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Abstract

P]1J1O  a n d  its II1OOII Oamn fOIJll  ihC Oll]y Illaj(lr J)]: HICtary SyStCIll  aS yCt
unvisilcd  b y  inlcrplanclary  spacccraf[.  Numcrt)us  pr~J>osals  for missions  tO
Pluto  h a v e  b e e n  c~nsidcrcd  in rcccnt  y e a r s . O n c  s u c h  missiOn that h a s  hccn
under dcvclopn Icn I at J] ’l. i s  Ihc J’IuI()  J;ast  l:lyby (Pl;l;). ‘1’wO small spacecraft
wOuld bc Iaunchc(t  i n  2001 O n  d i r e c t  trajcclOrics from Iiar[h [O PIu Io. T h e
spacccral’1 wOuld fOll Ow r a d i a l  trajcclOrics  Out 1 0  1’1u1O w i t h  e n c o u n t e r s
O c c u r r i n g  s i x  mOnlhs  aparl al”tcr an intcrplanclary  cruise. Of 9-10 years. Plut O-
rc]ativc [r:ljcclorics  for Ihc f l y b y s  a r c  csscntiaJly  l i n e a r  w i t h  aJ>J>r(~ach
vclmi[ic.s  bcIwccn  15 and 20 k m / s e e ,  g i v i n g  r i s e  lo the Ila IIIC “l:asl  I: Jyl~y”. ‘J’his
paj)cr w i l l  (iiscuss applicali Ons O f  OJ>lical navigatim Icchniqucs  d u r i n g  t h e
cncOunlcr  p h a s e O f  (his nlissiOn. in part icular , t h e  intr(~ducti~n Of parlial
aut OnOnly b y  nligraliOn of S(JIIIC  traditional  g m u n d - b a s e d t e c h n i q u e s  10 the
spacccraf[  flighl systcm  w i l l  bc dcscrihcd.

~’hc Optical navigation c a m p a i g n  cnvisimcd  (or [his n]ission  i s  d i v i d e d  into
IW() n]aj~r J>hascs. 7%c firsl,  o r  “ f a r  cncounicr”,  p h a s e  COVC.IS the p e r i o d  from 6
nlmIhs  to 2-3 d a y s  hcforc  C1 O S C S I  a p p r o a c h .  Ar.tivi[y durin!, this  J]hasc wil l  bc
s i m i l a r  to traditional OPNAV  supp(~rl  for prcvi(lus  missions  s u c h  a s  Voyager
a n d  GalilcO.  l’iclurc.s wi l l  bc Iakcn willl lhc s p a c e c r a f t ’ s  Onlm; ird c a m e r a  a n d
iransmi(tcd  I(J J;arlh for pr(~c. cssing by g m u n d - b a s e d  ~lavigalion  pcrs(~nncl.
‘1’l)c  Oplical “obscl”vablcs’” cxlraclcd  d u r i n g  t h e  im:igc pl-Occssing wil l  then bc
cOnlbinc(i wilh the radiomc(ric d a t a  using  s t a n d a r d  g r o u n d - b a s e d  orbit
dctcrn]in:iliOn  prOccdurcs. O]-bil  dclcrnlinal  iOn sr)luii(~ns  will bc pr~duccd 10
suppor(  prc-cncounlcr  m a n e u v e r s  a n d  Il)c d e s i g n  O f  scicncc  Ot>scrva(i  Ons
arOund cl Oscsl  apprOach. ‘1’hc 1 0  B - p l a n e  crmr cJJipsc si~.c is  cxpcc(cd  to hc on
the (~rdcr oi” 20 km for a (iaIa cutoff  at 3 days bcfOrc cl Oscsl a p p r o a c h .
[lllfol”ll  ill; llcl)J, lhc cOrrcsp  On(iing unccr[ail][y i n t h c linlc.  -0 f-fiigh( 0 r
(i OWUllI-a  Ck (iircclim i s much larger, On the Ordcr Of 200 scc Or = 3000” km, as
ilius(raic(i  in J;igurc l ( a ) .  ‘1’his i s  ~iuc to l:irgc Pluto  cpilcmcris  errors a n d
insensi t ivi ty Of (hc Oplical (iala 10 ciIa IIgcs i n  Plu10’s  J) Osili  On alOng  lhc linc-
OLsighl fl’onl (I1C spacecraf t  10 i’lulo. III IIIC far cncOuIIlcr p h a s e ,  t h e  linc-Of-
sighl is llCiill)J pa ra l l e l  10 lhc si)acccrafl’s  P l u 1 0 - r e l a t i v e  vcl Ocity vcct Or (Vw ) .

W i t h  (i Ownlrack  unc.c]-(ainlics  Of a fcw th(~usan(i kil(~mc.(crs,  l a r g e  mosaics
cOnlp Osc(i Of many t e n s  of in(iivi(iual f r a m e s  w~uld bc rcquirc(i  10 guaranlcc
cai)lurc O f  lhc targcl  bmiy in a scic.ncc ohscrvalion  t aken  wi(hin a  f c w  m i n u t e s
of closcsl  approach. ‘1’here is  nei ther  the t ime or st(~ra:,c  n~c.nl(~ry available to
accomnlo(ialc” Sllch large mos:iics d u r i n g (}1C l’1ll (() cncounlcr. oJ)lical
mcasurcmc.nls  t a k e n  wi[hin  a  f c w  (iays O f  cl Oscs( a p p r o a c h  c a n  rc(iucc  t h e
(iowntl-ack  uncc. r(ain(y.  A s  t h e .  s p a c e c r a f t  INOVCS cl(lscr  10 I’Iu1O, the linc-(~f-
sighl (iirccli  On mlatcs a w a y fmm t h e  vclOcity  vcctOr,  allOwing lhc cq)tical  (iala
10 Illcasu l-c. 1 h c (iowntrack  posi{i(~n, as shown in l:igurc  l(b). ‘1’his  is the
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nlotivation  f o r  t h e  s e c o n d ,  o r  “ n e a r  cncountcr”. p h a s e  o f  t h e  P l u t o  op[ical
navigation campaign  which  wi l l  cover  the period from 3 days to a fcw (2-4)
hours before closest approach. The long one-way light  t ime at Pluto ( -4  hours )
and  da ta  r a t e  l imi t a t ions make  i t i m p o s s i b l e  to return the pictures taken
during th i s  phase  fo r  t r ad i t iona l  g round- in - the - loop  p rocess ing .  Thus ,  t he
data processing and orbi t  determinat ion solut ions wil l  bc pe r fo rmed  onboard
lhc spacecraft. The introduction of  (at  least  a  part ial)  autonomous navigat ion
capabil i ty rcprcscnts  a significant departure from previous mission
operations and i s  the  f i r s t  p roposed Usc of  such technology for a JPL
interplanetary mission.
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Figure 1 Increasing sensitivity of OptiCal Navigation data to downtrack  position
changes. Changes in downtrack  position have larger projections onto OPNAV image
plane as spacecraft moves nearer to Pluto.

A total of 15-20 p ic tu res wil l  bc shuttered in the near cncountcr  phase and
proccsscd  by t h e  Aulon~m~us  ~ptiCal  N a v i g a t i o n  systcll~. q’tIc SYStCm wilI



es t ima te  the  ac tua l  t ime  of closest  app]-oacb from the  loca t ions  o f  Pluto  a n d
b a c k g r o u n d  s t a r  images  in an OPNAV  p i c t u r e . The accuracy of this estimate
wil l  improve dramatically a s  l a t e r  p i c t u r e s  are t a k e n  a n d  proccsscd.  T h e
critical science obse rva t ions  tha t  t ake  p lace w i t h i n  1-2 h o u r s  of c l o s e s t
approach wil l  have been designed assuming this  smaller  uncertainty in the
t ime  o f  c loses t  approach . S ince  th i s  i s  t he  dominan t  e r ro r , the geometry
a s s u m e d  i n  [hc scicncc d e s i g n s can  bc restored by simply shif t ing the start
time of the observations so that they happen al the correct time relative to the
ac tua l  l ime of Closest approach. T h e  au(oncjnlous  sys[cJn  will apply  t h e
appropriate time s h i f t  t o  d e s i g n a t e d  b l o c k ( s )  o f  n e a r  cncountcr  scicncc
observations. This scenario is illustrated in Figure 2.
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Figure 2 Operational scenario for PFF Autononlous  Opticai  Navigation System.
Start times of near encounter science  obsewations  are adjusted based on solution for
true time of closest approach from OPNAV pictures.

A prototype design for  the PF’F AUIOI1OJ11OUS O p t i c a l  N a v i g a t i o n  Systcm h a s
rcccntly been comp]clcd. T h e  systcm  h a s  t h r e e  p r i m a r y  c o m p o n e n t s ,  or
blocks, whose functions arc summarized below:

● Image P r o c e s s i n g  identif ies  the Pluto  and star images in the current
O P N A V  piclurc and  es t ima tes  the  loca t ion  o f  the i r  ccntcrs. The image
Centers a r e  t h e  n a v i g a t i o n  obscrvablcs  to  be used to SOIVC for a corrcc[ion
(o the time of closest approach.
. orbit D e t e r m i n a t i o n  Soiution computes  an update to the time of closest
approach based on  the  loca t ion  o f  the  P lu to  image  ccntcr relative to the
slar ccntcrs.
● Science  Sequence Update applies the appropriate time shift to the start
times of cncountcr science observations based on the update to the time of
Closest approach.

A G e o m e t r y Update b l o c k is  also included which is  cxccutcd  be fo re  the
primary blocks. T h i s  componcnl  u s c s  t h e  i n f o r m a t i o n  f r o m  t h e  s o l u t i o n
gcJlcratcd  for t h e  p r e v i o u s O P N A V  p i c t u r e  ( i f  a n y )  to up(ia[c the prcdiclcd
s p a c e c r a f t - P i u t o  g e o m e t r y  f o r  t h e  curlcnt  pi(lurc. This  i n f o r m a t i o n  i s  t h e n
usc(i t o  gcncratc prcdictcd pluto  and s t a r  inlagc  i n f o r m a t i o n  f o r  t h e  IInagc
Processing block. F i g u r e  3 is a high -lcvci b l o c k  d i a g r a m  s h o w i n g  t h e
information f low bctwccn  these. sys[cm componen t s .

The philosophy followed f o r  lhc p]ototypc  systcm design has emphasized
maintaining simplicity in the on board algorithms and procedures. Particular
condit ions of  the Pluto Fast  Flyby mission have been exploi ted to reduce
complex i ty .  I’bc paper will give a moIc detailed description of the algorithms
impicmcnlcd witilin each of t h e  m a j o r  b l o c k s . Background malcrial w i l l  bc



prcscntcd  d e r i v i n g t h e  r e l e v a n t  cqua~ions and indicat ing where simplifying
assumptions have been introduced.

T h e  r e m a i n d e r  of the paper wil l  analyze the cxpcc[cd  p e r f o r m a n c e  of the
A u t o n o m o u s  O p t i c a l  Navigation systcnl. lnwc p r o c e s s i n g  a c c u r a c i e s  wil l  bc
considered along with errors arising from the simplified equation
f o r m u l a t i o n .  Jnitial  t e s t s  of t h e  systcm’s pcrfornlancc  o n  n a v i g a t i o n
dcvclopmcnt  c o m p u t e r s  a n d  i n  t h e  Flight  Systcm Tcstbcd at JPL will  bc
discussed.  Results  for  onc sample Pluto trajectory wil l  bc.  prcscntcd s h o w i n g
that the uncertainty in the time of C 1 O S C S L  approach  can  bc rcduccd  to -10 scc
when the last picture is taken and proccsscd  4 hours  before closest  approach.

T h e  p a p e r  will  c o n c l u d e  w i t h  a  short  d i s c u s s i o n  o f  f u t u r e  systcrn
dcvclo~mcnt,  describing possible modificat ions a n d  cnhanc.cmcnts  t ha t  shou ld
bc co;sidcrcd  for the ‘ac~ual f l i g h t - q u a l i f i e d  systcm.
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Figure 3 Functional flow chart for PFF Autonomous Optical Navigation System.


