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AUTONOMOUS OPTICAL NAVIGATION FOR THE PLUTO FAST FLYBY MISSION

Robin M. Vaughan* and Stephen P. Synnott!

This paper discusses an autonomous optical navigation capability to be
added to the spacecraft flight system for a | *luto flyby mission. This system
uses the spacecraft camera and new flight sofiware to improve knowledge
of the spacecraft’s Pluto-relative trajectory in the last few days before en-
counter. A series of pictures containing images of Pluto against the star
background are shuttered and processed to obtain increasingly accurate es-
timates of the actual time of closest approach. Start times for designated
blocks of science observations around closest approach are shifted based
on these estimates so that they begin at the desiv ed time relative to the
true closest approach. This simple time shift restores the geometry as-
sumed in the origina observation designs, providing higher confidence that
the desired data will be captured. The paper presents a prototype design
for the new fright software that extracts the navigationinformation from
the optical navigation pictures. lruplementations of image processing and
orbit determination functions are described in detail. Overal system per-
formance is illustrated by processing a series of pictures simulated along a
typical Pluto flyby trajectory.

INTRODUCTION

Pluto and its moon Charon are the only magor planetary system as yet unexplored by robotic
spacecraft. Numerous proposals for missions to Pluto have been considered in recent years. JPL is
currently studying a mission called Pluto Express. Its predecessor, the Pluto Fast Flyby mission,
was under development until the fall of 1994. These missions have many common features. Most
importantly for this paper, they have similar encounter geometries. Bothare flyby missions with
essentially linear trgjectories relative to Pluto and large appr each velocities in the range of 15-
20 km/sec. It is this flyby geometry that ultimately dictates the addition of autonomous optical
navigation capability to the spacecraft flight system.

The importance of optica navigation (OPPNAV) for a Pluto mission was discussed in (Ref. 1).
A combination of traditional, ground-based techniques and a new autongmous System is necessary
to meet the navigation requirements. Standard techniques are applied in a “far encounter” phase
covering the period from 6 months to a few days before closest aj»proach to I’lut 0. ‘J The pictures taken
in this phase are returned to earth for processing and incorporated in orbit determination solutions
along with radiometric data. Due to errors in the Pluto epheineris, however, there is still a large
uncertainty in the time-of-flight, or downtrack, direction atthe end of this phase. This uncertainty
must be reduced in order to obtain the desired science observations around closest approach. Optical
navigation pictures taken closer to encounter can provide this reduction. Constraints imposed by
the flyby geometry and the spacecraft flight system, along with the long one-way light time at I'lute,
preclude the return of these later pictures for ground processing. An on-board optical navigation
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system is therefore activated to obtain and process pictures in a “near encounter” phase starting a
few days andending just a ey hours before closest approach.

This paper describes the prototype Autonomous Optical Navigation System (AONS) originally
developed for the Pluto Fast Flyby mission. First, an overvicw of the operation of AONS during
the Pluto encounter is given. Theintegration of the system within the overall mission scenario
is discussed and the necessary functionality is identified. The resulting prototype design is then
presented. The high-level system architecture is described, including a summary of information ftow
between the mgor blocks of the system. Next, the functions of each major block are described
in detail, including derivation of key equations. The performance of the prototype AONS is then
demonstrated by application to a sample Pluto mission trajectory.

OPERATIONAL SCENARIO

The optical data measure the spacecraft’s Pluto-relative position in a plane perpendicular to the
line-of-sight from the spacecraft to Pluto, called the image plane. For thelinear Pluto trajectories
of PFF and Pluto ¥xpress, the line-of-sight is essentially paralel to the approach velocity vector
until a few days before closest approach and the image plane ncarly coincides with the B-plane used
for navigation targeting.! Pictures taken in the far encounter period therefore provide an excellent
measurement of the spacecraft’s B-plane aimpoint, but are relatively insensitive: to errors in the
downtrack direction. This leads to a long, narrow navigation error ellipsoid for the last ground-
based orbit determination solution as shown in Figure 1 (a). ‘J ‘he dominant etror, corresponding to
the largest axis of the elipsoid, is in the radial or downtrack direction. As the spacecraft moves
closer to Pluto, the line-of-sight direction rotates away from the approach velocity vector, allowing
the optical data to measure the downtrack position, as shown in Figure 1(h). The sensitivity to
downtrack error becomes significant within 2-3 days of closest approach, with the most dramatic
increase coming within the last 24 hours.

The schedule for acquiring optical navigation pictures with the autonomous system is driven
by the rate of improvement in the optical data’'s ability to measure dew] itrack position in the
near encounter period. Pictures are sparsely distributed early in the period, where the viewing
geometry changes more slowly. A typical schedule calls for one OPNAV picture to be taken and
processed approximately every 8 hours between 3 days and 40 hours before closest approach. ‘I'he
frequency of OPNAV pictures increases starting at about 40 hours before closest approach. These
later observations are typically separated by only 1-2 hours to track the more rapid increase in
sensitivity of the optical measurements. The pictures taken in the last day are the most critica to
successful performance of AONS. The accuracy of the downtrack position estimate depends directly
on how near to closest approach the last OPNAV picture can be shuttered and successfully processed.
Initial studies have assumed the last picture is taken at about 4 hours before closest approach.
Overall, a total of 10-20 pictures will be taken and processed by AONS.

Shattering of the near encounter OPNAV pictures and subsequent processing by AONS will be
triggered by pre-loaded time-tagged commands included in the spacecraft's sequence load(s). These
observations must be integrated into the overall schedule of spacecraft science and engineering ac-
tivities. The early, sparsely distributed pictures can easily be accommodated since science activity
is aso fairly low at this time. The later, more frequent pict ures must be selected from specific
opportunities when Pluto can be viewed against different groups of known background stars. These
opportunities will occur at irregular intervals due to the rapidly changing viewing geometry. Integra-
tion of these observations into the overall schedule will bemore challenging since science observations
and their supporting engineering activities will be more frequent closer to encounter. A data cutoff
at 4 hours before closest approach represents one possible compromise between the desired accuracy
of the downtrack position estimate and the number of science observationsthat can be scheduled in
the last few hours before closest approach.

! Sec the appendix of (Ref.6) for a definition of the Il-plane.
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Figure 1: Increasing sengitivity of optical navigation data to downtrack position changes. Changes
in downtrack position have larger projections onto the OPNAYV image plane as the spacecraft moves

nearer to Pluto.
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Figure 2. Operation of AONS. Science observation start times are shifted using estimate of closest
approach time from OPNAV pictures.

AONS’ primary responsibility is to improve knowledge of the spacecraft’s Pluto-relative trajec-
tory. It begins operation with the knowledge captured in the last ground-based orbit determination
solution. The dominant error in this solution is in the clew’l]trac.k~}ositi[)xI, which trandates directly
into an error in knowledge of the time of closest approach. AONS is therefore designed to estimate
the actual time of closest approach. Critical science observations that take place within 1-2 hours of
closest approach will have been designed assuming a small uncertainty in this estimate. The geom-
etry assumed in these designs can be restored by sitnply shifting the start time of the observations
so that they happen at the correct time relative to the actua time of closest approach. AONS will
compute the appropriate time shift from the locations of Pluto and background star images in the
OPNAYV npictures. It will then apply the appropriate time shift to designated block(s) of science
observations. This scenario is illustrated in Figure 2.

SYSTEM ARCHITECTURE

The prototype design for AONS has four primary components, or blocks. Fach OPNAV picture
is analyzed by the Image Processing Mock. Pluto and star images are identified and their center
locations are calculated. The image centers are the navigation observable needed to solve for the
time of closest approach. These observable are passed to the Orbit Determination Solution Mock
that computes an update to the time of closest approach. The new estimated time is, in turn, passed
to the Science Sequence Update block which determines and applies the appropriate time shift to
the start time of encounter science observations. The system also includes a Geometry Update lock
that executes before the other three blocks. information froin the previous solution (if any) is
used to update the predicted spacecraft-Pluto geometry for the current picture, The new geometry
information is passed to the Image Processing Mock where it is incorporated inuto the predictions of
the appearance and location of the Pluto and star images. Figure 3 depicts this high-level system
architecture and illustrates the information flow between the maor Mocks.

The functions of the first three blocks executed by AONS cor1 espond to major steps in traditional
ground-based navigation procedures. Geometry Update represents the concept of keeping the nom-
inal solution close enough to the actual solution that a linear approximation remains valid. Image
Processing and Orbit Determination Solution perform the same functions, abeit in a less sophisti-
cated mauner, than the ground-based counterparts for which they are named. The Science Sequence
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Figure 3: Functional flow chart for AONS

Update block, on the other hand, falls outside of the traditional navigation task.Furthermore,im-
plementation of its functions is intimately tied to the design of the overall spacecraft command and
control system. For these reasons, this block will not be discussed further in this paper. The next

section will describe the functionality built into the three navigation-related blocks for the prototype
system.

PROTOTYPE SYSTEM IMPLEMENTATION

Implementations of the Geometry Update, Image Processing, and Orbit Determination blocks for
tile prototype AONS are presented below. The choice of algorithms should be considered within the
context of an overal design philosophy which emphasizes simplicity. Particular condi tions of a Pluto
flyby mission are exploited to reduce complexity of the on-boar d algorithms and procedures. Since
Pluto is expected to have a regular (nearly spherical) shape, basic edge detection techniques are
applied to find the center of the Pluto image in Image Processing. The “bootstrapping” introduced
in Geometry Update limits the differences between predictions of Pluto immage appearance and its
actual appearance so that these algorithms remain applicable. ‘1 'he assutnptionof a linear trajectory
substantially simplifies the computations in Orbit Determination Solution. The traditional multi-
parameter filter is reduced to a single cubic equation giving the change in tine of closest approach
as a function of the difference between the actual and predicted Pluto image center locations.

(@3]




The remainder of this section consists of an explanation of some background concepts that are
centralto the operation of AONS followed by discussions of cach of the thieemajor blocks. The
descriptions of {he algorithms applied in each Mock are necessarily brief; more detailed explanations
and complete derivation of equations can be found in (Ref. 2).

Background Concepts

Two fundamental concepts from ground-based optical navigation theory must be presented to
facilit ate subsequent. explanation of the operations of AONS' major blocks. The following paragraphs
first discuss the mathematical representation of the image data and then derive the geometrical
relationship between an object’s location in inertial space and the location of its image in the
01'NAV picture.

The spacecraft’s camera has a rectangular light-sensing target, assumed to be a CCD for the
Pluto missions. This target is divided into a two-dirnensional grid of elements caled pixels. Math-
ematically, a picture consists of an array of values representing the intensity of light hitting each
pixel. An elementin this array is called a DN value and is denoted DN (p,1). The coordinates (p, I)
give the location of the pixel in the two-dimensiona grid. Tile origin for these coordinates is the
upper left corner of the picture. The horizontal coordinate, p,is positive to the right and is called
the pixel (or sample) coordinate. The vertica coordinate, 1, is positive down ward and is caled the
line coordinate.

The calculation of pixel and line coordinates in a picture corresponding to the centers of optical
targets such as Pluto and the background stars is repcated several times in AQNS. The first step in
this calculation determines camera pointing direction in the inertial reference frame. Camera body
coordinates, caled TV coordinates, are introduced to represent the orientation of the camera axes
with respect to inertial coordinates. The z axis of TV coordinates points outward along the camera’s
boresight. The boresight is defined as an axis normal to the light-sensing target, or image plane,
piercing the target at the center of the picture. The x and y axes of TV coordinates lie in the image
plane and are parallel to the pixel and line axes, respectively. Camera poinuting is represented by a
set of three Euler angles describing the rotation from inertial axes to the TV coordinate axes. The
commanded pointing angles are input to AONS along with the desired picture time. These angles
are used to construct a transformation matrix from inertiad to TV coordinates, TITV.

Let u represent the line-of-sight vector from the spacecraft to Pluto or a star in inertial coordi-
nates at the time the picture is shuttered. Nominal values for u will be provided to AONS from the
last ground-based trajectory solution. To find the pixel and line location, (p,!), corresponding to w,
first expressu in TV coordinates

uTv(l)
urv = TITVu = | upv(2) (1)
“Z'V‘(s)
Next, apply the gnomonic projection and appropriate scaling factors % 4to obtain
P fK, ( urv(1) ) ( Po )
= : 2
( l ) wrv@ L urv@ )l .
where
f = TFocal length of the Pluto spacecraft camera.
K, = Scade factor for the Pluto spacear aft camera that converts

from rectangular coordinates in the focal plane to pixel
and line coordinates in a picture.

Po.lo  =location of the optical axis (boresight) of the Pluto space-
craft camera in pixel and line coordinates.

Eqs. (1) and (2) will appear several times in the following sections 011 the Geometry Update and
Orbit Determination Solution blocks.
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Geometry Update

The Geometry U palate block first computes an updated value for the vector from the spacecraft to
Pluto in inertial coordinates at tile time of the current picture, a:*. The last ground-based navigation
solution supplies nominal values for the vector from the spacecraft to Pluto at the time of each
scheduled OI’NAV picture, 2™, and for the time of closest approach,?'. The Orbit Determination
Solution block supplies a value for the total change in the time of closest approach from its nominal
value, AT, after processing the previous picture. (AT’ is set to zero for the first picture processed by
AONS.) Under the assumption of a linear trajectory, the spacecraft's asymptotic approach velocity
vector, Voo, remains constant so that the updated value for tile spacecraft- I’luto vector is simply

2V = a™N 4V, AT (3)

Geometry Update next computes predictions for the locations of the Pluto and star image centers
in the OPNAV picture. The commanded camera pointing angles are used to compute TITVN 2V
is substituted for uin Egs. (1) and (2) to obtain the updated prediction for the ’luto image center:

(])S’, ) _ fK, ( z¥ (1) )'I (po ) )
lfj’ ngv(g) zl/'v (2) ly

A similar computation is performed to obtain (p])for each of the star images using its right
ascension and declination coordinates to compute a vector u that points towards the star. Predicted
locations for the star images are passed to Image Processing as an array of offset vectors from the
predicted Pluto image center. The array contains differential coordinates Ap,=p¥ - pY and
Aly =15 - 1Y for each star image.

The finad computation in Geometry Update is the construction of a template representing the
shape of the lit limb for the Pluto image. The template is generated as an array of offset vectors
from the predicted Pluto image center to points on the lit limb of the Pluto image. The array
contains differential coordinates Apy = py -- pﬁ’, and Aly =1 — l,‘ﬁ for a set of points {(pu, ill)}
along the lit limb of the Pluto image,. The calculation of the points in this array is simplified by the
assumption that Pluto has a regular shape, namely that of a iriaxial ellipsoid. Size information for
the ellipsoid along with information on its orientation in inertial space at the time of each OPNAV
picture are input to AONS. The calculation of coordinates (p,, Ii) for points along the lit limb of an
ellipsoid image closely follows standard limb scanning algorithms used in ground-based software. *
Slight modifications have been made to allow “scanning” in horizontal lines across the image so that
the line coordinate of each point in the template array differs from that of the previous point by a
fixed increment. The shape of the lit limb is captured hy the variation inthe pixel coordinate of
successive elements in the template array.

Image Processing

The Image Processing block is the only part of AONS that directly accesses the image data for
the current OPNAV picture. It examines the relative values of the elements in the array DN (p,l)
to determine the regions containing the Pluto and star images. For these later pictures, the Pluto
image appears as a large crescent extending over many pixels in the picture. The star images, in
contrast, are point-source images covering only a few pixels in the picture. Image Processing first
searches for and locates the larger, more obvious Pluto image. It then searches for the smaller, less
evident star images using information from Geometry Update on their positions relative to the Pluto
image.

The procedure for locating the Pluto image is a very basic example of edge detection techniques
that have long been applied in various types of image analysis. It is predicated on the assumption that
the Pluto image is much brighter than the background field, including the star images, and that it
extends over a significant fraction of the total picture area. AONS’ edge detection algorithm examines
each (horizontal) line in the current picture searching for a segment of at least W7 contiguous pixels
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where the brightness value DN (p,l) exceeds a specified threshold value DN?. The ends of this
segment are the detected edge points. The left endpoint is considered to bea valid lit limb point
(P, 1.).% The picture is examined from top to bottom to generate a complete set of detected lit limb
points, or edges. This process is depicted in Figure 4. The values for W7 aud DN? are supplied to
AONS based on the commanded exposure time for each OPNAV picture and the expected size of
tile Pluto image at that time.

The array {(l)., I ) } of detected edges provides a rough estimate of the location of the Pluto
image in the picture. For navigation purposes, the center of this image nwstbe extracted from
this more general information. AONS computes the Pluto image center location by comparing the
general shape of the limb embodied by the points in {{pe,lc)} with the predicted shape obtained
from Geometry Update as the array { (Apu, Al,) }. The algorithm matches every possible set of points
from the lit limb template with a corresponding set of detected edges where the correspondence is
determined by the pattern of vertical offsets of sequential detected edges.1t computes the inner
product of a vector whose elements are the horizontal offsets of consecutive points in the detected
edge array with a vector of the corresponding offsets for consecutive pointsinthelit limb template.
The location where this inner product is maximum is taken as the best matcli between the predicted
and actual Pluto limb shapes. This process is illustrated in Figure 5(a).

§ Camera pointing is controlled such that the lit limb points are guaran teed to fall on the left side of the Pluto
image.
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For each point in the detected edge array, the corresponding point in the lit limb template at
the best match location provides an offset vector from the Pluto center to the edge of the image.
This offset is subtracted from the actual detected edge location, giving (p. — Apu, . — Aly) as one
possible value for the Pluto image center. This is repeated for every set of corresponding template
and detected edge points in the best match. The average of these possible center values is taken as
the detected center of the Pluto image, (pp,lp). This is illustrated in Figure 5(b).

Thefinal step in Image Processing is the location of the star images. This accomplished by
applying a well-known obvolution procedure called “box filtering” 5 2 10¥ each of the stars predicted
to appear in the current OPNAV picture. First, the predicted star center is updated by adding the
offset vector (Aps,Al,) from Geometry Update to the actual Ylutoimage center (pp,lp). Then, a
search ismade in a rectangular box around the new predicted center (pp -1 Ap,,lp+ Aly) for the
actual star image. The search consistsof a comparison of subsets of brightness values, DN(p,l),
within the box with a template representing the brightness pattern for a point source image. The
detected star image center is computed from the location of the best match with the point-source
template within the search box. The width and height of the search boxes and the point-source
image template are input to AONS based on the magnitudes of the stars, exposure times for each
picture, and the characteristics of the Pluto spacecrafl’s camera

Orbit Determination Solution

The Orbit Determination Solution Mock converts the image observables {p;,!p) and {(ps,1,)} from
Image Processing into information on the spacecraft’s 'luto-relative trajectory. The star background
ties the Pluto image location to the inertial reference frame of the spacecraft’s equations of motion.
Mathematically this relationship is captured in the TITV transformatio n matrix introduced earlier.
The first stepin Orbit Determination Solution is the calculation of an updated value TITVY based
on the actual star image centers {(ps,!,)}. The offsets {(ps— p,l,— 1Y)} from the predicted star
centers are input to a least-squares estimator to compute updated values forthe camera pointing
angles which are then used to construct TITVY. The second step in this block is the computation




of an incremental change in the time of closest approach bascd on the observed shift in the Pluto
image center location from its predicted value. The derivationof this relationship is presented in
the following paragraphs.

The predicted Pluto center’ (p%Y},) is computed from Eq. (4) except that 2V is converted to
TV coordinates using TITV". The actual image center location is related to a change in time of
closest approach by once again invoking the assumption of a linear trajectory. The actual spacecraft
position is written as

rv =gl t Veop, 0T (5)

where 2V is computedin Geometry Update, Vo is the constant approach velocity and both have
been transformed toT'V coordinates using TITVY .87 represents au incremental change in the time
of closest approach from its last computed value. (A? in Eq. (3) represents the total change in the
time of closest approach from its nominal value) Now using lq. (2),

pp _ J K, zpyv (1) o
( Iy ) - 27:{'\/(3) ( .’17'1‘\/(2) )—* ( l() )
[ Kq ( 25 (1) 4 Viogy (1)6T ) e )

()’*‘001\/( )6T ‘TIV()_*‘ooz»()JT l()

m;,f.‘,@)ff/i:iv(gw{(21::8%)MT( )b () o

where (pp,lp)isthe detected Pluto center from Image Processing. In order to express (pp,lp) as the
sum of (p%, 1) aud some correction terms that are functions of 67, the term 1/ (zY., (3) 4 Vioy,, (3)67)
is expanded in a Taylor series about the point 87 = O. Substit uting the termsup to third order in
67 from the series expansion into Eq.(6) and rearranging gives:

rre — ]’;1) fl(z o ‘/007»(3) 2 ( O<TV(3))
( lp ) ( iy )-" Ty (3) <6f 7\/(3) y oA (w,V(B)) o )
C ) owL () o

The second term on the right in Eq. (7) is the shift in the Pluto image center due only to a
change in the time of closest approach. This shift occurs in the direction represented by the vector

c = fI{:r { ( ‘/00’1\\' (]) ) ‘/00'1 v (3) ( IgV(l) ) } (8)
24y (3) L\ Voorv (2) o7y (3) \ #yv(2)
Given the characteristics of the nominal trajectory solution provided to AONS, it is assumed that

center shifts normal to ¢ are negligible and that shifts along ¢ are due only to changes in the time
of closest apJn-each. Introduce the center shift, or residual, vector

App \  ( pp p
()= (o) (%) 8
and rewrite Eq. (7) as

/ 7 2
(W  Veore(3) g1, (Voo (3))° 5:,.3) ... ( Ap, ) i

zY,,(3) (24 (3))* Alp
A cubic equation for §7' is obtained by taking the inner product of this equation with the vector c:
? (V°°”(3))26T3  Yoorv @) 5o ) ( ol ) e 0 (lo)

(=9 (3))° zfv (3) Ay
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wherec?=—c. ¢. Orbit Determination Solution computes §7' as the sole real root of the cubic using a
standard analytic formula. *

An update to the total change fromn tile nominal closest ajsproach time is computed by adding
8T, the root of the cubic, to the previous vaue of AT. The new value for AT is stored for use in
Geometry Update when the next OPNAYV picture is p1ocessed.

PERFORMANCE ASSESSMENT

The prototype AONS design described in the preceding section has been implemented and tested
as an extension of the navigation analysis software development system. Performance results for one
sample Pluto flyby trajectory are given below. The nominal traectory for this sample flyby was
the proposed baseline for the Pluto Fast Flyby mission in M arch of 1994. AONS was tested by
generating a “true’ trajectory slightly perturbed from the nominal one. Theperturbations were
chosen based on the expected accuracy of a ground-based orbit determination solution including
optical observations up to 3 clays before closest approach. 01 *"NAV pictures were simulated using
the true trgjectory and processed try AONS to estimate the actual time of closest approach.

Figure 6 presents the nominal and perturbed, or true, trajectory characteristics in the navigation
I1-plane. ¢ The nominal trajectory is characterized by an approach velocity of 17.712 km/sec with
a ll-plane aimpoint of -12050 km aong the T axis and 8940 ki along the R axis. Closest approach
occurs at 12:48:00 UTC on April 20, 2006 with the spacecraft at a distance of 15000 km from
Pluto. OD accuracy at 3 days before closest approach is illustrated by the the 1 o B-plane error
ellipse centered on the nomina aimpoint and the 1o error bar around the nominal time of closest
approach. Also shown in the figure are the B-plane aimpoint and time of closest approach selected
for the true trgectory. ‘he D-plane aimpoint is shifted outward along the B vector by a distance
of 10 km (0.80), while the time of closest approach is moved 200 sec (I u) earlier than the nominal
time.

A picture schedule for AONS was selected from opportunities predicted for the nominal trajectory.
OPNAV pictures were simulated assuming that the spacecraft’s camera used a CCD of 1024x 1024
pixels, each of size 10urad, for a total field-of-view of 0.5°. ¥Amnalbedo model for Jupiter's satellite
Ganymede was scaled to an ellipsoid of Pluto’s estimated size to produce brightness variations on
the Pluto images. The actual spacecraft-Pluto geometry was taken from thie true, or perturbed,
trgjectory. The star images were generated from a point-source model for the solid state imaging
instrument carried by the Galileo spacecraft. Small, random pointing errors were introduced in each
picture to simulate attitude control accuracy. The pointing errors introduced a uniform shift in the
Pluto and star image centers while the trgectory perturbation introduced an additional shift of the
Pluto image location relative to the star images. The size of the Pluto image also varied dightly due
to the trajectory perturbations.

T'he full test suite consisted of six pictures taken between 15 and 2 hours before the nominal
closest approach. Performance results will be presented for an abbreviated case where only two
pictures are processed, one at the beginning and the other near the end of this period. Spacecraft
range to Pluto and Pluto image diameter for these two pictures are listed in ‘I’able 1. These same
values for the last ground-based picture taken 2 days earlier arc aso shown for comparison.

Numerical results from Image Processing and Orbit Determination Solution for these two pictures
are summarized in Table 2. The true values for the image centers and time of closest approach and
the errors in the corresponding values computed by AONS are also shown. A graphical representation
of the Image Processing results for the first picture is shown i1 Figure 7. The siinulated image is
shown as the background with various overlays indicating the steps in Image Processing. The yellow
overlays indicate the predicted image locations for the nominal trgjectory and camera pointing. The
green overlays are predicted lit limb and terminator points. The 1 ed overlays are the detected lit limb
points and the corresponding points on the lines where the DN value fals below the threshold DNY'.

¥This corresponds to values of K= 136.53 pixels/mm, f =750 mm and po=— lo -- 512 for the camera parameters
introduced in Eq. 2.
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Time of Closest
Approach
(+200 sec)

ach for niominal and perturbed trajectories

Event Time from Range to Pluto | Pluto Image
Nominal Diameter
Closest Approach (km) (pixels)
Ground Data Cutofl -3 days 4637298.0 50.8
First Picture for AONS -14.7 hours 939114.0 250.8
Second Picture for AONS -3.7 hours 238067.0 19893

‘Jable 1. Spacecraft-1'lutorangear]d Pluto inage diameter s for simulated OPNAV  pictures
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Picture Time* | Actual Pluto Center | Detected Pluto Center Krror
Pixel Line Pixel Tine | Pixel | Iine
(hrs) (pixels) (pixels) (pixels) (pixels) (pixels) | (pixels)
-14.7 799.052 | 762.025 | 798.67 | 762.00 0.382 | 0.025
-3.7 477.163 | -171.990 | 477.87 | -174.00 0707 | -2.01
Pictuie: Time® | Actual Star Centers | Detected Star Centers | Krror
Pixel Line Pixel line Pixel Line
{(hrs) (pixels) (pixels) (pixels) | . (pixels) _ | (pixels) (pixels)
-14.7 185.945 | 161.177 185.97 161.10 0.025 -0.077
918.798 | 104.523 918.87 104.54 0.072 0.017
-3.7 258.922 | 312.519 258.96 | 312.55 0.038 0.031
790.734 | 917.043 79083 | 917.02  __ | 0.096 -0.023
Picture Time* Estimated Tiune of Closest Ap_proa(:ir[ ]*)rror]
(hrs) (ET) ) 1 (sec) |
-14.7 2006 APR 20 12:43:51.4 | -486
-3.7 2006 APR 20 12:44:31.2 -8.8
Actual Closest Approach 2006 APR 20 12:44:40.0

*Picture times given as hours before the nominal closest approach time of 2006 APR 2012:48:00
ET.

Table 2: Detected image centers and time of closest apprroach estimates fi om AONS

The green overlays are drawn over the red overlays to indicate the best match between the lit limb
template and the detected limb points. Only the overlays on the left of the PJuto image are used in
determining the best match- they are the lit limb template and the detected litub points. The red and
green overlays on the right are predicted and detected terminator points which are not used in Image
Processing. The red cross in the center of the Pluto image indicates the center location calculated by
Image Processing. The blue boxes and crosses at their centers indicate the predicted star locations
and the search areas for the box filtering algorithm. The red crosses indicate the locations within
the search areas where the actual star images are found. The star images themselves are too small
to be visible under these overlays.

Figure 8 illustrates the Science Sequence Update step applied to a representative near encounter
science observation. The sample observation consists of a series of 10 frarmes running from the
terminator to the lit limb in the mid-section of the Pluto image and is scheduled to begin at &
minutes before the nominal closest approach time. Figure 8(a) shows the ideal design where pointing
angles and start time are chosen for the nominal trajectory. Figure 8(b) shows the same design with
the Pluto image in its correct location for the perturbed (or t1 ue) trajectory. Without the AONS
updates, this observation will entirely miss its target. Figure 8(c) shows the mosaic design using
the nominal pointing angles but with its start time shifted by the amount computed from AONS’
processing of the first picture. A few of the frames are now capturing part of the Pluto image. The
design moves even closer to the ideal case after AONS’ update from the second picture as shown in
Figure 8(d). The background grids in the figure represent right ascension and declination coordinates
on the celestial sphere. The grid lines and mosaic frames always appear in the same location since
camera pointing angles are not modified by AONS.

The performance results presented above have becn verified by implementation arid testing of
the prototype system in the Flight System Testbed (I'ST) at .1 Pl,. The FST provides a flight-like
environment, using both software tools and actual flight hardware to sirnulate spacecraft operation.
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Figure 7: AONS’ image processing results for the picture taken 15 hours before the nominal closest
approach.
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(b) Mosaic fails to capture Pluto for the true trajectory without start timeupdates from AONS.
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(c) Some of the mosaic frames capture Pluto after the first start time update from AQNS.
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(d) Most of the mosaic frames capture Pluto after the second start time update from AONS.

Figure 8: Updates to sample science observation using AONS’ solutions for t ime of closest approach

15



Successful testing of AONS in FST provides confidence that a flight-qualified version can be de-
veloped to meet a proposed requirement of less than 10 scconds uncertainty in the estimated time
of closest approach when the last OPNAV picture is taken and processed at about 4 hours before
closest approach.

Future Development

Much work remains to be done to evolve the prototype A(INS to a flight-qualified system. The
prototype demonstrates only the most basic functionality and was designed with poor knowledge of
desired performance requirements. Formal performance requirements that satisfy mission objectives
should be determined by engineering and science teams. The pi1 ototype design can then be evaluated
in the framework of those requirements to identify the necessary modifications. Some areas of concern
and the changes that they may impose on the system are discussed in the following paragraphs.

One of the simplifying assumptions for the prototype system is that the OPNAV picture times
are selected and programmed into the spacecraft encounter sequence based on the best available
ground-based trajectory. For the worst-case downtrack errors, the Pluto image may shift far enough
from its nominal predicted locations that it is 1ot captured in some of these OPNAV pictures. The
tacit assumption has been that a sufficient number of successful observations can be guaranteed
by adding some extra opportunities to a baseline picture schedule. This strategy has not been
considered in detail nor have any test cases been run to demonstrate its validity. If this strategy
is not adequate, it may be necessary to add a picture planning function to AONS. ‘his function
would continuously evaluate OPNAV picture opportunities and implement observations as they
occur during the encounter. This would significantly increase system complexity since it requires
greater interaction and coordination with other spacecraft control functions. With or without the
picture planning function, error handling will have to be added to the basic system to allow it to
identify and eliminate any missed observations.

Like the worst-case downtrack errors, worst-case shifts in the B-plane aimpoint can aso cause
problems. The assumption that the observed shift in the Pluto image center can be attributed
entirely to a change in the time of closest approach may not be valid under these circumstances.
The contribution of shifts in the B-plane aimpoint should be analyzed to detertnine if they should be
considered in the orbit determination solution. The single cubic equation could be replaced with a
three-parameter lewd-squares filter that estimates B-plane airnpoint coordinates as well as the time
of closest approach. This filter could improve the accuracy of the estimation of the time of closest
approach by isolating it from contributions due to B-plane shifts.

The centerfrrrding procedures in Image Processing should be more carefully evaluated. The ago-
rithms for Pluto and star images need to be tested on pictures including random noise characteristic
of the camera in the Pluto environtnent. Additional routines may be required to insure that the real
images can be distinguished from background noise signatures. Time constraints in AONS' devel-
opment schedule caused the restriction that camera pointing be controlled to put the lit limb on the
left of the Pluto images to remain in the design. It should be relatively straightforward to modify
the procedure that scans horizontally for lit limb points to determine the orientation of the Pluto
image in the picture frame and select the proper scan direction. This extension would be necessary
if the camera pointing angle representing rotation about the boresight (the “twist” angle) cannot be
actively controlled.l Also, the moon Charon will be appearing in the pictures with Pluto itself until
rather late in the encounter. Modifications to the centerfinding procedures are needed to handle
pictures containing multiple extended body images. Finaly, the basic edge detection algorithms
may have to be augmented with more sophisticated algorithms if centerfinding accuracy must be
reduced below 1 pixel.

Overall fault tolerance and robustness of the system were not addressed in the prototype design,
but must be considered a priority for any flight system. Error handling procedures must be designed
and integrated into the existing system. This includes treatn ient of problemns within AONS’ own

Il Full control Of camera pointing, including twist angle, was part of the PFF spacecraft desigu.
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subsystems as well as its interaction with the rest of the spacecraft flight control system. Such
features have not been emphasized in ground-based navigation software due to the presence of a
human analyst in theloop.

CONCLUSIONS

An autonomous optical navigation capability has been proposed to meet navigation regquirements
within the unique constraints of a Pluto flyby mission. A prototype design for the autonomous system
has been derived from traditional ground-based navigation procedures. Its high-level architecture
mimics the basic steps used in ground operations. Simplified implementations of these basic steps
have been developed by exploiting the special characteristics of a Pluto mission. The prototype has
been successfully tested for a sample Pluto trgjectory on navigation analysis computers and in the
Flight System Testbed at JPL. The system reduced the uncertainty in the tin e of closest approach
from a few hundred seconds to approximately 1(1 seconds using optical data taken up to 4 hours
before closest approach.

The migration of navigation functions to the spacecraft flight system represeuts a significant de-
parture from navigation operations for previous missions. The Pluto autonomous optica navigation
system is one of the first proposed uses of such technology forinterplanetar y mnissions. Successful
testing of the prototype demonstrates that its design forms a good foundation for development of a
true flight system should a Pluto mission be undertaken in the future. This system may aso serve as
a stepping stone in the development of a generic autonomous navigation capability for other types of
missions. Many of the functions included in the Pluto system will adso beneeded iu a more general
system.
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