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T H E CU S T O M IZA T IO N  O F S A T ELLIT E T O O L KIT  FO R U S E O N  T H E 
N EA R M IS S IO N  

Jam es  W oodbu rn=, Ken W illiam s X , H enry D eW ittD  

T he com m ercial softw are product, Satellite T ool Kit (ST K), has  been 
custom iz ed using  the ST K Prog ram m er’s  Library to allow  for its  use in 
perform ing  certain analysis  tasks  as sociated w ith the N EAR m is s ion.  
T he m ost challeng ing  aspect of this  w ork w as  the m odeling  of the 
shape of the as teroid 433 Eros.  T hree m odels  of the shape of the 
Eros  as teroid are investig ated.  A triax ial ellipsoid m odel of the shape 
is  show n to be com putationally efficient and s im ple to im plem ent 
but does  not provide all of the inform ation needed to com pute 
accurate access  periods  to science targ ets  on the surface of the 
as teroid.  A m odel w hich describes  the surface as  a set of flat 
triang ular plates  is  show n to be m ore desirable for use w ith access  
com putations, but is  com putationally inefficient for the visualiz ation 
of sensor fields  of view .  A m odel w hich describes  the radius  of the 
central body as  a truncated series  of spherical harm onic is  briefly 
discussed, but is  seen to undesirable for this  application.  A hybrid 
approach is  sug g es ted w here the triax ial ellipsoid m odel is  used for 
the g raphical depiction of sensors  and the triang ular plate m odel is  
used for analysis  related tasks.   

IN T RO D U CT IO N  

T h e N EAR  m ission  is b ein g  m an ag ed b y T h e Joh n s H opkin s U n iversity Applied 
P h ysics Laboratory (JH U /AP L) an d is th e first laun ch  of n ew Discovery P rog ram . T h e 
Discovery P rog ram  g uide lin es place tig h t lim its on  th e deve lopm e n t costs an d sch edule for 
spacecraft an d software deve lopm e n t. T h e N ear Earth  Asteroid R e n dezvous (N EAR ) 
sate llite is curre n tly e n  route to its fin al destin ation , in  orb it about th e asteroid 433 Eros. T h e 
spacecraft will spe n d about on e year orb itin g  Eros an d will provide an  opportun ity for th e 
study of th e com position  an d ph ysical properties of th e asteroid. T h e asteroid is postulated 
to b e a con vex h ull sh aped m uch  like a potato with  estim ated dim e n sion s of 40.5 b y 14.5 b y 
14.1 kilom eters1 an d h as a rotation al period of approxim ate ly 5.27 h ours2. T h e sh ape an d 
dyn am ics of th e asteroid cause th e sch edulin g  of data collection  to b e a m ore com plicated 
prob lem  th an  is typically e n coun tered for an  Earth  orb itin g  m ission . 

R ece n t arch itectural m odification s, to th e Com m ercial Off T h e Sh e lf Software 
(COT S) product, Sate llite T ool K it (ST K ), h ave m ade ST K  a viab le tool for use in  support of 
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th e N EAR  m ission . Alth oug h  som e of th ese m odification s were drive n  b y th e requirem e n ts 
of th e N EAR  m ission , th e im ple m e n tation  is g e n eric in  n ature. Bein g  a lon g  tim e user of th e 
ST K  fam ily of products, JH U /AP L was in terested in  usin g  ST K  to h e lp fulfill its role in  
m an ag in g  th e N EAR  m ission  wh ile ke epin g  costs an d sch edule im pacts to a m in im um . T h at 
in terest deve loped in to a re lation sh ip b etwee n  an d AP L an d th e deve lopers of ST K  an d 
resulted in  th e creation  of a flexib le tool for m ission  an alysis wh ich  could b e easily adapted 
to support specialized m ission s. T h e specific m odification s wh ich  b e n efit m ission s such  as 
N EAR  in clude th e g e n eralization  of th e cen tral body with in  ST K  an d th e addition  of a 
g e n eric reportin g  capab ility.  

CEN T RA L BO D IES  W IT H IN  S T K 

ST K  is desig n ed to b e an  an alysis tool for sate llites in  orb it about a sin g le ce n tral 
body.  A larg e perce n tag e of th e fun ction ality with in  ST K  is depe n de n t upon  th e defin ition  
of th e cen tral body. T h e defin ition  of a cen tral body with in  ST K  in cludes th e cen tral body 
specific data an d th e set of fun ction s to b e used to perform  cen tral body re lated processin g .  
N ew cen tral bodies m ay b e added to ST K  usin g  th e ST K  P rog ram m er's Lib rary (ST K /P L).  
ST K /P L is th e set of software lib raries from  wh ich  ST K  is m ade an d m ay b e used to exte n d 
th e capab ilities of ST K .  T h e set of cen tral body depe n de n t fun ction s con tain s som e 
fun ction s wh ich  m ust b e explicitly defin ed an d som e fun ction s wh ich  will work if th e 
required fun ction s are properly specified but m ay b e overridde n  if a m ore efficie n t alg orith m  
is availab le. In  th is con text, we will on ly discuss th e required fun ction s.  Give n  th is set of 
fun ction s an d a m in im al set of data associated with  th e cen tral body, all of th e ST K  an alysis 
capab ilities will b e availab le for use with  th e n ew cen tral body. Basic capab ilities in clude th e 
g e n eration  of sate llite g roun d traces, th e com putation  of lig h tin g  an d access in form ation  an d 
th e projection  of sen sor pattern s on to th e surface of th e cen tral body.  T h ere are th re e 
distin ct parts to th e defin ition  of a cen tral body: th e dyn am ics, th e sh ape an d th e 
propag ation  m ode ls for th e m otion  of sate llites. 

D ynam ic s  

T h e specification  of th e dyn am ics m ust in clude in form ation  on  both  th e  tran slation  
an d rotation  of th e cen tral body as well as th e defin ition  of an  in ertial coordin ate system  
with  orig in  at th e cen ter of m ass of th e cen tral body. T h e dyn am ics of th e cen tral body are 
n e eded for th e com putation  of th e g roun d traces of sate llites, th e prediction  of lig h tin g  
con dition s on  th e surface of an d in  orb it about th e cen tral body an d to re late th e location  of 
th e cen tral body to oth er objects. T h e position  an d ve locity of th e cen tral body m ust b e 
specified re lative to th e Solar System  Baryce n ter In ertial (SSBI) coordin ate system .  T h e 
orig in  of th e SSBI coordin ate system  is at th e Solar System  b aryce n ter an d th e ax es are 
orie n ted alon g  th e direction s defin ed b y th e J2000 coordin ate system .  T h e rotation al m otion  
of th e cen tral body is defin ed th roug h  direction  cosin e m atrices represe n tin g  th e re lation sh ip 
b etwee n  th e C e n tral Body cen tered In ertial (CBI) an d C e n tral Body cen tered Fix ed (CBF) 
coordin ate system s an d th e an g ular ve locity of th e CBF coordin ate system  re lative to th e 
CBI coordin ate system . T h e defin ition  of th e CBI coordin ate con sists of providin g  a 
direction  cosin e m atrix represe n tin g  th e re lation sh ip b etwee n  th e axis direction s of th e CBI 
coordin ate system  an d th e SSBI coordin ate system .  T h is m atrix is assum ed to b e con stan t 
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an d th erefore does n ot require a fun ction al re lation sh ip.  T h e n ecessary dyn am ics fun ction s 
are sum m arized th e tab le b e low. 

T able 1.  CEN T RA L BO D Y D YN A M ICS  FU N CT IO N S  

Fu nc tion D es c rip tion 

Position and 
Velocity 

G iven a tim e, provide the position and velocity in 
SSBI coordinates. 

Orientation G iven a tim e, provide the trans form ation m atrix  
betw een CBI and CBF coordinates  

Ang ular Velocity G iven a tim e, provide the ang ular velocity vector 
of the CBF coordinate sys tem  relative to the CBI 
coordinate sys tem . 

 

S hap e 

T h e specification  of th e sh ape of th e cen tral body is n ecessary to com pute th e 
in tersection s of sen sor pattern s with  th e cen tral body, for use in  access an d eclipse 
com putation s an d for 3D visualization  of th e cen tral body.  T o adequate ly specify th e sh ape 
of th e cen tral body, th e fun ction ality sum m arized in  th e followin g  tab le m ust b e provided: 

T able 2.  CEN T RA L BO D Y S H A PE FU N CT IO N S  

Function Description 

Local Radius Given a spherical or body-detic latitude and longitude, 
provide the local radius. 

Surface Normal Given a spherical or body-detic latitude and longitude, 
provide the local normal to the surface. 

Body-detic Given a body-detic latitude, longitude and altitude, 
compute the Cartesian coordinates and the reverse 
transformation. 

Ray Intersection Given a reference position and direction in CBF 
coordinates, compute the intersections of a ray along 
the specified direction with the surface. 

Tangent Given a reference position and a vector normal to the 
reference position vector in CBF coordinates, compute 
the tangent points to  the surface of the central body 
which lie in the plane defined by the normal vector. 

Elevation Mask Given a body-detic latitude, longitude and altitude, 
compute the azimuth-elevation obstruction mask. 
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T h e body-detic latitude is defin ed as th e an g le b etwee n  th e n orm al to th e surface an d th e 
equatorial plan e, m easured as positive in  th e direction  of th e + Z  body fixed axis.  T h e body-
detic lon g itude is defin ed as th e an g le b etwee n  th e + X  body fixed axis an d th e projection  of 
th e n orm al to th e surface in  th e equatorial plan e, m easured in  a rig h t h an ded se n se about th e 
+ Z  body fixed axis.  T h e body-detic altitude is defin ed as th e distan ce from  th e surface of 
th e cen tral body alon g  th e n orm al to th e surface, m easured as positive outside of th e cen tral 
body. 

T h e prob lem  of com putin g  th e in tersection s of a ray with  th e surface of th e cen tral 
body is depicted in  Fig ure 1.  T h e vector, 

ρro, is th e refere n ce position , 
ρ
d  is th e direction  

vector an d 
ρrI1
 an d 

ρrI2
 are vectors to th e poin ts of in tersection . 

I2
r

I1
r

or

d

 

Figu re 1.  Inters ec tion of a ray w ith the s u rfac e of the c entral body 

T h e in tersection  prob lem  m ay b e expressed m ath em atically as th e solution  to th e followin g  
set of equation s, 

 
ρ ρ ρ
r r dI o= +α , (1) 

 ( )S rI
ρ

= 0, (2) 

wh ere α  is a scalar m ultiplier to th e direction  vector an d S  is a fun ction  represe n tin g  th e 
surface of th e cen tral body. 

T h e prob lem  of com putin g  th e poin ts of tan g e n cy is depicted in  Fig ure 2.  T h e 
vector, 

ρro, is th e refere n ce position  an d th e n orm al vector, ∃n, m ay b e con sidered to b e out 
of th e plan e of th e paper.  

ρrT1
 an d 

ρrT2
 are th e vectors to th e tan g e n t poin ts.  T h e ∃nS1

 an d ∃nS2
 

vectors are n orm al to th e surface at th e poin ts of tan g e n cy. 
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Figu re 2.  Projec tion of tangents  to s u rfac e of c entral body 

T h e tan g e n t prob lem  m ay b e expressed as th e solution  to th e followin g  set of equation s, 

 ( ) ( )ρ ρ ρ ρ
∇ • − =S r r rT T o 0, (3) 

 ∃ ,n rT• =
ρ 0  (4) 

 ( )S rT
ρ

= 0, (5) 

wh ere ∃n is defin ed such  th at 
 ∃ ,n ro• =

ρ 0  (6) 

T h e e levation  m ask is a list of azim uth -e levation  pairs associated with  a specific 
location  on  th e surface of th e cen tral body.  An  azim uth -e levation  pair m ay b e in terpreted as 
m ean in g  th at at th e specified azim uth , th e e levation  value represe n ts th e lowest possib le n on -
obstructed viewin g  an g le re lative to th e local h orizon . 

O rbit Prop agation M odels  

T h e fin al set of in form ation  n e eded to describ e th e cen tral body supports th e 
com putation  of th e trajectories of sate llites in  orb it about th e cen tral body. Sin ce th e 
eph em eris for th e N EAR  sate llite is b ein g  provided b y th e Jet P ropulsion  Laboratory (JP L) 
N avig ation  T eam , n o Eros specific m ode ls were deve loped for use in  ST K . 

M O D ELIN G  T H E A S T ERO ID  433 ERO S  

Software was desig n ed an d coded at AP L to provide th e n ecessary dyn am ics an d 
sh ape re lated fun ction s for th e asteroid 433 Eros to b e im ple m e n ted as a cen tral body with in  
ST K 3.  T h e fin al in te g ration  of th ese fun ction s with  ST K  was perform ed at An alytical 
Graph ics.   
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D ynam ic s  

T h e m ode lin g  of th e dyn am ics of Eros is b ein g  don e th roug h  th e N avig ation  
An cillary In form ation  Facility (N AIF) at JP L. T h e data describ in g  th e dyn am ics of th e 
asteroid is provided in  th e form  of SP ICE kern e ls.  In  th e SP ICE kern e l form at, th e variab les 
specifyin g  th e dyn am ics of th e asteroid are represe n ted as fun ction s b ased on  coefficie n ts of 
C h eb ysh ev (or T sch eb ysh eff) P olyn om ials of th e First K in d4. For each  variab le, a fun ction  F 
applies over a specific tim e in terval from  t0 − τ  to t0 + τ  (all tim es are re lative to an  in itial 
epoch  defin ed in  th e data file, expressed as eph em eris tim e (ET ) or b aryce n tric dyn am ical 

tim e (T DB)). Coefficie n ts [ ]ai
quantity  (i =  1, 2, 3, ... N ; usually N  =  10), specific to each  of 

th e stored quan tities, are provided from  th e data file. M ultiple sets of coefficie n ts are 
in cluded, as required, to span  th e e n tire date/tim e in terval e n com passed b y a particular data 
file. In  sum m ary, th e value of an  arb itrary variab le is com puted as 

 ( ) [ ] [ ] [ ] [ ]( )ξ τ ξ ξ ξ ξt F t t a a a ao o N= , , , , , ,..., .1 2  (7) 

T h e fun ction  F h as th e sam e form  re g ardless of wh eth er eph em eris or attitude in form ation  is 
b ein g  specified. 

T h e position , ve locity an d orie n tation  in form ation  ob tain ed from  th e SP ICE kern e l 
files is con verted to ASCII tab les of tim e ordered position  an d ve locity an d tim e ordered 
asteroid attitude data to b e read b y ST K . T h is is accom plish ed usin g  an  extern al utility, 
supported b y SP ICE lib raries an d th e leap secon ds kern e l provided b y th e N AIF at JP L.  T h e 
Eros specific fun ction s for th e asteroid dyn am ics wh ich  are in side of ST K  n e ed on ly 
in terpolate th e data wh ich  was read in  at in itialization .  T h e Asteroid C e n tered In ertial 
(ACI) coordin ate system  is defin ed with  th e ax es orie n ted alon g  th e direction s defin ed b y 
th e J2000 coordin ate system  so th e tran sform ation  b etwee n  th e ACI an d SSBI coordin ate 
system  is ide n tity. 

S hap e 

T h re e m ode ls were con structed to m ode l th e sh ape of Eros: as a triaxial e llipsoid, as a set of 
trian g ular plates wh ich  form  a closed surface an d as a surface defin ed b y th e coefficie n ts of a 
trun cated series of sph erical h arm on ic fun ction s.  T o sim plify th e sh ape m ode l for Eros, th e 
defin ition  of body-detic latitude an d lon g itude is ch an g ed to b e th e sam e as th e 
correspon din g  sph erical coordin ates.  T h is sim plification  m ean s th at on ly on e fun ction  each  
n e eds to b e provided for th e com putation  of th e local radius an d surface n orm al.  T h e 
defin ition  of th e body-detic altitude is ch an g ed to b e th e distan ce from  th e surface of th e 
cen tral body alon g  th e radius vector in stead of alon g  th e surface n orm al.  T h is g reatly 
sim plifies th e con version  from  radius to altitude.  T h ese n ew defin ition s, wh ich  are used for 
all of th e sh ape m ode ls, are illustrated in  Fig ure 3.   



7 

λ

φ
yABF

xABF

zABF
r

alt

 

Figu re 3.  A s teroid-detic  c oordinates  

T h e con version  b etwee n  body-detic an d C artesian  coordin ates is n ow, 

 ( )r r alts= ′ ′ +Φ ,λ , (8) 
 

 
ρr

x
y
z

rs=

















=
′ ′
′ ′

′

















cos cos
sin cos

sin
,

λ
λ

Φ
Φ

Φ
 (9) 

wh ere ′Φ  is th e sph erical latitude, ′λ  is th e sph erical lon g itude an d alt  is th e altitude.  
Associated ve locities are estim ated from  first differe n ces with  respect to tim e for th e derived 
position s. Con verse ly, body-detic coordin ates are derived from  C artesian  position  as 
follows: 

 r r x y z= = + +
ρ 2 2 2 , (10) 

 

 ′ =






−Φ sin 1 z
r
, (11) 

 

 ′ =






−λ tan 1 y
x
, (12) 
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 ( )alt r rs= − ′ ′Φ ,λ . (13) 

 
Associated rates are estim ated from  first differe n ces with  respect to tim e for th e 

derived latitudes an d lon g itudes. 

T riaxial E llipsoid 

T h e sim plest of th e sh ape m ode ls is a triaxial e llipsoid, describ ed b y th e equation : 

 S
x
a

y
b

z
c

= + + − =
2

2

2

2

2

2 1 0, (14) 

wh ere a, b an d c are th e prin cipal sem i-axial le n g th s an d x, y an d z are coordin ates 
specifyin g  th e location  of a poin t on  th e surface in  Asteroid Body Fixed (ABF) coordin ates. 

T h e triaxial e llipsoid is th e m ost com putation ally efficie n t m ode l of th e th re e.  T h is 
m ode l is in te n ded for use durin g  th e in itial approach  an d re n dezvous with  th e asteroid.  T h e 
triaxial e llipsoid m ode l will b e b ased in itially on  th e estim ate of Ostro et al.1 an d m ay b e 
refin ed b y th e N EAR  project in  th e early stag es of re n dezvous with  an d orb it about Eros. 

For a t riaxial ellipsoid, th e radial distan ce from  th e cen ter to a poin t on  th e surface at 
sph erical latitude  ′Φ  an d lon g itude ′λ  is: 

 r
a b c

=
′
+

′







 ′ +

′









−
cos sin

cos
sin2

2

2

2
2

2

2

1 2
λ λ

Φ
Φ

, (15)
 

 

T h e surface n orm al for th e triaxial e llipsoid m ay b e com puted as:  

 ∃ ,n
S
Ssurface =

∇

∇

ρ

ρ  (16) 

wh ere, 

 
ρ
∇ = + +S

x
a

i
y

b
j

z
c

k2 2 2
∃ ∃ ∃. (17) 

an d ∃i , ∃j  an d ∃k  represe n t th e un it ax es in  th e ABF coordin ate system .  T h e C artesian  
surface location , 

ρr , n e eded for com putation  of th e g radie n t is ob tain ed b y usin g  th e local 
radius fun ction  at th e specified latitude an d lon g itude, th e n  perform in g  a con version  from  
sph erical to C artesian  coordin ates.   

T h e ray in tersection  prob lem  for th e triaxial e llipsoid m ay b e solved b y first tran sform in g  to 
a space wh ere th e e llipsoid is a un it sph ere.  T h is is don e usin g  th e m appin g , 
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 ′ =
′
′
′

















=

















ρr
x
y
z

x a
y b
z c

 (18) 

 
 

so th at Eq.(1)-(2) m ay b e writte n  as, 

 
ρ ρ ρ

′ = ′ + ′r r dI o α , (19) 

 ( )S r x y zI I I I
ρ

′ = ′ + ′ + ′ − =2 2 2 1 0. (20) 

Equation s (19)-(20) m ay b e solved for α  to yie ld, 

 α =
− ± −B B AC

A
, (21) 

 

wh ere, 

 A d=
ρ 2
, 

 B r d= ′ • ′
ρ ρ

, 

 C r= ′ −
ρ 2

1. 

T h ere m ay b e zero, on e or two solution s to Eq.(21) depe n din g  th e value of th e quan tity 
( )B AC− .  If two solution s exist, th e ray passes th roug h  th e in terior of th e e llipsoid.  If on e 
solution  exists, th e ray is tan g e n t to th e e llipsoid an d if n o solution s exist, th e ray does n ot 
in tersect th e e llipsoid. 

T h e tan g e n t prob lem  m ay b e solved b y first applyin g  th e m appin g  describ ed b y 
Eq.(18) to th e tan g e n cy con dition  of Eq.(3) wh ich  is sim plified in to a lin e ar equation  b y th is 
substitution .  T h e resultin g  system  of equation s to b e solved is, 

 
ρ ρ

′′ • =r ro T 1, (22) 
 ∃n rT• =

ρ 0, (23) 

 ( )S r
x
a

y
b

z
cT

T T Tρ
= + + − =

2

2

2

2

2

2 1 0, (24) 

wh ere, 

 m
a
b
c

=

















1
1
1

2

2

2

/
/
/

, 

 



1 0 

 ′′ =
′′
′′
′′

















=

















ρr
x
y
z

xm
ym
zm

1

2

3

. 

 

W e also defin e th e in term ediary quan tity 

 
 ( )det ∃= × ′′n rρ . (25) 
 

T h e larg est com pon e n t of (det) in  absolute value determ in es th e coordin ate in de x k in  th e 
equation s b e low; i an d j are th e rem ain in g  com pon e n ts wh ich  are selected to preserve rig h t-
h an dedn ess of th e coordin ates (wh e n  k =  3, i =  1 an d j =  2; wh e n  k =  2, i =  3 an d j =  1; 
wh e n  k =  1, i =  2 an d j =  3).  T h is rotation  of in dices is perform ed to avoid n um erical 
prob lem s with  m ay b e associated with  dividin g  b y a com pon e n t of th e (det) vector.  W e n ote 
th at th e (det) vector is actually th e set of  possib le determ in an ts of th e lin e ar system  of 
Eq.(22)-(23).  T h e solution  to th e full set of equation s m ay n ow b e writte n  as 

 ( )r
B B AC

AT k
=

− ± −2

, (26) 

 ( ) ( ) ( )
( )r

n r
T i

j T k i

k
=

− + det
det

, (27) 

 ( ) ( ) ( )
( )r

n r
T j

i T k j

k
=

− + det
det

, (28) 

wh ere, 

 ( ) ( ) ( )A m m mi i j j k k= + +det det det2 2 2 , 

 ( ) ( )B m n m nj i j i j i= −det det , 

 ( )C m n m nj i i j k= + +2 2 2det . 

Sin ce th e triaxial e llipsoid is everywh ere con vex in  sh ape, n o elevation  m ask can  b e com puted 
for location s on  th e surface b ased upon  th e defin ition  of th e sh ape of th e cen tral body. 

T riangular Plate M odel 

T h e m ost useful sh ape m ode l in  g e n eral to support access calculation s is a trian g ular 
plate m ode l. T h is m ode l is defin ed b y N  vertices an d 2N -4 associated plates form in g  a 
com plete ly e n closed surface. T h e g eom etry of each  trian g ular plate is sh own  in  Fig ure 4. 
Each  plate j form s th e b ase of a prism  wh ose apex is at th e orig in  of th e ABF fram e an d h as 
th re e associated vertices (de n ote b y in dices i =  j1, j2 an d j3). T h ere are n o overh an g in g  plates 
(i.e., n o plates for wh ich  th e outward n orm al vector h as a n e g ative radial com pon e n t with  
respect to th e body cen ter).  
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Figu re 4.  G eom etry of a flat triangu lar p late 

T h e plate m ode l param eters will b e provided via th e Asteroid Sh ape File b y th e Jet 
P ropulsion  Laboratory (JP L) N avig ation  T eam  in  con jun ction  with  various Scie n ce T eam s.  
N ew sh ape files will b e supplied periodically th roug h out th e N EAR  m ission  to reflect n ew 
kn owledg e of asteroid topog raph y derived from  im ag in g  an d laser ran g e fin din g . 

In itially, a set of vertices an d plates will b e selected wh ich  approxim ates th e 
aforem e n tion ed triaxial e llipsoid. T h e process of refin in g  th is m ode l will b e g in  with  th e orb it 
ph ase of th e N EAR  m ission . Over tim e th e m ode l will b e "sculpted", as m ore kn owledg e of 
asteroid sh ape is accum ulated from  im ag es. T h is sculptin g  process will e n tail stretch in g  or 
sh rin kin g  th e radii of estab lish ed vertices an d, if n e eded, sub dividin g  plates b y addition  of 
n ew vertices with  appropriate le n g th s.  

For th e trian g ular plate m ode l, th e prob lem s of com putin g  th e local radius of th e 
cen tral body an d com putin g  th e local surface n orm al b e g in  with  determ in in g  on  wh ich  plate 
th e poin t of in terest lies.  Let ∃rP  represe n t th e un it vector, poin tin g  in  th e direction  of th e 
surface poin t.  T h ere will b e on e an d on ly on e plate wh ose associated prism  e n closes th e 
poin tin g  direction  as in dicated b y ∃rP . Search in g  for th is plate can  b e facilitated b y storin g  th e 
vertices of th e plates accordin g  to th eir location  on  th e surface of th e body an d applyin g  
sim ple filters to m in im ize th e n um b er of plates wh ich  n e ed to b e ch ecked in  detail.  On e 
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sim ple m eth od of filterin g  is to elim in ate plates wh ose vertices satisfy th e con dition  
∃ ∃ cosr rji P• < δθ  for i =  1, 2 an d 3. T h e critical an g le, δθ , m ust b e larg e e n oug h  such  th at th e 
e n closin g  plate is n ot un in te n tion ally e lim in ated (e.g ., δθ  ≅ 10°). Con sider n orm al vectors 
for th e sides of a prism : 

 
ρ ρ ρn r rj j j12 1 2= × , (29) 

 
 

ρ ρ ρn r rj j j23 2 3= × , (30) 

 
 

ρ ρ ρn r rj j j31 3 1= × . (31) 

T h e followin g  con dition s m ust h old such  th at ∃rP  is en closed in  th e prism  
correspon din g  to plate j: 

 ( ) ( )sign n r sign n rj P j j
ρ ρ ρ

12 12 3• = •∃ , (32) 

 ( ) ( )sign n r sign n rj P j j
ρ ρ ρ

23 23 1• = •∃ , (33) 

 ( ) ( )sign n r sign n rj P j j
ρ ρ ρ

31 31 2• = •∃ . (34) 

On ce plate j h as b e e n  determ in ed, th e radial distan ce 
ρrP  from  th e orig in  to th e 

surface poin t located at latitude ′Φ  an d lon g itude  ′λ  can  b e expressed in  term s of th e plate 
n orm al ∃n j  (derived from  th e n orm al fun ction ), th e surface poin t direction  ∃rP  an d an y on e 
of th e th re e vertex location s (

ρrjk  wh ere k =  1, 2 or 3): 

 
ρ

ρ
r

n r
n rP

j jk

j P
=

•

•

∃

∃ ∃
. (35) 

 

T h e surface n orm al, ∃n j , is com pute as 

 
[ ] [ ]
[ ] [ ]

∃n
r r r r

r r r r
j

j j j j

j j j j

= ±
− × −

− × −

ρ ρ ρ ρ

ρ ρ ρ ρ
2 1 3 2

2 1 3 2

, (36) 

wh ere th e sig n  is ch osen  to satisfy th e con dition  th at ∃n rj j• >
ρ

1 0. 

For th e ray in tersection  prob lem , th e m eth odolog y for determ in in g  th e correct plate 
for th e local radius com putation  can  also b e applied. T h at is, for an  observer at a poin t oth er 
th an  th e body cen ter, an  observed location  on  th e asteroid surface can  b e determ in ed b y first 
tran slatin g  th e plate m ode l in to observer-ce n tered coordin ates an d th e n  applyin g  th e sam e 
alg orith m  for th e local radius fun ction , wh ich  calls for search in g  th roug h  som e reason ab le 
subset of can didate plates to ide n tify th e plate wh ich  is in tersected. H owever, un like th e 
body -cen tered g eom etry, m ore th an  on e plate can  b e in cluded alon g  a g ive n  lin e of sig h t. Of 

course, th e re levan t poin t on  th e observed plate is th e on e for wh ich  
ρrP  is m in im ized. A 
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secon dary in tercept poin t is n ot calculated in  th e case of th e plate m ode l. It is also possib le 
th at a lin e of sig h t m ay n ot in tercept an y plate, in  wh ich  case n o in tersection  h as occurred. 

T h e com putation  of tan g e n t poin ts usin g   th e trian g ular plate m ode l b e g in s with  
in itial estim ates of 

ρrT  b ased on  th e e llipsoid m ode l.  A poin tin g  direction  re lative to th e 
location  of th e observer, 

ρro, is th e n  defin ed as 

 ∃r
a r r
a r rlook

T o

T o

=
−
−

ρ ρ
ρ ρ  (37) 

 

for use with  th e ray in tersection  fun ction  describ ed above, wh ere th e scalin g  param eter a is 
in itially set to 1. A b in ary search  alg orith m  is th e n  em ployed with  ∆ a  set to som e in itial 
value (e.g ., ∆ a a= 01. ). T h e ray in tersection  fun ction  is in voked repeatedly with  
a a anew = + ∆  un til th e lim b location  is determ in ed from  th e ray in tersection  with in  a 
certain  th resh old. W h e n  a particular poin tin g  does n ot in tersect th e asteroid after previously 
in tersectin g  it or a particular poin tin g  does in tersect th e asteroid after previously n ot 
in tersectin g  it , th e n  ∆ a  b ecom es ∆ ∆a anew = / 2 prior to th e n e xt adjustm e n t of th e 
scalin g  param eter a . 

An  e levation  m ask, specifyin g  th e m in im um  e levation  for a ran g e of azim uth s for 
each  plate an d vertex, can  b e retrieved for a specified surface location , b ased on  th e trian g ular 
plate sh ape m ode l for th e asteroid. Elevation  m ask in form ation  supports access 
determ in ation  re lative to a specific surface location  on  th e asteroid.  For th e N EAR  m ission , 
JP L N avig ation  will periodically provide a file specifyin g  th e latest asteroid sh ape m ode l. 
T h is file m ust b e read an d processed usin g  an  extern al utility to re g e n erate th e e levation  
m ask for each  plate an d vertex. T h e P rog ram m er's Lib rary fun ction  will se lect th e 
appropriate e levation  m ask b ased on  th e associated plate an d proxim ity to a vertex. T h e 
vertex e levation  m ask is used wh e n ever th e position  specified is close to a vertex; oth erwise, 
th e e levation  m ask associated with  th e plate cen ter is ch osen .  

Spherical H arm on ics 

A sh ape m ode l b ased on  sph erical h arm on ics h as less utility th an  th e oth er sh ape 
m ode ls ide n tified above. T h is m ode l does n ot le n d itse lf well to supportin g  calculation  of ray 
in tersection s or tan g e n t vectors. It is useful prim arily from  th e stan dpoin t of providin g  a 
sm ooth ed represe n tation  of local surface features for purposes of calculatin g  vectors n orm al 
to th e surface for defin in g  various illum in ation  an g les.  

T h is sh ape m ode l would evolve in  a m an n er con siste n t with  th e trian g ular plate 
m ode l, startin g  at th e b e g in n in g  of th e orb it ph ase of th e N EAR  m ission . T h e sph erical 
h arm on ic coefficie n ts an d param eters will b e provided via th e Asteroid Sh ape File b y JP L 
N avig ation  in  con jun ction  with  various Scie n ce T eam s.  Sin ce th is m ode l h as n ot b e e n  fully 
im ple m e n ted, it will n ot b e discussed an y furth er at th is tim e. 
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S PA CECRA FT  EPH EM ERIS  

Spacecraft Eph em eris in form ation  is stored an d retrieved in  th e sam e m an n er as 
asteroid eph em eris in form ation  (i.e., as an  SP -kern e l). N orm ally, th e eph em eris is retrieved 
in  J2000 Asteroid C e n tered In ertial (ACI) coordin ates for use with  th e asteroid-ce n tered 
application .  T h is in form ation  is con verted to an  ASCII form at b y an  extern al utility b efore 
b ein g  read in to ST K . Spacecraft eph em eris in form ation  is associated directly with  th e N EAR  
veh icle an d does n ot require a P rog ram m er's Lib rary fun ction  to support it. H owever, in  th e 
future, addition al fun ction s m ay b e deve loped to read spacecraft eph em eris data directly 
from  th e SP -kern e l. N ew spacecraft eph em erides will b e supplied periodically th roug h out 
th e N EAR  m ission  to reflect th e effects of various propulsive m an euvers. 

REPO RT  G EN ERA T IO N  

T h e g e n eric reportin g  an d g raph in g  fun ction ality of ST K  h as b e e n  exte n ded th roug h  
th e P rog ram m er’s Lib rary to provide reports of specific in terest to th e N EAR  m ission .  T wo 
types of addition al data were desired for reportin g  purposes.  T h e first type of data is 
g eom etrical in form ation  wh ich  m ay b e derived from  th e position  an d attitude data for th e 
N EAR  spacecraft.  T h e solar pan e ls an d th e h ig h  g ain  an te n n a are both  orie n ted alon g  th e 
spacecraft Z  axis.  T h e an g les b etwee n  th e spacecraft Z  axis an d th e vectors from  th e 
spacecraft to th e Earth  an d Sun  are of in terest for lin k budg et an d power con sideration s, 
respective ly.  T h e an g le b etwee n  th e spacecraft X axis an d th e n adir vector, th e n adir an g le, 
m ay b e im portan t in  term s of ide n tifyin g  targ ets of opportun ity durin g  periods wh e n  th e 
spacecraft h ig h -g ain  an te n n a (alig n ed with  Z -direction ) m ust b e poin ted at th e Earth  to 
down lin k scie n ce an d oth er data.  T h e ph ase an g le, wh ich  is defin ed as th e an g le b etwee n  th e 
vectors to th e Sun  an d spacecraft sub te n ded at th e asteroid cen ter of m ass, is im portan t for 
evaluatin g  th e orie n tation  of th e orb it plan e in  refere n ce to lig h tin g  con dition s on  th e surface 
of th e asteroid.  T h ese data e le m e n ts h ave b e e n  g rouped in to a data providin g  fun ction  
associated with  veh icles with in  ST K  an d m ay b e com b in ed with  oth er types of veh icle 
in form ation  in  user specified form ats.  A sam ple report is sh own  in  Fig ure 5. 
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Figu re 5. S am p le rep ort c ontaining angles  of interes t for the N EA R m is s ion 

T h e secon d type of addition al data for reportin g  is useful in  th e an alysis of lig h tin g  
con dition s for data collection  opportun ities.  T h e in cide n ce an g le is defin ed as th e an g le 
b etwee n  th e n orm al to th e surface of th e asteroid an d th e vector to th e sun  sub te n ded at th e 
location  of  a targ et on  th e surface.  T h e em ission  an g le is defin ed as th e an g le b etwee n  th e 
n orm al to th e surface of th e asteroid an d th e vector to th e spacecraft sub te n ded at th e 
location  of  a targ et on  th e surface.  T h ese an g les are th e com plim e n ts of th e solar e levation  
an g le an d th e e levation  an g le of th e spacecraft re lative to th e targ et wh ich  are availab le in  
ST K .  A sim ple data providin g  fun ction  was added to allow th e reportin g  of th ese an g les in  
association  with  accesses determ in ed b etwee n  th e N EAR  spacecraft an d targ ets on  th e 
surface of th e asteroid. 

T H E RO LE O F S T K IN  T H E N EA R M IS S IO N  

ST K  will b e availab le to perform  several tasks in  support of th e N EAR  m ission .  ST K  
will serve as a b ackup/verification  tool for opportun ity an alysis.  T h e g oal of th is process is 
to deve lop a prioritized list of opportun ities wh ich  can  b e com pared ag ain st observation  
requirem e n ts laid down  b y N avig ation  an d various Scie n ce T eam s to facilitate seque n ce 
plan n in g  for th e scie n ce in strum e n ts, in cludin g  th e M ultispectral Im ag er (M SI), N EAR  
In frared Spectrom eter (N IS), X -R ay an d Gam m a-R ay Spectrom eters (X G R S) an d, to a 
lesser de g re e, th e N EAR  Laser R an g efin der (N LR ) an d M ag n etom eter (M AG). Access 
com putation s to poin ts on  th e surface of th e asteroid will b e ab le to take in to accoun t th e 
observation  m asks defin ed b y th e sh ape of th e cen tral body as well as lig h tin g  con dition s an d 
m an y oth er possib le g eom etrical con strain ts. T h e access calculation s allow b ase lin e tim in g  
con strain ts to b e estab lish ed on  th e b asis of a kn own  or assum ed spacecraft orb it.  

ST K /VO, ST K  with  th e 3-D V isualization  Option , will also b e availab le for use as a 
visualization /dem on stration  tool to allow m ission  operators an d an alysts to ach ieve b etter 
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un derstan din g  of th e g eom etrical con strain ts an d re lation sh ips associated with  th e N EAR  
m ission .   

ST K  will b e m ade availab le to th e AP L M ission  Operation s an d Desig n  T eam s an d 
Corn e ll M SI/N IS Scie n ce T eam .  In  addition  to use durin g  th e re n dezvous an d orb it about 
433 Eros, ST K  will b e useful for th e an alysis of th e flyb y of th e asteroid 253 M ath ilde.  T h is 
flyb y is sch eduled to occur on  Jun e 27, 19975. 

RES U LT S  

Im portin g  th e data describ in g  th e dyn am ics of th e Eros asteroid an d th e N EAR  
spacecraft h as prese n ted n o sig n ifican t prob lem s.  T h e triaxial e llipsoid m ode l for th e sh ape 
of th e asteroid h as prove n , as expected, to g ive very g ood perform an ce durin g  an im ation  of 
th e m ission .  T h e perform an ce durin g  an im ation  of th e trian g ular plate m ode l is m uch  less 
desirab le.  T h e drop in  com putation al perform an ce is due to th e n e ed to determ in e th e plate 
of in terest as part of th e local radius, ray in tersection  an d tan g e n t alg orith m s.  T h e efficie n cy 
of  access com putation s is affected b y th e prese n ce of elevation  m ask data wh e n  th e 
trian g ular plate m ode l is used.  T h e software for describ in g  th e sh ape of th e asteroid was 
desig n ed to allow for a h yb rid approach .  T h is m ean s th at th e trian g ular plate m ode l of th e 
sh ape of th e asteroid can  b e used for visualization  of th e asteroid sh ape an d access 
com putation s wh ile th e triaxial e llipsoid m ode l is used to support an im ation  g raph ics such  as 
th e depiction  of sen sor fie lds of view on  th e surface of th e asteroid. 

T h e m ode lin g  of a cen tral body wh ose sh ape is so far from  b ein g  sph erical also served 
to b rin g  to lig h t an y sph erical body assum ption s th at were m ade with in  ST K .  W ith out 
exception , th ese assum ption s of a n early sph erical cen tral body were m ade in  th e g raph ics 
an d visualization  software.  All but two of th ese prob lem s h ave b e e n  corrected up to th e tim e 
of th is paper.  T h e two rem ain in g  issues are th e projection  of a sen sor fie ld-of-view wh ich  
leaves th e surface of th e cen tral body in  m ultiple, but n ot all, location s an d th e projection  of 
th e um b ra an d pe n um b ra  boun daries to an  altitude above th e surface of th e cen tral body.  
Exam ples of th e visualization  of th e N EAR  m ission  are g ive n  in  Fig ures 6-9. 
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Figu re 6. Eros  u s ing triaxial ellip s oid m odel w ith lu nar textu re 

 

Figu re 7. Eros  u s ing flat p late m odel w ith lu nar textu re 
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Figu re 8. Inters ec ting s ens or p rojec tion u s ing the flat p late m odel 

 

Figu re 9. T angent s ens or p rojec tion u s ing triaxial ellip s oid m odel 

CO N CLU S IO N S  A N D  FU T U RE CO N S ID ERA T IO N S  

ST K , th oug h  th e use of th e P rog ram m er’s Lib rary, h as b e e n  prove n  to b e useful tool 
for th e visualization  an d an alysis of m ission s wh ere th e spacecraft is desig n ed to orb it about 
a cen tral body oth er th an  th e Earth .  T h e off-th e-sh e lf ch aracteristic of ST K  allows for a low 
cost solution  to m an y of th e an alysis n e eds for plan etary m ission s with  sh ort deve lopm e n t 
tim e lin es. 

T h e com putation al efficie n cy of th e trian g ular plate m ode l m ay b e ab le to b e 
im proved th roug h  th e application  of a m ore efficie n t search  alg orith m .  It is felt th at sin ce 
th e system  of dyn am ic objects is sm all (on e spacecraft an d a sm all n um b er of sen sors) th at a 
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m oderate im provem e n t in  th e efficie n cy of th is m ode l will m ake it a viab le can didate for use 
durin g  an im ation  as well as b ein g  th e preferred m ode l for opportun ity an alysis. 

T h ere are som e addition al sources of in form ation  from  at AP L an d oth er 
com pon e n ts of th e N EAR  m ission  wh ich  m ay b e utilized in  th e future. For in stan ce, th ere is 
th e possib ility of updated texture m aps from  Scie n ce Data C e n ter (SDC) Catalog , derived 
from  M SI im ag es an d associated N EAR  In frared Spectrom eter (N IS) data. Such  texture 
m aps could b e overlaid on  th e surface of Eros, as viewed with in  ST K /VO. 

M odification s are plan n ed to add th e capab ility to read SP ICE kern e ls directly from  
ST K .  T h is would rem ove som e in term ediary processin g  th at is curre n tly n ecessary an d allow 
for th e im portin g  of oth er data such  as in strum e n t fie lds of view.   Spacecraft attitude 
in form ation  could b e utilized to support m ore detailed seque n ce plan n in g . Spacecraft 
attitude data is accessib le in  th e form  of SP ICE C-kern e ls an d real-tim e te le m etry wh ich  m ay 
b e piped directly from  th e N EAR  Groun d System  to ST K  via a U N IX socket. 
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