) WNON W3

INVOILAINGIS JILvI-WI 8084 OM HAIM $4NSIN IAVICINNIALN]
1C)EamiBL VI

WOSN3. VILNING ) INDNOW 0 IBWINNT
{C"CINIANT W

(@33v0) FVIINDIA ISWM) 40 viiumwl
(C'CIVANTING WM

WILSAS ILVYNIGEOOS A7) M3 AL120TIA WWINONY ID1MIA FBYMD
1£)TING0E Wi

WOLIIA WNLNIMNOM WY INONY
(E) ANMONY W

(S3aV L HIHNL. LWM 30CLTALY FDIM3A 2BWvHD) N1Mive IMIS0D NO1i23N1A
tC L)y Wi

“aA008
AN4LNC

VWAL ANNONY VAN
1haml

(® W3ILBAS 3AVNIGNOOD AQOE AD NI
SIAONY NOLIIA ALIDQTIIA EVINONY INNL NS0 - v0e o,
(W 13HCOE  ANMONY ‘V1NINI ) DIV IN] LNOuENS

9 d
WYSOCHd NOTIYIWIS 40 NOISH3A (M91 =32 -~ v (1ON3ddV

ot

1%

FURINCTUINIVIVANTTRU T U VIS AN~ I S [C T N A A

A-3)

- ——— e ——————



EX
e
W
«
23
o O
-4 02
<
z3
mlu_.P
€ s
00
Loisw AT < e %

e

an3

9 39vd
WYH30Md NOILYINWIS 40 NOISHMIA 1HOIT-33MHL -~ v X1ON3ddY

o e T T -
A T LI S

A-34

“u



Appendix B Computer Pro-
gram to Simulate Sysism That
Uses ’Rainbow’’ Beacon and

Rengsefinder

o

Appendix B

Computer Program to
Simulate System That Uses
“Rainbow” Beacon and
Rangefinder

0
Xy
o 'A . ‘
B sttt N cag Nt - \
.
. - L TN Lo . :, L
- ' o 3 N - oy “ P TR
- AN B S Y S St PRI S T S O SO AT

HEE .



I3
kY

3
&

Wt e Mt omLs

Lo

PUSIE N

© o a— —_—

- e

PREEI- D Frma

APPENDIX B--COMPUTER PROGRAM TO SIMULATE SYSTEM THAT USES “"RAINBOW"
BEACON AND RANGEFINDER

"o

The program listing {n this appendix is provided tuv document the simu-
lation methods used in analyzing the “"rainbow™ beacon video guidance
system. The discussion presented in Appendix A is equally applicable
to this prograr. The text of the terminal session, which is presented
In Appendix A, is not repeated heve bucause the user commands and dia-
log are esseatially {dentical .o those in Appendix A.
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STATE(
STATE(
STATE(
STATE(
STATE(
STATE(
STATE(

STATE EST

ESTATE
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(XY, 2’) = ‘PRIMARY REF. FRAME'
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APPENDIX B -- RAINBOW VERSION OF SIMULATION PROGRAM

POSITION
POSITION
POSITION
VELOCITY
VELOCITY
VELOCITY

ANGULAR MOMENTUM ABQUT
ANGUL AR MOMENTUM ABQUT
ANGULAR MOMENTUM ABOUT
a1l A\

Q2 \
Q3 > ATTITUDE W.R. T.
QF /
MASS, INCL FUEL

= ‘TRUTH’ AXES

NN <X

MATE

X POSITION
Y’ POSITION
Z‘’ POSITION
X’ VELQCITY
Y’ VELOCITY
Z’' VELOCITY
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APPENDIX B -~ RAINBOW VERSICH OF SIMULATION PROGRAM

10

PAGE 70

FUNCTION DPRD(X, Y, IDIM)
(# 907 - COMPUTE THE DOT PRODUCT OF TWDO VECTORS #)

CALLS:
<NONE>

CALLED BY:
QUATRN

INPUTS:
X: Y, IDIM
QUTPUTS:
DrRD

R=AL TPRD
(% DOT PRODUCT OF VECTORS X AND Y #)

REAL X(3).Y(D)
(# VECTORS FOR WHICH DOT PRODUCT IS TO BE DETERMINED #*)

INTEGER IDIM, I
(#+ DIMENSION OF VECTORS X AND Y, AND DO LOOP INDEX, RESPECTIVELY #)

REAL SUM
(# INTERMEDIATE RESULT WITH NO SIMPLE INTERPRETATION %)

- wm o e e me cm wm  wm e e Mk emm e e s mm W e wWe e e s Wm mw s e e

(# COMPUTE DOT PRODUCT )

SUM=0. O

DO 10 I=1, IDIM
SUM=SUM+X(I)#Y(1])
CONTINVE

DPRD=SUM

RETURN

ENMD

ORIGINAL PAQGE 135
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Ring of Lights

Appondix C Computer Pro-
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ATPENDIX C--COMPUTER PROGRAM TO SIMULATE SYSTEM THAT USES RING OF LIGHTS

The program listing in this appendix is provided to document the simu-
lation methods used in analyzing the "ring-of-lights” video guidance
system. The discussion presented in Appendix A is equally applicable
to tnis program. The text of the terminal session, which is presented
iln Appendix A, 1s not repeated here because the user commands and dia-
log are essentially identical teo chose in Appendix A.
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TRUE STATE

STATE(
STATE(
STATE(
STATE (
STATE(
STATE!
STATE(
STATE (

N O DPWRAOJDNOGILN-
Nt Nl Nt N N Nt N N et P P P o

L

ESTATE(1)

caudPWN

(X’,Y¥’,2’) = ‘PRIMARY REF.

POSITION
POSITION
POSITION
VELOCITY
VELOCITY
VELOCITY

N<XXN<X

ANGULAR MOMENTUM ABOUT X
ANGQULAR MOMENTUM ABOUT Y
ANGULAR MOMENTUM ABOUT Z

a1
a2

4
MASS, INCL FUEL
= ‘TRUTH’ AXES

STATE ESTIMATE

POSITION
POSITION
POSITION
VELOCITY
VELOCITY
VELOCITY

N<XN<X

LN A )

PAGE 13
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APPENDIX D--ATTITUDE PARAMETER1ZATION

The three computer simulations performed in this study required fre-
quent conversions among coordinate systems. For example, the camera
locations are fixed in the chase vehicle's body coordinate system, but
this system is coustantly rotating with respect to the inertial frame
used for navigiation. Similarly, the docking aid’'s position is fixed in
the target spacecraft's coordinate system, which also rotates with
respect to the inertial frame. After each observation, the onboard
computer must compute the position of the chase vehicle's center of
mass with respect to the target's center of mass. Because the camera
and the docking aid are not at the target's center of mass, the comput-
er must convert all the position data to a consistent coordinate system.

One of the most convenient ways to convert a vector from one coordirate
system to another is to multiply the vector by the direction cosine
matrix that expresses the relationship between the two coordinate

systems.

Because the target's direction cosine matrix is not known in advance,
it must be measured. The calculations required to do this are simpli-
fied somewhat if quaternions are used as an intermediate step. Quater-
nions were also found useful for a number of other operations in the

simulation programs.

Direction cosine matrices and quaternions are alternative ways to ex-
press exactly the same information, and the computations to convert
from one to the other are unot difficult. Subroutine DIRMAT in the com-
puter programs in Appendices A through C converts from quaternion nota-
tion to direction cosine matrix notation. Subroutine TOQUAT in Appen-
dix C converts from direction cosine matrix notation to quaternion

notation.

Suppose that A is a 3x3 direction cosine matrix that expresses the at-
titude of a rotated coordinate system with respect to a fixed system,
and that v, and vy are 3xl matri.es that express the vector v in

the rotated and fixed frames, respectively. Then v, and vy are
related by the equations

T
Yp A Lo (D-2)

The second enuation makes use of the fact that direction cosine ma-

trices are members of a special class of matrices whose inverses are

equal to their transposes. The superscript T can therefore be thought
of as denoting eit er the inverse or the transpose in this context.



The rows and columns of a direction cosine matrix have a simple physi-
cal interpretation: the columns are the unit vectors that define the
fixed coordinate system, expressed in the rotated coordinate system.
Similarly, the rows are the unit vectors defining the rotated coordin-
ate system, expressed in the fixed coordinate system.

For example, if the fixed coordinate system is defined by the vectors
i, j, and k, and the rotated system's unit vectors are u, v, and w, and
if A= [arg], 1 can be expressed in the fixed system as (1, O, 0)T

or in the rotated system as (ayj, ajj, a31)T. Likewise, u can

be expressed in the rotated frame as (1, O, 0)T or in the fixed frame
as (ar1, a12,» a7

There is a simple formula for computing the direction cosine matrix
that represents the results of two successive rotations. If Ap; rep-
resents the attitude of coordinate system 2 with respect to system 1,
and A3y represents the attitude of coordinate ystem 3 with respect
to system 2, then Aj), which gives the attitude of system 3 with re-
spect to system 1, can be computed from the formula

A3) = A3247) . (D-3)

Quaternions are based on an entirely different view of attitude. There
is a theorem that states that no natter how a rotated frame is oriented
with respect to a fixed refer-nce frame, the orientation can be ac-
counted for by assuming a single rotation about a single axis. The
angle of rotation is called the Euler angle (¢ ), and the axis is

called the Euler axis (e). The quaternion representing the attitude of
the rotated frame 1s a 4x1 matrix*

e sin (¢/2) ql-

4= [e, sin @l - q, (D-4)
e, sin (9/2) 94
cos (9/2) 9,

where e;, ej, and ej are theJ:omponents of the Euler axis in the

fixed coordinate system.

The direction cosine matrix can be expressed in terms of the quaternion
elements as

qf - 9% - q§ + qf  2(q192 + 93qu) 2(q193 - 9294)
A =]2(q192 - q3q4) -qf + q% - q§ + qf  2(q293 + U1qu) (D-5)
2(q193 + 92q4) 2(q293 = 9194) -qf - q% + q% + q

and subroutine DIRMAT is a straightforward implementation of this form-
ula. The reverse operation can be performed by any of four equivalent
sets of simple formulas, but an appropriate set must be used to avoid
subtraction of nearly equal quantities or division by zero. Subroutine

TOQUAT contains all four sets of formulas and the logic required to
select an approprlate set.

*In mathematics texts where quaternions are viewed as hypercomplex num-
bers, the elements are usually shown in a diifeicul videi.

given here is used consistently throughout this report.
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Quaternions are useful when orientation is known (or sought) in terms
of the Euler angle and axis. They also prove especially useful in nu-
merical integration of angular velocity because there is a simple form-
ula for the integration and because they are easy to renormalize.

Renormalization is required because roundoff and other errors in numer-
ical integration cause the norm of the quaternion to drift. [The nomrm
is the square root of the sum of the squares ot the four elements, and
must be exactly 1.0 for the definition in equation (D-4) to be valid.]
Renormalization is a simple matter of dividing each element of the
quaternion by the norm.

Numerical integration with direction cosine matrices requires only
about 30 percent more additions and multiplications, but normalizaticn
is much more difficult. If a direction cosine matrix is not normal-
ized, after several integration steps it begins to represent a mapping
into a distortedcoordinate system and not a simple rotation. This hap-
pens because roundoff errors leave rows and columns represeating vec-
tors that are not of unit length or vectors that do not define the axes
of a rectangular coordinate system.

The formula used in the simulations for integrating angular velocity is

dq/dt = %Qq (D-6)
where:
0 W - W i
w v u
-Ww 0 w w
az| ¥ uov (D-7)
w - 0 w
v u w
-w =W -w 0
L u v w .

a matrix made up of angular velocity components about the spacecraft
hbody axes. The integration starts with an initial value for g and uses
equation (D-4) to calculate g at future times.

A quaternion version of equation (D-3) can be used to combine the ef-
fects of multiple rotations. 1If qj) represents the attitude of coor-
dinate system 2 with respect to system 1, and q3) represents the at-
titude of coordinate system 3 with respect to .ystem 2, then g3,
which gives the attitude of system 3 with respect to system 1, can be
computed from the formula

931 = Q g921 (D-8)

where Q is a 4x4 matrix formed from the elements of q3)

% 43 -92 9
43 Q@ 91 92
92 -q91 . 93
~q1 —92 “93 Qu

(D-9)
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in which
q1
a2 (D-10)
32 *lq. |
qy
An alternate formula that gives identical results is
931 = Q' g32 (D-11)
in which Q' is a 4x4 matrix formed from the elements of ¢7;:
p=s ——
@' =q3' @' qf
' q3' a@' -q' q2' (D-12)
Q =
_q2| q1| q“| q3|
-q;" -q2' -q3' qy'
where
-
Fql.
Q' (D-13)
1 = .
q3
30" ]

Equations (D-8) and (D-11) can be considered definitions of quaternion
“multiplication.” The multiplication defined is (921 932), whizh

does not equal (q37 q71)-_ Quaternion multiplication has an iden-

tity quaternion (0 0 O l) that is analogous to the identity matrix

in matrix arithmetic. The product of this quaternion with any quater-
nion q is q, whether q is on the left or on the righc in the multigli-
cation. Also, any quaternion has an inverse 3_ The product qq

=q g_equals the identity quaternion. The inverse is formed by
simply negating the first three elements of the quaternion.
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APPENDIX E--ADAPTING THE KAILMAN FILTER FOR OTHER SIMULATIONS

The Kalman filter used in the three simulations presented in this
report can be adapted for other rendezvous and docking simulations if
the appropriate changes are made.

The Kalman filter accepts a 3-element measurement vector representing
the measured position of the chase vehicle's center of mass in the
primary reference frame. (The primary reference frame is a nonrotating
right-handed rectangular coordinate system that is centered at the tar-
get spacecraft's center of mass but aligned with the budy axes of the
chase vchicle the instant the video guidance system takes contrc.i.)

The measurement data in the simulation programs are obtained from video
information. The Kalman filter can be used for simulations that use
any ot'.er sensor and target that produces X, Y, and Z position data,
provided that the necessary changes are made. Subroutine ESTCOV, which
estimates the measurement covariance, must be altered so the measure-
ment cc rariance matrix is reasonable for the accuracy of the sensor and
target used. There are two convenient methods of deriviug the measure-
ment covariance matrix. It can be calculated by fitting a curve to
data from a Monte Carlo si.ulation or it can be dcrived from an analyt-
ical determination of the sensor's accuracy. The simulation programs
in this report used curve-fitting and a Monte Carlo simulation to de-
termine the equation for VARNCE, the estimated variance per axis. The
estimated measurement covariance matrix R is then assigned to be a di-
agonal matrix whuse elements along the diagonal are equal to VARNCE.

It is important to realize that system performance is the issue--as
long a2s the Kalman filter performs well, an accurate measurement covar-
iance estimate ic not necessary.

If a different chase vehicrle is desired for other simulations, a thor-
ough reevaluation of the Kalman filter equations is recommended. The
dynamics equations and the assumptions made tc implement the Kalman
filter could be totallv wrong for another chase vehicle, and overlook-
ing these differeuces could cause unsatisfactory system performance.

The numerical scheme that propagates the state estimate and the state
covariance matrix between measurements is valid only for small time
intervals between measurements. If intervals between measurcments of
about 1 second or greater are desired, a more accurate iuntegration
technique must be used. To use an alternatjve integration scheme, sub-
routine PROPES must be changed to implement .he new integration
technique.

Other design changes not mentioned here require a thorough reevaluation
of the Kalman filter equations.




