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Aspect Determinat ion for the
AFGL Infrared Survey Experiments

1. INT RODUCTION

A celestial survey involves a compromise between the objectives to cover

lar ge ar eas of the sk y at high sensi t ivi ty  wi th  good spectra l  and spatial  resolution

and the  cons t r a in ts  of f i n i t e  observing t ime  and physical  l imi ta t ions  on the instru-

ments .  The A F G L  In f ra red  Sk y Survey (Walker  and Pr ice; 1 Price and Walker ; 2

Price3) obtained broad band observations in the 3 to 30 microns  spectral regions

at moderate  sens i t iv i t i e s  and wi th  su f f i c i en t  spatial  resolution to enable ground

based telescopes to acquire , wi th  moderate e f fo r t , the unident i f ied sources found

on the survey.
The Ar C !.  Survey was conducted by flying cryogenically cooled telescopes on

sounding rockets . The advantage of fl y ing the sensors above the atmosphere is

that  the background i r rad iance  f rom the a tmosphere  and telescope is eliminated,

w h i c h  permits  h igh  s e n s i t i v i t y  photoconductors to be used w i t h  large fields -of-view .

(Received for publ ica t ion  13 October 1978)

1. Walker , H . G . • 
and Pr ice , S. D. ( 1973 )  A F C R L  In frared Sky Survey: Volume I.

Ca talog of Observations at 4, 11 and 20 Microns ,  AFCRL-TR-75-0373 .
2. Price, 5. 1). , and Walker , H . 0. ( 1976) The A FGL Four Color In frared Sky

Survey : Catalog of Observations at 4. 2, 11. 0~ 19. 8 and 27 . 4 pm, AFGI,-
T R - T h -0208.

3. Price , S. D. ( 1977) The AFGL Four Color In f ra red  Sky Survey: Supplemental
Catalog, A F G I . -Tf t -77 -0 I00 .
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On the other hand , the observing t ime  and the size of the i n st r u m e n t a t t o n  tha t  can

be flow n are l imited by the performance of the rocket.
The u l t ima te  l imit  to the positional accuracy of the  sources detected du r ing

the  su rvey  was defined by the s ize  of the detector  e lements .  The sensor focal plane

was composed of three  linear staggered arrays of detecto rs , one i n  each spec t ra l

band. Each detector element had an inst an taneous  f i e l d - o f - v i e w  of 0. 975 by 3.05

mi ll i r ad ians  ( 3 . 3 5  by 10, 5 arc m m )  and overlapped the adjacent  de tec tor  by 0. 5

mil l i r ad ians  ( 1 . 7 arc m m ) , a p p r o x i m a t e l y of the  order  of the d i f f r a c t i o n  b lur

circle d iameter  at 10 microns.  The pos it ional unce r t a in ty  associated w i t °  a reso-

lution element Wa -, , therefore , 1 to 2 arc  m m .

The i n s t r um e n t a t i o n , payload s t ruc ture  and exper imen ta l  p rof i le  were  desi gned

to allow determinat ion of aspect independentl y of the ce1e~ ti a1 rad iometer  w i th  an

accuracy at least as gL ud as def ined by the de tec tor  resolu t ion .  Dr i f t  r a t es  for

inertial plat forms available in the earl y 1970’ s were too large to m a i n t a i n  the  arc

m m a t t i tude reference of the rotation axis under the  dynamic  r equ i r emen t s  of the

experiment .  An ITT Fine Guidance Er ro r  S e n , o r , ’ ( s t a r  t r a r k e r ) , was  incor-

porated into an . Aeroj et  Liquid Rocket  Company  (A L E C )  M A R K  II a t t i t u d e  control

system (ACS) to provide the required accuracy  and st a b i l i t y .

The s tar  t racker  was ali gned to the  long i tud ina l  axis of the  pay load w h i c h  was

made to be co-lateral  wi th  the roll axis of the  ACS. Dur ing  the survey  port ion of

the fli ght , the s ta r  t racker  locked onto a s t a r  selected to be near local zeni th  and

m a i nt a . n ’~il the roll axis to wi th in  the required 20 arc sec whi le  the  pay load was

rotated to generate  the survey scan . The in f r a r ed  sensor was deployed on a one

axis gimbai to pre-programmed zenith ang les. The deployment positions were

measured to one arc miri d i g i t i z a t i o n  resolution by means 0f an opt ical  encoder

mounted on the  gimbal  shaf t . The zen i th  angles were changed each t i m e  the  ACS

sensed the comp letion of a 360 degree roll.

The a z i m u t h a l  aspect for  each roll was de t e rmined  f rom da ta  obtained from

stel lar  t r a r i s i t s  detected by a s t e l l a r  aspect sensor ( s t a r  mapper) .  This instru-

ment con sist s  of a small telescope , an “ N ’ slit focal plane mask  and a Fabrey

field lens to image the p r i m a r y  object ive onto an S- I l  pho tomul t i p lie r .

An accura te  geomet r ic  reference was e s t a b l i s h e d  between the  s ta r  t r a c k e r  and

s ta r  mapper  w i t h  the  i n f r a r ed  telescope po si t ion  de te rmined  as a funct i on  of optical

shaf t  encoder readout pr ior  t o  the fl i gh t s .  Dur ing  all  the  fli ghts , the  st a r  t r a c k e r

maintained the rotat ion axis to w i t h i n  20 arc sec , the s t a r  mapper  o b se r v a t i o n s

were used to obtain a polynomial fi t  of a z i m u t h  as a function of t ime  to one to 1. 5

arc m m root mean square accuracy for each roll , and the optical  sha f t  encoder

gave t h e  dep loyment ang le to one arc  m m re-.olution.  The g e o m e t ric  a l i gnment

was used to t ransfe r the aspect solution to the sensor f ie ld-of -v iew , then the  data

from the i n f r a r ed  radiometer  was used to obta in  the  f inal  aspect values.

I 
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Backup was provided as a contingency in case one or more of the a s p e c t  de-

vices failed. 1! the  star  tracker did not acquire a star or maint a in  t b f -  st el lar

r e f e r e n c e , the  ACS would have performed the a t t i t u d e  control  program under

inert ial  guidance u n i v .  The ACS posi t ion and ra te  readouts  pr “ I l l  l ower  accu-

racy  backup for the  sta r  mapper .  Finally,  a precis ion l i nea r  pi t o r i t  c t 1

mounted on the gimbal shaft  was redundant  w i t h  the  opt ica l  sha ft  eio 1, -i .

In the sections tha t  follow , details of the geomet r i c  ‘, ‘fe i-ence  : 1 ( f l  U r ee l e r ; ’

wil l  be given as well as the techniques used t o  dynamica l l y ba lance  li e  pay load.

A complete development of the calculat ions w h i c h  led to the  a z i m u t h a l  s o l u t i o n s

wil l  be descr ibed and results from the actual  f l ights  w i l l  he pr e .~er i t e l . ~~i r  d l v , a

general approach  to aspect solution th rough  the  s t a r  mappe r , t h r e e  ax i s  po s l ’ r n

gyrosci  ic readouts  and/ or  a constrained axis of ro t a t i on  wi l l  be f o r m u l a t e d .

2. GEOMETRIC REFERENCE

An accura te  geomet r i c  relat ionship \~as es tab l i shed  before ‘ ; i h  f I ; u l 1 ~ i e t ; - , e ,~~
the i n f r a r e d  ‘~~i ~cope , st a r  t r a c k e r  and s te l la r  aspect sensor .  These ‘ i ; ! i u ’  p ’ i ra l

sen sor s  a. p r o  mounted  in a ri gid , single p iece , magnes ium al loy , p : i v l  : 1  c;~~’ I n ;~.

Fi gure 1 shows  he r ad iome te r  and s ta t -  mapper  mounted in the  ;e ’i n g .  F igu re  2
is a d i a g r a m  i f  ‘he pay load conf igura t ion  and s i r  wa t h e  re la t ive  l o c a t i o n  of the

sensors o r e  c lear l y.

The geomet i-ic m e asu r e m e n t s  were  made  w i t h  the  pay load c a r e f u l l y i i i  at e ! to

a pr ec ise l i  m a c h i n e d  f i x t u r e  w h i c h , in ‘urn , n r i ~ m o u n t e d  rite a rota r- t a b l e . The

ori ginal r e fe rence  for the f i x t u r e  a as obta ined P l ev e l i n g  i t  to rO. 0001 in . ;v t i ;  a

mas te r  pr ecision level and r en ’er i n g  it onto t lu  a ‘t a t  ~ofl ax i s  of t h e  r o t a r y  table

w i t h i n  ±0. 001 in .  by means  of a ‘‘ last  w o r d ’’ d i a l  in ’l i c a t i .  Two pr eci s ion  levels

were p e r ’ n i an en t l y in s t a l l ed  or thogonal  to each o the r  ~n 0 re cept i c le  p la t  and

were  used  as the  a l i g e ; ’ len t  r e f e r e r rea for all s u b s e q ue nt  m e asu r e m e n ts  ‘ice t h e y

were  referenced to the rn ; ~~er level.

The f i r st  aspect device to be aligned and c a l i b r a t e d  was  f i r , ’  s t a r  mapper .  Th i s

ins t rumen t  was desi gned and bui l t  at the A i r  Force Geophysics  Labora tory  and con-

sisted of a Nikon 1:1. 4 lens wi th  a N ” slit re t ic le  mask at the focal plane and a

Fabrey field lens ~
() focus the en t rance  pup il onto a ruggedized S - l i  l3 ia lka l i

p ho ’ r r u i ’ f n l i e r .  The r i d e is a blackened e l ec t ro  f~~~; r ed  n i ck e l  (in (‘C~~! O C

‘h r ou gh  w h i c h  t h ree  s l i t s  in the  shape of an “ N ’’ h a s  been etched ~ l~+ u n e ’  legs

‘ a f e  as para l le l  as ‘- c h a n i c af l v  possible .  The 7 . 5 ar c  m m  ‘.‘. i f ’ ! ;  of f t p  a - t i le

sl it s  were a i ’e c l  ‘e give ‘en Ia ’ a s a m  p les per s t a r  cr o ssing  a ’ the  n o m i n a t  s i r  r -vev

roll ra te .  The legs of t h e  “ N ” were  separated liv 7 . 7 T d eg rees  in a z i m u t h  and

spanned 2 1 degrees in zeni th  angle. The re t ic le  was posi t ioned such t h a t  the f i r s t

9

F.. —

~~~~~~~

•——————

~ 

. ..—. —-,.-. .. 
‘I- 

- — — — ____________

I

_ _  _ _ _  ~~~~ . -. -—. ~~~~~~~~~~~~~~~ - .-~~ ---—.~~~~ 
--



. 5.. ,

Figure 1. Payload Showing the Infrared Telescope in the
Stowed Position . The star mapper may be seen above it

~~/ ~ ~- .~‘ I ~ ~ , / ,
~~~

HI - TAR , c’ ,E GIJRATI O N

Figure 2. They Payload Diagram . The locations of the star tracker , star
mapper and infrared telescope are shown
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leg of the “ N ” was on the  optical  axis of the  lens. Stars as fa in t  as +4

were easil y detectable  during the f l ights . The mapper was a t t a c h e d  and p inned

into the pay load wi th  the  optical axis  of the i n s t rumen t  elevated 10 degrees above
the a z i m u t h  plane and the leading ed ge of the f i r s t  leg of the  “N”  in the n o m i n a l
dep loyment p lane of the infrared telescope . A theodoli te  was set up and leveled

to es tabl ish  the a z i m u t h a l , or hor i zon ta l , reference plane of the pay load . The
pho tomul t i p l ier  was removed and the focal p lane re t ic le  backli t  to make the  sli t
edges easil y visible in the theodoli te .  The pay load was ro t a t ed  and the  ro ta ry
table ang les were read when each of the slit  ed ges were  centered in the  theodol i te .
The leading edge of the f irst  s l i t  was adopted to he the a z i m u t h  zero point refer-
ence . The theodolite elevation angle was depressed by about I degree and a new
set readings taken on the ro ta ry  table angles of the  slit, ed ges . The theoclolite was
again depressed and the s l i t  ed ge angles read; the procedure  was repeated un t i l
the  en t i re  focal p lane mask  was mapped . In th i s  manner  the  s l i t  ed ges are meas-
ured as a func t ion  of zen i th  ang le , t h a t  is , the  comp lement  of the  theodo l i t e  de-
pression angle . The m e asu r e m e n ts  thus inc luded  the  e f f e ct ~ of lens di s tori~~ n
and cosecant zen i th  angle e f f ec t s .

A least squares  pol ynomial  fit  of the m e asu r e d  payload a z i m u t h , m i n u s  the
a z i m u t h  re fe rence  angle , against  zeni th  ang le w a s  d e t e r m i n e d  in o rde r  to  funct i an-
all y represent the sl i t  ed ges; a parabola was used for the  legs of the “ N ” whi le  a
cubic  was required for the diagonal edges . The lens d i s t o r t i ons  were  s m a l l
for the  lenses chosen for these exper imen t s, the  second and th i rd  order pol ynoni-
ials required for the fi t  a r i se  from the  cosecant z e n i t h  angle d i s tor t ion  of the
measurements, and the series expansion representat ion  of the tangent  of the
measured angles . Typ ica l  root mean square  deviat ion of the curve f i t s  ranged
between 9 and 16 arc sec w i t h  the  larger  devia t ions  occurr ing  at the outer  edges of
the lens where  the lens and cosecant  zeni th  ang le d i s to r t i on  were si gn i f i c a n t .
Hi ghe r order curve f it s  were  t r ied  hut did not s i gn i f i c a n t l y improve the accurac\- .
Figure  3 is a p lot of the  measured posi t ion of the  s l i t  edges and the  r e s u l t i ng  curve
f i t s  t h rough  t h e m  for one of the  s t a r  mappers  used on the survey.  The lens dis-
t o r t i o n  and cesecant e f fec t s  are a p p a r e n t  as an increase  in angular  separa t ion
w i t h  decreas ing  zen i th  ang le.

If the pole of rotat ion of the  expe r imen t  were orthogonal  to the  a z i m u t h  plane ,
then mapp ing the s te l lar  aspect sensor in t h i s  manner  produced the same angular
di f ferences  between s l i t s  as tha t  measured for s te l la r  t rans i t s . As seen from
Figure 3, the “ N ” sl i t  produces a unique pulse pa t t e rn  which depends on the  t r a n s i t
e levat ion of the s tar .  When the pole of ro ta t ion is known the s t a r  mapper  can be
used as a t rans i t  i n s t r u m e n t  to provide the exper iment  az imu th  as a funct ion of
t i m e .
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Figure 3 . A Map of the “ N” Slit Ret icle for a Star Mapper Used on One of the
Survey Flights.  The increas ing  sl i t  separat ion wi th  decreasing zeni th angle is
due to the  c .  e c an t  zeni th angle and lens d is tor t ion

The s t a r  t racker  was next mounted  on top of the pay load cas t ing w i t h  the opti-

cal axis roughly co-aligned wi th  the longi tud ina l , or roll , axis of the pay load. The

major  e lements  of this sensor ci ’n si s t e d  of an image dissector  with an S-20 photo-

response and a 9 cm diameter lens. This i n , t r um e n t  provides posit ion informat ion

d ur i n g  ~1i fh ’  to the  a t t i t u d e  ‘ ‘  ‘n t r ’l  sy st em in the  t u e  axes or  thogonal to t a  optical

axis , t hat is , pitch and yaw . The error  signals were  used by the a t t i t u d e  control

sy stem tü  precisely null the roll axis to the iner t ia l  reference def ined  by the  s ta r
to which  the s tar  t racker  has been locked.

A sy n t h e t i c  s tar  was be lt at AF G L  Pi’ provide the proper optical input into the

t racker  during alignment. This s t a r  is a “ point ” source which  has been f i l t e red  to
s imulate  the optical energy distribution from an AOV s ta r .  The total output of the
source can be ad justed  to s imula te  the magnitude of the star  selected for each
experiment. This la t te r  feature  was important  as the s tar  t racker  null position

depended somewhat on source brightness .
The syn the t ic  s tar  was pos itioned to shine precisely along the rotation axis of

the payload. The pa yload was then rotated and the tracker mi sa l ign rnents appeared
as sinusoidal variat ions in the pitch and yaw axis . Position misal ignments  between
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the rotat ion axis of the casting and the star t racker  null were corrected by adjust-
ing the t racker  error potentiometers if the errors were less than 2 arc m m .

Larger misalignn-ients we re corrected by shimming the t racker  then nulling the

potentiometers.
Cal ibrat ion of the infrared telescope deployment was done last. The azimuth,

reference of the leading edge of the f i r s t  slit of the s tar  mapper was re-established

wi th  the theodolite . The infrared sensor was mounted into the gimbals , then de-

p loyed to various zenith angles within the projected l imi ts  of the survey scan. At

each dep loyment posit ion the rotary table and theodol i te depression angles were

adjusted unt i l  the sensor reference, a fiducial  mark etched onto the center  o r t h e

focal plane a r r ay ,  was centered in the theodolite as viewed through the telescope

optics. At  each dep loyment position the sensor zen i th  angle, measured as the

complement of the  theodolite depression, and sensor az imuth  bias angle were

recorded as dependent variables of the 13 bit optical  shaft  encoder output and the

precis ion l inear potent iometer  readout. The dep loyment bias angle was taken as
the  az imuth  d i f ference  between the sensor az imuth  angle and the az imuth  reference

point .

The sensor dep loyment calibration equation was determined by means of a

l inear  regression f i t  of the observed zenith angles against the shaft  encoder read-

out and , independentl y, the posit ion poten t iometer , The shaf t  encoder was geared

to give a 1 at-c mm d ig i t iza t ion  uncer ta in ty  whi le  the potentiometer outputs  had

about half that measurement accuracy. The least squares curve fit  of the deploy-
ment angle versus shaf t  encoder readout was good to one to 1. 25 arc mini rms ,
the  same size as the digi t izat ion uncer ta in ty .  The az imuth  biases were of the

order of 20 arc mm , or less , and were represented by a parabolic fit  through the

measurements as a funct ion of zenith angle.

3. DYNAMIC ALIGNMENT

The experiment desi gn required the geometr ic  roll axis of the pay load to be
fixed to an iner t ia l  reference by main ta in ing  lock of the star t racker  to a selected

s ta r  whi le  the pa~.-load was rotated about th i s  ax i s .  In order to insure that the

a t t i t u d e  control  system would be able to ma in t a in  the  iner t ia l  reference dur ing th is
rotat ion , the cross products of ine r t i a  in the orthogonal axes had to be reduced by
dynamically balancing the payload .

The dynamic a l ignment  of he experiment was done on a sp in balancing ma-
chine ori ginal l y developed under the direction of Mr . Russ Nidey f o r  the Ki t t  Peak
Nat ional  Obse rv a to ry  and subsequently t r ans fe r r ed  to AFGL. The machine was

composed principal ly of two air  bearings , a spherical  bearing mounted on top of a

13



r ~~~~

-

~~

-—  — - —
~~~~~~~~~~- ~~~~~~~~~~~

— -

~~ ~~~~~~~~~~~~~~~~~~~~~

Figure  4 . Pay load Mounted on the Dynamic  Balancer. The hoses are air  l ines
to the a i r  bearings.  The flat a i r  bear ing used for t r ans l a t iona l  “notion is at the
bottom of the  f ix ture .  The spherical  air bearing,  which  allows otational motion
may be seen in the lower center  of the  f ix t u r e
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Figure 5. The C o n s t r a i n i n g  F i x t u r e  fi t - t he  R a l a n ’~’ r , The pay load (in the  b a l —
ance is preventer !  from t i p p i n g  over  by a f i x t u r e  wh ich  l i m i t s  t he  t r ave l  of the
t i p  end of the pay load . Also  seen are the  tw  pr e i ’ i s i o n  levels r r , u r i ’ ed in t he
pay load which  are used for  the  i n i t i a l  s t a t i c  h r i l a r i i ’ c
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flat  plate bearing. The flat p late ai r bearing allows translational motion while the
5pherica l bearin g permits  r-otationa l freedom . Two rate gyroscopes on the spher-
ical  air  bearing sensed p itch and yaw rates.

The pay load was assembled and mounted on the sp in balancer as shown in

Figure 4. The nose cone, s tar  mappe r and sensor pay load doors were removed

and the  in f ra red  sensor was deployed to a zeni th  angle midway  between the pro-

t ’~-t e d  ~can l im i t s .  Thus , the pay load confi guration closely s imula ted  that of the

Io ta  t ak ing  la r t i o n  of the exper iment .  The movement of the top of the pay load was

l i m i t e d  by a rig, as seen in Figure 5. A dr ive  moto r  mounted on the spherical  air

h e a r i ng  spun t i r e  pay load at two  revolut ions  per second , and the gyroscopes read

‘t ’ch and van ra tes  as the sp inni ng pay load ti pped off of ver tical . The balancer

was —topped and we igh t s  were taped to the outside ol the  pay load. The s ize  and

loca t ion  of the  we i ghts were  e s t ima ted  from the rates measured by the  gyroscopes .

The pay load was again spun up, the t ip  off ra tes  remeasured, and new s izes  and

locat ions cle tern i ined  for  the  we igh t s .  About 100 to 150 i t e r a t i o n s  (n o r  a two to

three  day period were required before the  cross m o m e n ts  were  brought  w i t h i n

acceptable l i mit s .
A f t e r  balancing,  the  pay load was t aken  off the  balancer and the weig ht s w e re

anchored ins ide the  pay load.

4. E X P E R I M E N TA L  PROFILE

A f t e r  the  optical  a l ignment  and funct ional  sy s tems  checks at AFG [, , t he pas’-

load was packed and shipped to the launch site. The in s t rumen t  support , a t t i t ude

cont ro l  and recovery sections were attached to the experiment casting section by

means  of countersunk screws driven in to  tapered screw holes at constant torque.

These sections were attached w i t h  the aid of a “ las t  word” indica tor  in order to

m a i n t a i n  the  geometric roll axis def ined by the  pay load casting.  A f t e r  the payload

was dynamic ally bala nced , the cas ting was separated and the s ta r  mapper and
i n f r a r e d  telescope deployment cal ibrat ions were checked. The casting was re-

a t t ached  to the other sections and the ent i re  payload was cleaned under class 100

clern room conditions. The pay load was then  mated wi th  the rocket and placed

into the  launch tower .
The ACS provided th ree  axis control of the pay load through ine r t i a l  references

on a roll stab l ized p l a t fo rm .  Posit ion and rate readouts were  provided in the pitch ,
roll and yaw axes. AL R C  provided a ca l ibra t ion  of these readouts .  The offse t

4 . Price , S. D. , (‘u n n i f f , C .V. , and Walker , R. G. (1978) Cleanliness Considera-
tions for the AFGL Infrared Celestial  Survey Experim ents, AF GL-TR -78-
0171.
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between the north poi nt reference of the A CS and geographic nort h wa s measured
whi l e  the rocket was in the  launch t o w e r .  Typ ica l  offsets  were on the order of
t h r e e  a rc  ru in .

The decli nations of the “ pole” star s selected for the inertial references were
all n i t h i n  1 degrees of the lat itude of the launch site (all but one star was w i t h i n
6 degrees) .  The rocket was launched about 4 m m  be fore meridian t r a n s i t  of the
s t a r  in o rder  for t h e  pay load pole of r o t a t i o n  to  be at max imum e leva t ion  dur ing
data  ga ther ing .  Thus , the rota t  ion pole was not more than  P degrees off  the  local
z e n i t h .

Du ring r ocket  burn , the  vehicle a t t i tude  was spin s t ab i l i zed  wi th  a one anu .8
h a l f  revolut i n  per st ’ i - i n d  spin. A f t e r  powered f l igh t , the vehicle  coasted u n t i l
the  aerodynamic  forces were  reduced enoug h so tha t  the ACS could control  the
pay load a t t i t u d e .  The nose cone, s t a r  mapper  and sensor housing doors were
e)ected whi l e  residual  drag was st i l l  present so that aerodynam ic and cen t r i fuga l
forces  f rom ‘he-  pay load spin , carr ied these objects away and below the pay load .
The vehic le  was I~’spun w i t h  the release of yo-yo weights , t h e n  s epa rat c ’I  f rom the
sus t a ine r  by release of a Marmon  clamp. The springs used to s epa ra t e  the pay-
load were  sized  for a .separ -at ion ve loc i ty  of 2 m per - second.

The a t t i t u d e  con t ro l  sy s t e m  pointed the s t a r  t r a c k e r  to w i t h i n  2 degrees of the
“ pole” s t a r . The t r a c k e r  had an 8 degree f i e l d - o f -v i ew  and was designed t i  acquire
the  b r i g h t e s t  source in t h i s  f ield.  Once s t a r  presence was noted , a c q u i s i t i o n  w a s
obtained from the  t r a c k e r  p i tch  and yaw e r ror  s ignal , d r iv ing  the AC S t o renter  the
s t a r  t i  t r a c k e r  nul l .  Once n u l l  had been obtained the t r acke r  was s w i t c h e d  t o f ine
contr , I w h i c h  reduc t- ’I  t he  t r a c k e r f i e l d - o f - v i e w  to ±2 arc ru in in both axes  w i t h  the
deadhand  at 20 arc -  secs.

The i n f r a r e d  sensor was then  deployed to the  m i n i m u m  zen i th  angle (about 38
degrees t  and the  payload spun up about the  roll ax i s .  The sensor was stepped down
1. 1 degrees ( s l i ght l y less than  the  1.2 degree tota l  f i e l d - o f - v i ea  of the i nst r u m e n t )
under  the  command of a t u r n  pulse generated by the  a t t i t u d e  control  sy s tem when
it sensed that  the pay load reference was nomina l l y at 350 0 a z i m u t h .  In t h i s  m a n n e r
a contiguous sec t or -  of the  sk y was swept out .  A graphical  depiction of the survey
scan pa t t e rn  is seen in Figure h.

Once the pay load was accelerated the roll jets were disabled for much of the
survey scanning.  However , the effective l inear  scan rate of the sensor did change
as the sensor  stepped under constant roll rate .  To correct  for this  cosecant zen i th
angle change in l inear  scan rate , three roll ra te  changes were incorporated into
the AC S which  were programmed to occur’ at the beginning of specified rolls , that
is at sp e c i f i c  deployment angles. The rate changes were sized such that , ba r r ing
secular perturbat ions , the effective linea r scan rate of the sensor was to be main-
tained between the design value and 15 percent over. 

- 
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Figure IL Exper imenta l  Geometry . The s t a r  t r acker
locks to a s t a r  w i t h  celes t ia l  coordinates a and 6 near
local 7eni th , ~

- . The payload is spun at an angu la r  i-ate ,
~ ‘ , and the telescope dep loy ed to a zen i th  angle , ).  A fte r
completion of a 3600 roll  maneuve r  the  zen i th  ang le is
inc reased slig h t l y less than  the  f i e l d - o f - v i e w  of the tele-
scope. Thus , a series of rolls sweep out a cont iguous
sector of the between the  m a x i m u m  and m i n i m u m  ~.en i th
ang le for  the  expe r imen t

Sr-nail s ecu la r  acceierat ion.s  a m o u n tin g  to 0. 05 t i  one percent  0f the  r o l l  r a t e

were observed du r ing  the  su rvey  as t h e  energy  expended t i  m a i n t a i n  lock i n t o  t h e

s tar  <~ ‘oss c-o up ied in to the r oll n o t i on . The m i s a l i g n m e n t  between the  t r a c k e r
e lec t ron ic  nu l l  w h i c h  d e f i n e d  the  L ’ e o i r e t r i c  roll ax i s  and the  longi tud ina l  p r i n c i p a l
moment  of ine r t a  was t i me  dependent  and arose from the i-es idual  cross product -
of iner t ia  n i t  co r r ec t ed  for b y spin ba l anc ing ,  the c h a n g i n g  d i s t r i ~ru t  ion ( If mass

~1ue to  sensor stepping and the e x p e n d i t u r e  of he l ium by the  sensor and n i t rogen by
the  a t t i t u d e  cont rol system . The imbalance  due to sensor s tepp ing was probably

the most impor t an t  effect  as a rol l  ra te  change of 10 percent  was  observed at the
end of eat- h f l ight  as the s enso r  was s towed from the fu l l y  dep loyed position. These
smal l  misa l ignmen t s  cqused the  s t a r  to be positioned at the edge of the  s ta r  t r a c k e r
deadh and in a cons tant  o r i en t a t i on  in the  t r a c k e r  p i t ch -yaw p lane .
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At the end of the experiment the sensor was stowed and the payload recovered .
The fligh t instrumentat ion was refurbished and reflown. Seven experiments were
launched out of White Sands Miss i le  Range, lat i tude 32. 5 degrees N o r - t b , and three
more from the Weapons Test Establishment , Woom era , A ustra l ia , la t i tude 32
degrees South.

5. AZIMUTH ASPECT

An azimuth , zenith dis tance coordinate sys tem was established for the expe r-
iment through the geometric alignment.  The pole of rotation was i n e r t i a l l v  f ixed

- the star t racker  to the celestial  coordinates of the selected “ pole” s ta r  and the
az imuth  reference was defined by the  leading ed ge of the f i r s t  ret i d e  s l i t  of the
star mapper at 90 degrees zenith dis tance . The a z i m u t h  aspect was determined
as a polynom ial representat ion of the reference point a z i m u t h  as a func t ion  of t i m e
through a least square5 calculation of the observed s tar  mapper crossings .

Fi xing the rotation axis to a known set of coordinates permit ted  an “ a prio r i”
calculat ion of the s ta rs  to be scanned by the s tar  mapper and , through the geo-
m e t r i c  ca l ib ra t ion , the an t ic ipa ted  pulse p~ t t e r n . The positionc of the 300 bright-
est stars which  had S- I l  photoresponse magn i tudes  b r igh te r  than +4 were precessed
to the epoch of each experiment and rotated into the  a z i m ut h - z e n i t h  distance coord-
inates of the payload . The s ta r s  were then sor ted in order  of increas ing a z i m u t h
and l imi t ed  to those s t a r s  contained in a zeni th  d i s tance  band def ined by the l i m i t s
of the s t a r  mapper . The br ight  p lanets  were also included if t h e i r  posi t ions at
epoch , obtained from the “ A m e r i c a n  Ep hemer is  and N a u t i c a l  Almanac ,  ‘ placed
them in the scan p a t t e r n .

The predicted pulse p a t t e r n  of voltage as a funct ion  of reference point a z i m u t h
was calculated b~- convolving the  s t a r  mapper  r e t i c l e  ca l ib ra t ion  equat ions w i t h  the
s t e l l a r  posi t ion and magn i tude  data .  R e f e r r i n g  to F igure  3 it  is apparent that  each
s t a r  t r a n s i t  of the  mapper  produces th ree  pulses and tha t  the  a z i m u t h of the second
pulse w i t h  respect to the  f i r s t  and l a s t  is a unique funct ion of the ‘enith d i s t a n c e  if
the geomet r i c  and r o t a t i o n  poles are  co inc iden t .  The pulses were ident i f ied  by the
Br igh t  Star 5 n u m b e r  of the  t r a n s i t e d  st a r  plus a des igna tor  for the  s l i t  t h r o u g h
w h i c h  the s t a r  is ‘h served, A data l i s t  was then generated which contained the
reference a z i m u t h , s - I l  magni tude  and i d en t i f i e r  of the  pulses in the  predicted
pat te rn  ordered by increas ing  a z i m u t h .

A segment of t h e  predic ted  pulse pa t t e rn  for one of the  exper iments  may be
seen at the top of F igure  7 . The o rd ina t e  is the  references  az imu th  and the abscissa ,

5. Hof f l e i t , D. ( 1P M )  Catalog of Bri ght Stars,  3rd EdI t ion , Yale U n i v e r s i t y
Observa tory .
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Figure 7. Comparison Between the Calculated Output of the Star Mapper and the
Observed. The calculated out put is shown at the top of the fi gure after the final
aspect solution has been obtained and the actual output is at the bottom. The
Bright Star number of the star pro ducin g the triad of pulses is given at the very
top of the diagram and the t ick marks locate the position of individual pulses

the anticipated output voltage . The bright star num ber of the t ransi t ing source is

given above the triad of pulses it produces and Is more clearly delineated with the

tick marks . The observed star mapper output , afte r the aspect has been solved

for , is show n at t he bottom of Figure 6.

The star mapper data was redu ced to obtain the time and amp litude of the ob-

served star pulse s. A pulse was selected with the criterion that a number of con-

secutive data samples , correspondin g to the transit t ime of a sl it , were above a

specified amount  greater than the running value of the calculated noise. The exact

value of the acceptance level was empirically determined for each fl i ght . This

proced ure was used instead of a si gnal to noise criterion because the data were

non-linear. The star mapper electronics were ac coupled in order to f i l te r  out the

baseline wande rings due to extended pheno menon such as emission from the galac-

tic and eclipt ic planes and of f  axis r ad ia t io n f rom t he moon or OH layer t i t h e

earth’ s atmosp here. Con’-’equent ly, the undershoot due to bright sources dz’Lves

the voltages negat ive and the telemetry clippe d the output at zero volt s . An exam-

ple of this is shown In th e bottom of Figure 6 following the pulses due to BS 2491.

A peak amplitude and t ime of peak for each of the potential sourc es were ob-

ta i ned by curve fitt ing a parabola throu gh the data points near peak and calculating

these quant it ies from the curve. For saturated pulses the peak was assumed to

occur at the midpoint or saturation. The pulse data were divided into blocks corre-

sponding to sepa rate rolls , and delineated by the t imes of the turn pulses sent by
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the a t t i tude control sy s t em when it sensed the completion of a 360° roll . These
turn  pulses ini t ia ted stepping of the sensor. Four of the  i-tills were f u r t h e r  divided
into segment s which were  activel y accelerated by the  roll lets , that  is , the i n i t i a l
spin up of the payload and the three roll rate changes , and “ unper turbed” segments.
Taking the data in blocks corresponding to rolls was a natural  division since the

same predicted pulse pattern applies to each one of the rolls.
The sought for aspect solution for each roll was a second or t h i r d  order poly-

nomial which converted the t imes  of the observed pulses into az imuths  such that

the deviations between the observed and predicted pulse pattern were minimized
in the least squares sense.

The i n i t i a l  step was to select a prominent pulse, common to all rolls , fx - om
the l is t  of observed pulses and to identif y it in the predicted output data f i le .  This
pulse was usuall y, but not always , the f i rs t  slit  t ransi t  of the b r ig htest s tar .
Successive ident ical  pulses occurred a f t e r  exactly a 360 degree roll was comp leted.
Since the az imuth  of the pulse was known and the t imes  of occurrence were  meas-
ured an in i t ia l  aspect solution was obtained by assuming a constant  roll rate be-
tween the pulses.  The a z i m u t h  aspect solution then was expressed by

t — t (1
A z (t )  A( *~ + 360° * 

n 
, t -~~ ~ t ( 1)n 

t ( ‘ : ) _ ~~~ (*~ 
na nb

n+ 1 n

where  A Z n ( t )  is the aspect a z i m u t h  solut ion for the n th roll , A( °)  is the a z i m u t h  of
the pulse , t n (*) and t n~~i

(*) are the pulse t imes on the nth  and (n s 1) roll respec-
t ively , and the t ime , t , is l imited to values between the beginning of the 0th rol l ,
t na~ 

and the end , tnb~
This in i t i a l  aspect solution for the n th  roll was used to convert  the observed

pulse t imes into a z i m u t h s .  The predic ted  and observed pulse-i w e r e  compared and
each observation was ass ign ed the des ign at ion  and az imuth  of the nearest  predicted
pulse and a wei ght equal to the observed voltage. A weighted least squares regres-
s ion of a z i m u t h  as a funct ion  of t i m e  was calculated wi th  the order of the poly-
nomial of the regress ion f ixed .

The energy t i -n m  the  fine p i tch  and yaw jets  used to correct  for the  sma l l  mis-
a l ignment  between the dy n a m i c  and geometr ic  roll ax is  cross coup led to the i-oil
t u i t i o n .  Each ac t ivat ion  of a iet  produced a small  change in rate and the let f i r ings
were more or les s u n i f o r m l y t imed d u r i n g  a roll such tha t  th e  pole s ta r  was offset
at about 20 arc sec from t h e  s tar  t r acke r  null in a constant  bod y fixed p i tch  and
yaw direction.  It was  the re fore  assumed that  the  .ict s  produced a constant  secular
accelerat ion in roll ra te  dur ing  the course of a roll .  Different  rolls had di f ferent
accelerat ions as sensor  s tepping changed the  cross moments  of inert ia .  A parabolic

21

4

: 1  
_ _ _ _  

_ 
_____ 

1



— -~~-—- - , ~~~~~~~~ — -—~ ~— .—.—-~ - - .--~~,-- -- —--..--- -— —..--‘-- — —.--- - -.--- — - -~~~~~~~~~ — — -— .------ - —‘————.——~~~~~~~~—.‘---- .-. —

regression, that is , constant acceleration, was found to give an excellent aspect
solution for almost all of the rolls. A cubic was required for the last rolls on
one experiment where a small amount of aerodynamic force could have perturbed
tbe dynamics.

The differences between the assigned and calculated azimuths were examined.
If all the d i f ferences  were wi th in  3 arc m m , t he solution was accepted as final.
Otherwise, the weight of the pulse wi th  the largest deviation was set to zero and a

new wei ghted regression was calculated. The deviations of the new regression
were ch ecked and the weight of the pulse with the largest deviation was zeroed and
new regressions calculated . This procedure was i tera ted unt i l  the absolute value
of the la rges t  deviat ion was less than 3 arc mm . A new set of azimuths were cal-
culated for the pulses given zero weight .  These az imuths  were compared wi th  the
predic ted pa ttern to check if there were any changes in the predicted pulses which
were close to the zero weighted pulses. If such ch3nges did occur , then the orig-
inal we igh t s  of the pulses were restored and the new designations and az imuths  of
the closest predicted pulses were assigned to them. If t he re  were no reassign-
ment  of des ignation  and a z i m u t h , then all the adjus tments  were made that  could
be and the  cur ren t  aspect solution was accepted as f inal .  If one or more of the
observed pulse .s was reassigned a desi gnat ion and a z i m u t h , then a new weighted
regress ion was calculated , the largest  devia t ion greater  than an absolute value of
3 arc m m was assigned a zero wei ght and the ent i re  process is repeated u n t i l
(a) no r eass ignment  of desi gnation or a z i m u t h  occurs at tha t  step of the procedure
or (b) the absolute value of the largest deviation from the f i r s t  regression curve
calculated a f t e r  the  desi gnat ion and az imuth  reassignment is less than 3 arc m m .
If the in i t i a l  aspect solut ion was not accurate  enoug h to correct l y assign designa-
t ions and az imuths  to a suff ic ient  number  of pulses , the  solut ion could diverge .
In th is  case, the procedure is stopped a f t e r  50 i terat ions and a closer examination
of the in i t i a l  aspect w a s  required.  Typical root mean square values of the devia-
tions from the f inal  aspect solutions for the “ unperturbed” rolls were 1 to 1. 5 arc
m m . These errors may well have been dominated by the uncer ta in t i e s  in deter-
min ing  the location of the pulse peak since they are  roughly the size which corre-
sponds to the te lemetry  sample t ime.

The next  step was to f ind aspect solutions for the roll segments which include
the in i t i a l  spinup of the pay load and the three  periods of rate changes. As before ,
the observed l is t  was searched for prominent pulses , except t h a t  for these rolls
one or more pulses were identif ied and a permanent weigh t of 5, which corresponds
t o  t he maximum te lemet ry  output , given to them . An in i t i a l  roll ra te  and ra te
change for these roll segments were obtained from either a linear regression of the
A C S  roll rate te lemetry  output or a linear interpolat ion between the beginning and
ending roll rates determined by the aspect solution for the unperturbed rolls on

22



either side of the roll segment in question . This rate equation was integrated to

give the ini t ial  aspect as a quadratic function of t ime wi th  the reference a z i m u t h

and t ime set equal to the identified pulse (or one of them) .  An i t e r a t i v e  procedure

similar to the one used for the unperturbed rolls was used for the a z i m u t h  solution

except that the pulses which were ini t ia l ly  ident i f ied were not allowed to be assigned

a zero weight.  Except for a few of these perturbed roll segment which  had only a

very limited number of observed pulses , the rms errors of the  f ina l  as pert  solu-

tions were comparable to those obtained on the unperturbed rolls .

As noted earlier , wi th  the pay load roll and geometric  axis fixed to a known

set of inertial coordinates the s tar  mapper may be considered as a t r a n s i t  ins t ru -

ment.  The advantage of this  conf igura t ion  is that a t t i t ude  cont rol sys tem rate out-

puts can be calibrated and updated through the star mapper pulses . Aspect deter-
mination in just such a manner was required for the four th  of the Whi te  Sands

series of fli ghts. During the powered portion of this  fl ight one of the dvnodes of

the photomultiplier opened up, reducing the sens i t i v i ty  to such an extent  that  only

Bri ght Star 2326 (a Car) and Venus were detected. Thus , an in su f f i c i en t  number

of pulses were observed to permit  the calculation of an adequate solution by the

previously described procedures.

An aspect solution was obtained by in tegra t ing  the roll rate equation calculated

from the output of the roll rate gyroscope and d e t e r m i n i n g  the a z i m u t h  zero points

and gyroscope dr i f t  and cal ibrat ion er rors  w i t h  the s t a r  pulse  observations. The

rate ra ther  than position readouts were  used because of the smal ler  gyroscope

dr i f t  and the bet ter  si gnal to noise due to the large t e l e m e tr y  scale allocated to the

rate gyroscopes .

The te lemetry  condit ioned output  of the roll ra te  gyroscope was converted to

an angular rate by means of the ca l ibra t ion equation supplied by A L R C  before the

flight. As before, the  data is divided into blocks of rolls def ined by the tu rn  pulse

times , p lus the four roll segments wi th  roll ra te  changes.  A l inear  least squares

regression of the ACS roll ra te  as a funct ion of t ime  was calculated for each rol l .

These solutions differed from the t rue  roll rate due to (a)  e r ro r s  in the constants

used to convert the t e l e m e t r y  output into roll rate and (b) d r i f t  in the roll rate

gyroscope. Since the roll rate cal ibration equation was l inear  w i t h  respect to t h e

output and it was assumed that  the gyroscope dr i f t  was cons tant  w i t h  t i m e , the

true roll rate (L w
) was given by

.Y WACS(t )  + ,5 (2 )

where kIAC S(t)  is the ACS roll r a t e  output and ‘y and 6 are the necessary  correction

factors .  For the 1
t1-i roll the ACS roll rate was given by
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~ACS(t ) w~ + ~1
’t ( 3)

T h e  az imuth  aspect solution is obtained by in tegra t ing  Eq. (3)

f 
dA’ =f  WACS(t )  dt = f  

(~~ H t )  dt

(4)

A - A 1 ~~ (t - t
1

) ~ ~~~~ (t 2 
- t~ )

- - th
here t~ and A

~ 
are the  beg inn ing  t t m e  and a z im u t h  re spe c -t ivel y, for the 3 roll .  If

t h e r e  were  no gyroscope d r i t t s  and  the  AC -S t e l e m e t r y  ca l ib ra t ion  equat ion for the

roll ra te  were exact , then the  a z i m u t h  and t i m e s  of pul~ es could be used to  calcu-

la te  a mean value  of A ~, the  onl y u n kn o w n  in Eq. (4) .  The t rue  a z i m u th  solution is

g i v e n  b~-

A z  

dA z ’ - J ~ T dt  
f 

[ r (~~1 
+ ~~‘t l  + 61 dt

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

Combining Eqs .  (4 )  and (5)

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
t 2~~~t t ] ~~~o ( t ~~~t )  ( 6 )

A z - u
1

( t - t
1
) + ~~~ (t 2 - t ~~) - : \ ’1~~ I(~ - l ) ~~~~~ 6 1 ( t - t ) ( l ) ~~~~( t t ~ )

(7)

Here all th e  quan t i t i e s  i n  t h e  l e f t  hand side ~‘f Eq. (7 )  are kno~ ’n for  a s t a r  pulse

and a n u m b e r  of observed piil-i e~ can be ii- ~c- ’ l  t i  i h t a i r i  a lo st f i t  t h roug h a three

variable regress ion for  th e  a z i m u t h , Az
1 

and t h e  c o e f f i c i e n t -i of ( ‘  - t 1
) , (t 2 

- t~~)

w i t h  t he  values of ~y and 6 fol lowing i i r , -c t l v  f rom ‘Io ~~~- co e f f i c i e n ts .  
- 
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T h e  a z i m u t h  aspect so lu tion  is obtained by in tegra t ing  Eq. (3)

f 
dA’ 

~~f ~AC S (t
~~~

t = f  
(
~-~ t) dt

(4)
-)

A - A~ 
~~~ 

(t - t
1

) * (t ~ - t~ )

- - - - th
here t

1 
and A .  are  the  beginning t im e  and a z i m u t h  r e s pe c t i v e l y, for the 3 roll, If

t he re  were  no gyroscope d r i f t s  and the  A C - S  t e l e m e t ry c a l i b r a t i o n  equation  for th e

roll  rate were  exact , then  the a z i m u t h  and t i me s  of pulses could be used to  calcu-

la te  a mean value of A 1 , 
t he  onl y unknown in Eq. (4) .  The t r u e  a z i m u t h  so lu t ion  is

g iven by

Az 1 

dAz ’ -f ~~T d t -  
f 

L~(u~ + w ’t )  i o l  dt

(.
~

)

.) -)

Az - A z .  (~~~~. + 6 ) ( t  - t
1

) + ( t ~ - t~~)

Co m b i n i n g  Eqs .  (4 1 and ( r )

( A z - A z
1
) - ( A  - A

1
)~~~(~~ - l ) [w1

(t - t
1
)~~~~~ ( t 2~~~t~’)] 6 ( t - t )  ( i ; )

(7)

Here all the quant i ties  on t h e  le f t  hand side o f  Eq. (7)  ai-e known for a s t a r  pulse

and a number  of observed pulses can be used to o b t a i n  a best fi t  through a three

va r i ab le  r e g r e s s i o n  for  the az i m u t h , A z
1 

and the c o e f f i c i e n t s of (t  - t . ) , (t 2 
-

w i t h  the  values of ~y and 6 fo l lowing  d i r e c t l y f rom t hu-se  c i i e f f i c i e n t s .  
- 

Un f o r -tuna t e l y ,
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the  4 to 6 pulses observed for each roll were not enough to produce a stable solu-

tion. The reason for this can be seen from Eq. (7). With .y close to 1. 0, (y - 1)

is a small quanti ty  as is ~~~~~~ thus the stat is t ical  uncer tainty  resulting f rom too

few data points has a profound effect on determining -y. Since ‘y and 6 are coupled

in the (t - t
1

) coefficient through the comparativel y large , a i.mail error in y

results in a large error in 6.
To constrain the solution to realistic values, ‘y was assumed to be a known

constant whose value is approximately 1. Equation ( 1) is solved by least squares

procedures to obtain Az
3 

and 6 for each roll. There are enoug h observed data

points to give sign i f ican t  results under these conditions.  Since it was assumed

that the roll rate gyroscope drif t  t e rm is constant and that the roll ra te  is a linear

function of t ime , -
~ 

and 6 are constant for the entire flight , that is , both effects

are linear in t ime and -y and 6 adjust the observed linear values to the correct ones.

However , an incorrect  choice of -y for Eq. (7) wi l l  produce a t ime  dependent value

of ‘
~ 

as may be seen by rewr i t ing  the t ime  dependent part of Eq. (7) .

- l)~ . + 6 1( t  - t
1

) + (
~ - 1) —~~(t 2 

- t~ ) r[ (~~ - l) (~~ +~~~~

‘ 
(t + t

1
)) + 6 ] (t  - t . )

The az imuth  aspect was i terated by vary ing the value of -y until  6 was a con-

.stant for all rolls. Specifically, an ini t ia l  value of 1. 0 was assumed for -y and a

least squares regression of Eq. (7) with  the observed pt lse az imuth  and time of

peak to obtain Az
3 

and 6 for each roll. The roll to roll trend , and hence time

dependence, found for 6 was used to es t imate a new value of -y . This new value of
-
~ 

was used to calculate a new aspect solution w i t h  updated values of A z .  and 6. Six

i terat ions  of this procedure were  required before -y was a constant for all rolls for

the fl ight in question . The root mean square of the deviations for the final  solu-

t ions were between 1. 5 and 4 . 7 arc mm , one to three times large r than the rms

derived on other f l ights  us ing  the s tar  mapper alone.

6. ASPECT t~P l) ,k ’FES THRO L I (; I l  TIfF ; IN F R ARE D SENSOR

The aspect solutions obtained from the s tar  mapper allows the calculation of

the posit ion of the aspect re ference, which  was nominally in the dep loyment plane

of the inf rared  telescope, for anyt ime during the course of the experiment .  The

zen i th  ang le and a z i m u t h  of the center  of the inf rared  telescope defined by the

f iducia l  ma rk  on the focal plane was calculated from the deployment calibration and

the opt ical  shalt encoder output  and adding  the dep loyment bias angle to the aspect

solut ion.  The focal plane layout of the locat ion of each detector wi th  respect to the
f iducial  ma rk  was used to t rans fe r the  aspect of the center  of the field of view to

the center  of a dete ct ing  element which  observed a potential source.
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The positions of potential sources were compared on a roll by roll basis to

objects contained in various lists of sources known, or suspected , to be bright in
the infrared. Associations made between observed AFGL sources and objects in

the 2. 2 m icron catalog, commonly referred to as the IRC , of Neugebauer and

Leighton 6 were used to update the aspect of the infrared telescope. The IRC , and
its unpublished extension , 

‘
~ contain positions and magnitudes for over 6000 sources

brighter than +3 at 2. 2 microns . Over 80 percent of t he 4 . 2 microns survey

sources were associated wi th  IRC objects.

Positions in the IRC were improved by adopting more precise data from the

Smithsonian Astrophysical Observatory Star Catalog8 for those objects common to
both catalogs . Those data were then precessed to the epoch of each experiment
and rotated into the azimuth-zenith angle coordinate system of the pay load and
infrared telescope. The list of IRC objects was sorted in terms of increasing
azimuth, then into blocks of objects contained in a band swept out by the sensor on

each roll. An association was made with the closest IRC object to the potential
source within  ±4. 5 arc mm in az imuth  and ±0 . 105 degrees in zeni th angle. These

values were empirically determined to give a good set of associations from the
initial aspect solution and correspond to a detector width  at minimum dep loyment
and the half height of a detector plus one optical blur circle diameter  at 20 microns .

Azi muth and zenith angle differences between the observed posi tion of the
source and the updated IRC position were calculated for each association and an
average offset for each coordinate obtained for every roll . These offsets  were
added to the aspect solution for the rolls and a new set of associat ions and offsets

calculated. This procedure was iterated unti l  no new associations were found . A
lis t of sources with IRC assoc iations and large signal to noise was printed for each
roll using the final offsets.

Each roll was t hen checked individu ally. The limits of association were
narrowed to ±0. 095 degrees zenith and ±0 . 05 de grees azimuth and a new set of
position offsets determined with extra  wei ght given to the associations of source
is detected on adjacent rows of detectors. The uncerta inty in the zenith angle of
a source which transited the detector to detector overlap regions was about four
times less than that  in the non-overlapped region. A final set of bias angles in
zenith angle and azimuth data were obtained , then applied to the data.

6. Neugebauer , G. , and Leighton, R .B .  (1969) Two Micron Sky Survey, A
Preliminary Catalog, NA SA SP-3047 .

7. Neugebauer, 0. (1971) Extension to the Two Micron Sky Survey, unpublished.
8. Smithsonian Astrophysical Observatory (1966) Star Catalog, Smithsonian

PublIcation 4652 , U. S. Government Printing Office.
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Af te r  the final aspect solution for the sensor output was derived an error
cor responding to the half width at half maximum of the signal was assigned to the
azimuth position and a detector half height to the zenith angle of the observation.
The zenith angle error was reduced to the height of the overlap region if the source
was detected on adjacent detectors . The position and the associated errors were
transformed into celestial coordinates . The errors in right ascension and declina-
tion were taken as the unsigned , that is , absolute value , combination of the azimuth
and zeni th angle error in each celestial coordinate. Specifically:

~~6~~~a0~~~z + a 1~~~A

(a 1 ~ z + a AA)/ cos 6
(8)

a0 = cos 6~ cos z cos A 
-I- sin 6~ sin zI/cos 6

a1 
= Icos ó~ sin A/cos 6

where

&~, ~ 6 are the er rors in ri ght ascension , at a, and declinat ion at 6 ,
respect ively

~ A , ~ z are the errors in azimuth, at A , and zenith angle, at z, respectively

6 is the declination of the pole star.

Note that an error box generated with ±zla and ±i3~6 around the observed position of
the source at (a , 6) was larger than the original (±~~A , ±~~z) error box .

Sources observed on two , or more, separa te experiments were identified as
the same object if these azimuth-zeni th angle error boxes overlapped. The posi-
tions and bri ght nesses of these mu l t iply observed objec ts were obtained from the
mea ns of the individual values. The positional error assigned to the source was
t he root sum squa re of the individual ri ght ascension or declinat ion err or plus the
sum square of the devia t ions of the individ ual posi t ions from t he mean, all divid ed
by twice the total numbe r of individual observations. Figures 8 and 9 are histo-
grams of the right ascension errors , reduced to the equator , and declination errors
determ ined in this manner for the source contained in the AFGL Four Color Infra-
red Sky Survey of Price and Walker . 2 A bimodal distribution is apparent in both
histograms. The peak of 3. 8 arc mm is due to the singly observed sources
whereas, the multiple observations reduce the errors such that they peak at 2. 2
arc m m .

These errors are conservative estimates of the positional uncertainty of the
source which arose not only from the error in the aspect determination but also
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Figure 8. The Distribution in the Calculated Uncertainties of the Right
Ascensions, Reduced to the Equator, of all the Sources in the AFGL
Catalog. 2 The bimodal distribution arises from the difference in posi-
tional uncertainty between the singly and multi ply observed sources
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Figure 9. The Distribut ions in the Calculated Uncertainties in
Declination for the Sources in the AFGL Catalog
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incorporated the uncertainty in locating the exact position that a source transited

a detector. The ability of the aspect solution to calculate adequate source positions
Es shown in Figures 10 and 11. These histograms were generated from the sources
in the AFGL catalog with IRC associations. Figure 10 plots the number of stars
with right ascension differences , reduced to the equator , between the updated IRC
positions and the AFGL positions in quarter degree intervals; Figure 11 is a sim-
ilar plot for the declination differences. The distributions are well represented
by gaussian functions with standard deviations of 1. 5 arc mm in right ascension
and 1.2 arc mm in declination . These values represent how accurately the method
of aspect determination was with regard to the entire catalog. The standard devia-
tions of 1. 5 and 1. 2 arc mm were not much different than the rn-is error of the
azim uth solution (1. 0 to 1. 5 arc m m ) , the digitization uncertainty of the optical

shaft  encoder on the deployment gimbal ( 1 arc m m )  and the uncertainty associated
with the limits on the azimuth and zenith angle differences for the IRC associations
used in t he final aspect update (about I arc mm ).

Thus , the desired goal of determ ining the position to greater accuracy than

the size of a detector element was achieved.

7. COMPLETE ATFITUDE DETERMINED WITH THE STAR MAPPER

If the st ar tra cker fail ed t o acqu ir e, or maintain , lock ont o t he st ar used fo r
the pole of rot at ion, the inertial locat ion of the rotation axis may also be deter-
mined from the star mapper observations. This solution was originally developed
fo r the early AFGL experiments which used roll stabilized plat fo rms for iner t ial
guidance but is applicable to any experiment with similar geometry.

To extract the required aspect from the observations the star mapper must
be accurately referenced to the defined geometric axis with star mapper “N” sli t
carefully mapped in the coordinate system of the payload. It is also assumed tha t
the geocentric pos ition of latitude , longitude and altitude are known at anytime
during the experiment. The pole of rotation is taken to be constant in the bod y
fixed coordinate system during the time an aspect solution is being calculated .
Further, the rotation is either unconstrained or subject to very small, randomly
timed perturbations which may reasonably be considered as a constant and con-
tinuous disturbance. The aspect solutions rre  calculated for the roll segments
between major perturbations, for example on a roll to roll basis as previous ly
described or from one major roll correction to the next .

The experiment rotates with an angular velocity, u~, abou t an axis close to ,
but not coincident with the geometric roll axis. This geometry is shown in Fig-
ure 12 wh ere is t he geomet ric roll axis of t he payload and is defined by the
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Figure 12. The Geometry of the Experiment. The
defined payload longitudinal axis is in the direction
of the vector Tt.~ and the star mapper reference is
along t~. _The experiment rotates about the true
roll axi.~, ue, which is resolved into a tip off angle,
~~, in the - R 1 plane and a rotation angle, K

star mapper azimuth reference point . The sensor deployment is in the l~~ -
plane. The rotation axis, 

~e’ is resolved into a tipoff angle , i3, in the -

plane and a skew angle K , in the - 
~~ 

plane. Both ~ and K are constrained to
be small enough that the f irs t  order t r igonometr ic  approximation s appl y to them.
A lso, in order to obU ai n a t ractable app roach to t he aspect solut ion, the measured
posi t ions of t he ret icle sli t edges , corrected for cosecant zenith angle distortion ,
are assumed to be rectilinear in coordinate transformation .  This means that the
zeni th  and rotation angles of the sl i t  edges in the coordinate system with 

~e as the
pole may be found from

A A 0 cos K + (z + 3) sin K = A + (z + j3)sc (9a)

-A si n ,c ~ (z~~~~ (3) cos tc = - A K  + ( z +~~~) (9b)

A 0 and z 0 are the rotation and zenith angles of the star mapper point in ques -
tion measured in the geometric reference frame and Au and are the corresponding

31 

- - - - - -~~~ -~~~~~~- ———---.- - —- -~~~~ - - - —~~~~~~~~~~ - — - - - - --- -- - —~~~~---~~ _ _ _ _ _



-r~ 
-
~~

I

-É
values with the vector taken as the pole. The rotation angle is the azimuth dif-
ference between the star mapper point in question and the star mapper azimuth
reference after correcting for the cosecant zenith angle distortions. Thus , if ~y
is the angle measured in the laboratory A equals -y times sin z, In t he sm all

angle assumption ~ is the amount of translation in zenith angle from the origin and
K is the amount the new coordinate system is rotated.

The problem is to solve for the angles ~ and t< as well as az imuth  as a function
of time.

The measured positions of the edges of the star mapper slits are the result
of a convolution of the mechanical edges of the ret i d e  mask, the optical t ransfe r
function and the cosecant zenith angle of the measurement  in the defined geometric

fram e of reference. The focal plane re t ic le  of the s tar  mapper is a blackened

copper pla te through which three sli ts , in t he shape of an “ N. ” have been etched.
The outer legs of this “N” ar e made as parallel as mechanical l y possible . The
slit widths , heights and separation are selected to opt imize  the resolution for each

experiment. The optical t ransfer  function includes the optical gai n and lens dis-
t or t ion and converts the linear distances of the ret i d e  into angular  d is tances . The

angle between two slits , des ignated by fl , is rela ted to the angle measured at a
given zenit h an gle by

c�/sin z (10)

The zenith angle of a s t a r  t rans i t ing  the s t a r  mapper  field is uni quely deter-
mined by the ra t io  of the angle between the f i r s t  and second pulses and the f i r s t

and third.  For the situation where the geometric and dynamic rotation axis coin-
cide t his ra t io is

z

~~l2~~~l3 c? 13 / smn z ~
‘l2 ’~

’l3 ( 11)

which is independent of the cosecant distortion. Therefore , the measured angles
and .y

13 may be used directly in the zenith angle determination. Indeed this is
precisely how the zenith angle function is obtained. The laboratory measurements
described in the section on star mapper calibration are used to determine the
functional relation s which are needed to calculate the azimuth and zenith angle of
the obser ved st ar .

First , the rotation angle as a function of zenith angle is calculated for each
slit edge by means of a least square regression on the measured data. The curve
fits for the two slit edges are averaged to obtain an expression for the rotation
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ang le of the center  of each sli t  in t e rms  ~~ / $ - n l t h angle. The peak of the pulse
due to a - ; t a l -  t r a n s i t i n g  a s l i t  is assun ied t o occur at the sl it  n r n t ~-r- . The a z i m u t h
of an observed sta r  puI~~e is equal to the  a z i m u t h  of the  ~t a r  mapper  - ef r  f e t a-  e

point plus the ro ta t ion  angle for the s l i t  t he  , ta r  t r a n s i t .,. The rotat ion ang le is
obtained from t h e  known zen i th  angle of ‘h€- t r a n s i t  and the  ro ta t ion  ang le ( a l ib r a -
ion.

The zen i th  angle is also 1 -a l i h i - a t ( - ( 1  t h r o u g h  a l -: r - i t square ~-~~ i - t - ~ ~~i ( i I  on the
i e r i i t h  angle as a t h i r d  order f u n c t i on  of the  r - a t i ,  of ‘Is-  m e asu r e d  i t  4 $  O n  ang les
of the f i r s t  and second s l i t s  $o the f i r st  and t h i r d .  I h I  is l i t  r a t i o  12 13 in
Eq. (11 ) .  The a d v a n t a g e  of an N s l i t  i - e t i L - l , -  over a ‘ V’ l i t  i - . - ’ ic -l e  is ev iden t .
Both give z e n i t h  angle i n f o r m a t i o n  but the  N ~ I i t  in ’. - a - ; u r t - i n e n t -  are independent of
the ct s ecan t  d i st or t i I I . The s t a r  mapper  m ay , ‘here fore , I-n  t r a n s I ;~t e d  in the
R 1 — H 3 plane such a-  when the  1- t a t t o n  pole , 

~~~ 
has a 3 - i ( n$m t  l i l y , ‘t n t is

K equal i c y - ; , and the zenith ang le c a l i h i - at ion can be u-a- I to  c a l c u h t t -  t h e  - i r e c - t

zenith angle of t r a n s i t  wi th  respect t o  the georne t r o -  ax is .  As wil l  be h - ; t - l o 1a - l
the angle of t r a n s l a t i o n , 3, is determined from the t ,~~- r y e ( (  z en i th  ; i n g I t - .~ for a
number  of s t a rs .

The general case is shown in Fi gure LI whet -c  a st a r  ~ t a -n ~? : n ’ t en i t h  ; r i ~~Ie-
from the rotat ion pole :e t r a c k s  act - os- ; t h e  N sli t  e levated , or b pre~~s e 1 , by an
angle ~ and t i l t e d  by ~. In the absence of lens d i s t o r t i o t i s  w h i c h  were v t - r v  s m a l l
for the AF GL -s ta r  mapper , the  d i s t ance  be tween - , u i t ,  a and b along t h e  t r a c k  of
the  s t a r  is

1 ab (0 5  K

The observed angular difference includes the co sec ant  d i s to r t ion  wi th  i-espe ; -t
to the pole of r o t a t  ion

~ah L ab C0s  sin Z ( 12)

where z is given by Eq. (9b) .  Eq. ( 1 2 )  h

tab L b dos K sin (z • 3 - A K )

and A is the rotat ion angle of the cen t ra l  s l i t .  Here again , the  r a t i o  of he f i r - ; t
and second to the f i t - s t  and third slit angular  differences can ce l- t  out the common
denom inator in Eq. ( 1:t ) and we have

/ , = c ?
~‘2 l~~~3l 21 ~~

~~~~~~~~~~~~~~
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Figure ~~. :;eo~~~ -’ r -v of a - t a i -  T t - ans~ ’ . \~ i t h  i - - -- pect
t~ the t u e  pole of r i ;  t n , t h e  ,ta ;  - - ;,~ . r  - ( -$ ;  Ic is
eI ’ -v~i ’ i- d by an amount  3 and -

~~~ ‘ cd L- r n  ~t h  . ‘~ :~~I ’ -  -

T i e  ~raci o r ~h i st a r  acro~~ i s- ‘- ‘ i r l i -  ~~— i l ’ - i  a ’ an
angle w i t h  ‘he i - i  _ u 1 t  I / i ~ t i : ,  ;,ppa ea t  r t a ’ I n
is s l ower  t h a n  , - - .  u :; l lv  .i~

Thus , the h - i  4 4
~t ‘f a -~‘r- l t a r  t r a n s  in I geor -  ‘ - ‘  i - d c- ’ - : -  i - - • is uni quel y

- t - ’ & - r m i n ~ - l i v  the  n gt l a r  d .~ ;- o. of ‘h ; ,l~ ,,U r \  n t  , l i t  ‘ r an s it s  and tj ’~~ not

- l e p i n i  i ‘ I ’ -  -~
-
~ ut~ led ge 4 t I e  a r i e . : ’ i n  of t r u e  p i l e  i f ro ’a ’lo n . Thi ~ $5

- - n d  . - t -  sma  1 • - - . n i ~l -  t h a t  I - .-  ., z ; ai l  i r i g i . -  ‘ r - ; g v n - I r c app r ox i l i i a ’; . ’rLs

ar -n  :~pp l i - a i - i i -  - nd ‘~~~~ .‘ ft of h it -  N r e h i r l e  i~t oa r  i- s enoug h that  t f . ’ mall  ang le

a p p r o x i r  . ion  a ipl ies t o  t I ~~ m ’ - - i u r t - ! - ‘i  an~~h- ,, in h a -  cm - d it t o t ran. ,l r —

- .  
- t n t- i ’’ ~ ;‘i~~led ge ab’ - ‘ ‘ i i , -  r n  ra!e is r t - t u i t c - d  0 l i l i e s

- r h i s -  - t / — , erv , - d  :i u l ;~-~ . - n  a i g Ie~ . T I - n  ;~ng le ~
- - ‘ - ii t w o  5 I t ~ I s  calcu l  - - -  f rom

~ — t h i - i n  2 -

Once nb !’ , - I - , -  r- ; , io of ‘2 1  ~3l 
u_-,e.- l 0 I S n i ~ i ’t- lie i t - - c - i n c  - e r n t ang le

elirr . n a t e~ a c- a ,t ant  roll ‘ i i i - . Expre ss ly

~ l2 w ( t 2 — t
1

) b .

— 
~~ 

( 14)

and the  ra t io  is obtained directly from the oh erved t ime  difference.

Thus , for the “N”  slit the exact value of a cons tant  roll ra te  need not he known ,
, r k  tha t  it  i s  constant. This is another advantage over the  ‘ V~ a l i t  for w h i c h  ‘b in
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exact t o l l  r a t e  has to he known in order to obtain the correct  zen i th  angle. 1-’u r -

ther , if roll acce le ra t ion  are s m a l l  and the legs of the N are c l o se  -~~t l - t i i : , ‘ lie

roll ra te is , - s s e n t i a l l v  5 - n s t a n t  dur ing a - t t r  t r a n s i t  across the i - e l i c i t - . In th i s

case5 ‘li e roll a; c c - i t - i - a t ; -  -ii w i l l  appear ifl th t -  tI~~ l)Pl t solution as producing a dif-

f e ren t  ‘‘ t - n a a t r ’ ~ 1t ra te  for s tars  ‘Its - - ‘ c- ! at d i  lid -en ’ t i m e S .  \ l - a , s ince lie

I n  - t h e  of change is the i t np l ; - ’ . i I i  variable in ‘ I t -  i - a t  lu  ca lcula t ion , that is ,

2 °~ ~~~~~~~~~~ 
1

• 

~~~~~ b-~~~~~~~ ~~~ 
+ 1 ’ l t ~~~~~ j~~/ s i~i Z  

_ :2  _ _ _ _

l3 ~~~~~ — t 1) 1 2 ~t Y t ~~ — tj ]  s i n  z ~ $
1

1 
1 ~~~~~ 

‘~~~~l

an a c c u r a t e  value of ~~‘ ‘ . . - rn i i t h t  I - ‘ -  ob ta ined  from the  i l l  i t  a t ; -  control  rol l ra t e
e ~

-

~ \ - osi -op o  - e f l i h i;~~ as the ACtS -i l i l - r r if  l i - t i  I - - r i - - f  a n t s  are c an c e l l e d  in ‘hi s  ra t io .

T t i i s , one ,et of - t  - ‘  - - c - - I  i n p u t s  is - I - f t - n ed , P i t , -  - h — e r vt— d ‘ , - ; i t h  angles in
t I ; , -  rocket geot ct - i - refer -e n- c - i - I - ac  r i o t  ‘ I i -  t im e .s of he si ; ’ t i - t i - / I t , or the

n i  — t i r e ! s t a r -,. The so; n i  se’ of np ut  n I  - r - ’ ; . - t i n r ema ins  f he cons ide red ,

‘h ’ O ’s i t  i i  r i ,  of ‘ u t -  - I se  rv ed  st a r s  in the  X i ~~~~’ 1 m- e fex - en c e  f r ame of - a e x p c - r i —

t i e n t .  The ~‘,v i  I n i -, f i - m i  c i ; -  nh- u sed — - i , r - I I l .;i ’ , -  s , s t e i i .s for r( ck i- t  and balloon

expe r imen ts  a r - e  he inc r t i a l  and geome t r i c .
I i ; , - i - ; l  gu idance  prosha -ed by roll s t a b i l i z e d  l a t f o r m s , i c o d  u main-

ta in  a ~~~- c~~- t-c- ~et -ence w i t h  respect  b c  t he ’ r~~e-I ’ ~ ‘ ; , r  - . ~~I ; t ,~ i.s the s i ’u a t ~~~ n

for - I c-  A FGI - exper iments  a h ; , - re  - I . e t a  ion axis  is I l i s t  ra ined hr he -it ~

‘ i i  k , - i  o the  - t - l i  -, f j a l , tha t  is , - s -r t i al , ia - , r - di n a t c ~ of t h e  pol e ’ star .  The

launch t i m e  and the  a t t i t u d e  - , s ; t r - - l  sv s t ’  are p rogrammed  t i  obta in  ‘ I t  i n e r t i a l

po- ‘ i - - t i  of - I i ’ -  s t a r  before  co nt r o l  i s  t rans fer red  to the  t r a c k e r . If I n  t r a ck e r

f a i l -  to acqu i re , or 1 c- h a - k , the a t t j ’u ( I ’ -  C’ ‘r i f  rol ~ v-i ’era m a i n t a i n s  th e  program -

ITied i c ~~ , - t - c ’ l -e . J r  sonic c- ’t p , - - i ; c n t -  an ‘‘ a pr -tori’ ’ ~- - i t a I 1 i - , h - i . - n t  of I I - ; -  i n e r t i a l
o ; j y - d i n z i t , - -- may not i - i  c r i t i ca l  i i -  Ieee-i - l a dy .  In t h is case , I n  ine r ’ ial reference

may I c ~ 
- s i t i d  li- I-I the i r o g t a r ;r i i ed  r e l a t ive  posit ion of the it ~ i tude  - - -n i  rol - ‘- - .‘, - r-

an d  ‘t I c ’ s idereal  t ime  when ‘he a t t i t u d e  gyroscopes t i r e  uncaged.

For long d u r a t i o n  c - x p c - r i r i a - t ; t s , such as balloon l1 ip h t -~, or t - :o - I centered

exp er imen t s  to measure the ear th ’ s limb, a g e o c e n t r i c  c , s s r i t t f l a t n  v t e i  is

app licable.  The iner t ia l  pole of the  pay load is constant l y changing  and the  l a t i tude

and longi tude  need to he ac cu r a ’ e lv  known as a func t ion  of t ime  as well as the rela-

t ive  ge ; et r -v  of the experiment in order to calculate  t h e  ine r t i a l  coordinates

applicable .
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For convenience, the  ce les t ia l  coordinates of r ight  ascens ion (a) and declina-

tion (0) may  be used to designate the position in iner t ia l  coordinates . Let a~ and

be the right ascension and decl inat ion , respectively, of the iner t ia l  pole defined

for the experiment in celestial  coordinates. Then o~. and 0 + are the right ascen-

sion and declination , respect ively, of the observed s tar . For the case of the

“ a priori” determined iner t ia l  reference, and 6~ are defined for the experi-

ment . For an ine r t i a l  p la t fo rm which  is launched at a sidereal t i i i t - o and an

iner t ia l  reference A long i tude  and ~ l a t i t u d e ,

— ( 15a)

= . ( 15b)

The above expressions are also app licable to the geocentric s i tua t ion  except that

each of the  variables are functions of t ime  and the pole has to be calcula ted for

each s te l la r  observat ion ,

The standard spher ica l  t r igonometr ic  formulae appl y to de te rmine  the a z i m u t h

and zenith ang le of the observed star  w i t h  respect to the pole at (a~~ 61)

cos z , sin 6~ sin 6~ cos 6
* 

cos 6~ cos (a~, - a1) ( 1 6 )

sin 6~ 
- sin 6 cos

c o s A z  - 
p (17)

* sin z cos O
* p

sin Az~ 
- - -cos 6

* 
sin (a~ 

- o ) - ‘s i r I  z~ . ( 18)

Since the i/ ca t ion  of he i n t i c i a c e l  pole of i - c t a t i o n  (a~~ 61) is known and

Eqs. ( 1 ( 1 ) , ( 17) and ( 18) gives the a z i m u t h  and zen i th  ang le of the  brig h te r  .- t a r ,
a sequence of s t a r  mapper  (h s e r v a t ion s  may be generated and at least  the  br i gh te r

pulse-i may be associated a i t ! ;  the s t a r s  w h i c h  cause  them . The ac tua l  pole of

rotat ion is tipped off the ant ic ipa ted  ine r t i a l  pole by an amount , , in a d i rec t ion
which is at an ang le , t~, away from the nor th  point as shown in Figure 14 . The
observed ratio of the t imes between the f i rs t  and second to f i rs t  and thi rd  pul. - ;e —;

from a star permits a calculation of the geometric zeni th  angle for that  star. This ,
in turn is related to the zenith ang le w i t h i  respect to the pole of rotat ion throug h
the  unknowns , 3 and ~, as defined in Eq. (9b) .
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W i l t -t m )

NORTH
( 2 , r — A Z ~ )

i i gnr e  14. Pole of Rota t ion  in Ine r t i a l  C; ordinof ;- 5 . The pole of r o t a t i o n , , is
o f f s e t by an angle E from the  adopted in e r ’i a i  pole in the  direct ion which is r~ ta ted
by an ang le , ij, f rom the  -1 - t i -  p o in t .  The 5-e ; i t h  ancle and a z i m u t h , z~ and A z +- e. spr c ’ i i -e ly , of the , h s o r t -e d  s t a r  are -oh - ; ; !  at cd  q~~;-l t t  i t i ; - .s f rom t I e  known iner t i a l
coord ina tes  of Ia - s t a r  and t h e  adopted pole . The t~~u t rans  i ts  the  s ta r  c appe r  at
a ;‘en i ’h ;n c l e , - ‘ - a ft e r  the  ,t a r  n l app em- r e ference  has stvept  throu dl i  an angle

it — t I f r o m  rher  i d i a n  t ransi tP ‘11

The s p h e r i c a l  t r igon omet r i c  relat ionships  for the s h O d  t o r i  shown in Figure  14
are

cos z~ cos - , Cos E -
~ sin z sin c cos 

~~~~~ 
- t m )

cos (z - 3 - A K )  cmi € .- sin 1z 0 + 3 - ~\ , )  sin ~ cos ~e (t a - t )

(19)

cos z = cos (z + 3 - A K )  cos ,- cog z ,~, + sin € s in z ,~, cos (A z + - ?~) (20)

sin L~
J e(t

* 
- t m

)
~~

Sin z~ -sin (Az ~ — q ) - s i n  zL, (21)

= -sin (Az ~ - f l)/ s i i l  (z + - A K )
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Here We (t + - t m ) is the angle swept out by the ro ta t ion , at a roll rate

from the t ime  of meridian t ransi t , t m~ 
through the plane containing bot h poles ,

to the t ime , t ,~, the s tar  crosses the az imuth  reference p lane defined by~~e -

in Figure 9. Al though the roll ra te  is shown as a constant , the az imuth  solution

described later can accommodate an acceleration term.

Equations (19) , (20) and (21) relate the unknown quantit ies i , ~, e , r~ and We
to the known azimuth and zeni th angle of the observed s tar  A~ and z *, the  observed

geometr ic  zenith angle , z0, the  rotation angle of the middle slit corrected for the
cosecant z e n i t h  angle d is tor tion , A 0, and the observed t imes of slit t rans~t .-i which

are related to t~ . A variat ional  equation .nay be obtained by r e-expressing Eq.
(20 ) as

f (,3 , K ,f , ~ = -cos (z 0 + - A K )  + cos cos z + + sin € sin z + cos (Az + -

(22 )

Define

K , ~ — I
T

( b , K , ~,

where is Eq. (22 )  w i t h  the correct  values of the unknowns and is the value of

f wi th  the ~
th guess of the variables . Note that  by def ini t ion from Eq. (20) 

~T equals

equals zero. Also

Af = ~~~ + ~~< ~~~~ + ~
—

~
- ~~q33 3K &€ &t -j

w h e r e

+ s in (z + ( 3 - A K )

~~ - - -A 0 sin (z 0 + 3 - A 0K )

- sin € cos z ,~, + cos € sin z ,~, cos (A z ,~, 
- ‘-i)

= + sin ~ sin z ,~, sin (Az~ 
-
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then

Af - sin (z 0 + 13 - A 0~d(A(3 - A~~~e< ) + (cos € s n  cmi (Az ,,, - ri)

- sin ~ cos z + )A€ + sin € s in z~ sin (Az~ 
- q)Ar ~ . (23a )

The K t e rm is coupled w i t h  the  g,- n c - t r i c  r o t a t i on  ang e, A of the center

sl i t  of the t r a n s i t .  The t e rm  A v o t e  - f rom about 0. 01 to 0. 1 radian .s (see

Figure 3) wh ich  implies tha t  in the general s i t u a t i o n  where  3 and K are  rough ly

comparable, A 0K is s i g n i f i c a n t l y less than  ,3 and t h e  v an  i t  i o n  A A K  is not impor-
tant in Eq. (23a ) . It is also necessary t ’ e l iminate  oni- ot the corre tion t e r i r ;

since the cross coupling cause problems w i t h  t he  so lu t ion  c nve rg ing .  Eq. (23a)

therefore may wr i t ten

f = s i n (z 0
+ 1 3 _ A

0K ) A 1 3 + ( c o s c s i n z
*

cos (A z ~~
_ q ) _ ; 4 i n cos Z

*
)A€

+ sin € sin z~ sin (Az ~ - q) Ar i  (23b)

where K is taken as a constant  and ini tial l y assumed to be zero.

A good ini t ial  es t imate  of the variables 3, € and rj is obtained as follows:

Assume z z/2  and define the quant i ty ,  Az as

a z + - 2

Now if Az is small , € and j3 w 111 be small  and the small  angle t r igonometr ic  approx-

imations app lied to Eq. (20) give

Az = z
* 

- z = 13 + cos (A z ~ - r )  . (24 )

A val ue for Az and Az ,,, is obtained for each star transi t  and the initial values
of 3 , € , and q are calcula ted through a least squares  fit  of the observations to

Eq. (24) .  The q u a n t i t y  f f ( / l , K , t~~ 
- 

~T~~
3’ K , € , q) is calculated w I t h  these in i t ia l

values and a l inear  regression i i  performed on Eq. (23b ) to obtain the correction
t e rms  A3 , & and Aq . Note  a gain t h a t  

~T~’3 ’ K , t , q) is the exact solut ion and equals
zero by def in i t ion .  The unknown var iables  are inc remented to obtain updated

values

~
i l  = +

i-t- l = values in radians
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The v a r i a t i o n a l  equat ion is up dated , tha t  is ,

f. ~( , ,K , q) = -cos (z + 13i+l  
- A 0K) + cos C i~ l cos z ,,, + sin

si n z ,~ cos (Az ~ -

and

~~~~~~~~~~ q) sin (z 0 
‘- b 1, 1 - A

0
K ) A 3  t- (cos 

~~ 
s i n z~ cos (Az + - rt~+ 1 )

- sin cos z +)& — sin ~~~~ s in  z~ sin (Az + -

( 25)

and a new l e a st  square regression is used to obtain a new -i et of cor rec t ion  te rms

which are used to  update  the variables  which , in ‘ur n , leads to a new va r i a t ion
; ri . The process is i t e r a t ed  un t i l  the  new ,et of cor rec t ion  t e r t a / is .suffi-

c i en tlv  small .

The next  s tep  is to de termine  the roll ra te , -- t he  mer id ian  t r ans i t  t ime  t m a
and ‘ir e angle K . Equat ion  (21)  may  be r ewr i t t en :

- sin (A z , —~~ ) sin z
- t )  

~
- 

~~~W ’ ( t ~~ 
- t~~ ) = arc sin 

~~
- 

- i I f l  hi - -A g )  (26)

+ A ;s in  (z + 3 - A K )  (26)

is the t ime  of the  ~th  s tar  mapper  pulse and is equal to the  tim e of the st a r
t r ans i t  of the r e fe rence  plane , t~ , plus the t i m e  f .  rotate  to the middle s l i t .

.N . w , from Eq. (9a)

A - A  -s- (z -‘- .b h<0

is the geometric r o t a t i o n  angle of the slit , corrected fo~- the apparent  cosecant
d i .- ,h - r - t  ion , and i ,  de te rmined  through the  mapper a z i m ut h  ca l ib ra t ion  and from the
observed geometric zeni th ang le. In Eq. (26) the t ime  of s l i t  t ransi t  now depen ds
on the observed height  (z 0 + 3) t h r o u g h  the  ang le K which allows a direct  determina-
tion of ~. Expres s ly  Eq. (26 )  becomes
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W (t .  - tm
) + 

~~
. w~(t~ - t~~ ) - [A + (z

0 + 3k! /sin (z + (3 - A K )  =

- sin (Az ,,, - q) sin ~~~
arc sin 

~ sin (z 0 + (3 - A 0
g )  ~ (27 )

which  is solved through a least square regression, w i th  observed and known van-

ables and the values of 3, € and r~ obtained previously, to f ind 
~ e’ ~~~

, t~~ and K .
In i t ia l l y K is assumed to be zero in the argument for the s ine.  The value of K from
Eq. (27 )  is used in Eq. (23b) to iterate to a new solution for a new set of 3, € and
q. These values , in turn , are used in Eq. (27) , along w i t h  the current value of x ,
to derive a new set of W

e~ 
W~~, t m and ~~~. This procedure continues unt i l  the changes

in the derived variables fall below spec ified l imits .

It may be that the spin vector , 
~ e’ is not f ixed in the external reference f rame.

Such is the case for good inert ial  guidance platforms which dr i f t  about a tenth of a
degree per minute .  Thus , for slow scan speeds or long tim e intervals this change
may become signif icant .  This s i tuat ion can be handled in the present development
for the l imited case where

€ ( t )  = € + c ’t

q + rj ’t

wi th  € ‘ an d q ’ constant.
The ti m e, t , in these equations is measured with respect to a known reference

time.  Usually, this reference is either the t ime of launch or the t ime for the
beginning of the data section for which an aspect solution is being derived. For
convenience, it is assumed that the slit transit  t imes are referred to this sam e
init ial  t ime.

Equation (22) becomes

f = cos (€ + € ‘t ,~,) cos z~ + sin (e + € ‘t~,) sin z~, cos (Az ,,, — i-j - q ’t )

- cos (z 0 + 13 - A 0K )  . (28)

The approximation to obtain the initial values of the variables is

Az = z~~- z ,~, = (3 + (e + T ’t ~~) cos (Az ,,, - q) + cq ’t sin (Az - T7)
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The variational equation (Eq. 23b) is now

Af = [cos z~ sin (€ + E ’t +
) - sin z~ cos (c + e ’t + ) Cmi (AZ + - - q ’t + ) ) [Ac + t~ A€ ’J

— [sin z~ sin (€ + € ‘t ~~) sin (Az ~ — - € t t t, ) I [Ar i  +

- sin (z 0 + 3 - A 0K ) A 6  (2 9)

which is solved by the iterative procedures described previousl y. Note , however,
that t is the time of transit through the at t i tude reference in the - 

~ e plane.

The observed time of the first slit crossing, t
3 , i~ related to t ,~, throug h the rota-

tion rate and the rotation angle A .  The first  i terated solution is done assuming

t~ equal to t ,1,.
The equivalent to Eq. (27) is

W~ [t~ — t ( t ) 1 — 
~~
. W~ [t~ - t~ (t ) 1 — [A 0 

+ (z + $)K ) / sin (z -+- 13 — A 0K )

- sin (Az + - - n? ’t)
~~~ 

sin
= arc sin { sin (z + (3 - A 0K )  } (30)

The time of meridian transit  varies due to changes in the az imutha l  angle, q,

to the north point.  This results in an apparent acceler-ation of roll ra te  due to the

changing coordinate system. For small changes , tm (t )  t~~ + (dt m / d t) t  and the

change of meridian transit  time is given by the small angle app roximat ion

W e t~~ cos (€ +

Substituting this expression into Eq. (30) to e l iminate  the t ime dependence of t m
we have

A + (z  f ),<
- c os (€ ÷ € ‘t 1

) 
( i  

~
) -

- 
- s in  (A z ~ — — q ’t )~~ sin z ,,~

= arc sin sin ( z0 + f 3 - A 0K )  ( 31)

42



~ 

-~~~~~~~~~~~~~~~~~~~~~~~~~ =~~~ .- ::  
- -

As before , a least square regression on Eq. (30) w i th  the known variables
Az ,~, z~,, the observed z0 and A 0 and the derived values of f3, e , c ’, q and r~’ will
determine the W e~ W~~, t m and K .  The K term is subs t i tu ted  as a constant in Eq.
(29) and a new iterated least square  solution is obtained for the unknown variables

5 , € , € ‘ , q and q ’ . If needed , the times used in Eq. (29)  are corrected from tune
of sl i t  t ransi t  to t ime of reference plan e t ransi t  by

A + ( z  + f3)K /
= - sin (z 0 + - A

0
K ) /  

W~ (i  
+_ t~

) 
(1 - cos (e + c

The new set of i terated variables are used in a new regression on Eq. (3 1) to up-
date the values of W e~ W~~, t and K .  These i terat ions continue unt i l  the derived
correction values are sufficiently small.

The equations used to obtain the aspect , Eq. (23b) and (26)  for the fixed ref-
erence system and Eq. (29)  and (31) for the t ime dependent case, are decidedly
non-linear and therefore the requirement for an iterated solution. As wi th  any
non-linear equation care mus t  be taken that the ini t ia l  values are accurate enough
and the correction terms are suf f ic ien t ly  uncoupled such that the interactions drive
the solution to the global minimum rather than a local one. The Aic term was
eliminated in Eq. (23b) to prevent the coupling with the A 13 term. Also, reducing
the order in the multiple variable regressions with “ a priori” knowledge will  re-
duce the number of “local” minima. For instance , the relative variation in roll
rate possibly may be obtained independently of the calibration of the a t t i tude con-
trol system telemetry. If this rat io  were known , Eq. (26)  and (31) could be re-
wr i t ten  to express this ratio in terms of the unknown roll rate , t hus reducing t he
m ultiple variable order of these equations by one.

8. RESULTS AND CONCLUSIONS

The AFGL infrared sky survey experiments were able to obtain an arc mini
knowled ge of the line of sight of th e survey telescope wi th  respect to the payload
defined coordinate system through careful payload design and meticulous alignment
procedures to calibrate the outputs of the aspect sensors. A fine error guidance
sensor aligned to the defined payload roll axis held an iner t ia l  reference to wi thin
20 arc sec during the experiment and , therefore, maintained the alignment accu-
racy under t ransformation to inertial coordinates.

An az imuth  solution , in i nert ial  space, was obtained expressing angle of the
defined azimuth reference plane as a function of time from a least square regres-
s ion of st e l la r  fr ans i t s  observed by a star mapper with an “ N” slit  reticle mask.

43 

-~~~~~~~~~~~- -~~~~~--~~~~~~~~~~ -- - - - —- -



- - —- —_“~ ___--,_~~~-5___ ---- -- -- —~--- --~~- ----,-~-- ~~~ ----- ~ -=~ — - -‘- ,,-. -— ,
~~— -~---- ---- - - --

~~ 
--~~

- —.--.-- 5-- ---.- - -

These solutions typically had root mean square deviations between the calculated
and observed pos ition of 1. 5 to 2. 5 arc m m .  This compares favorable with the
slit width of 9 arc m m .

The data from the infrared sensor on sources associated with previously
cataloged objects were used to obtain the inflight offsets from the laboratory cali-
bration of deployment angle and azimuth on a roll to roll basis for each fl ight .  In
most cases a simple average of the azimuth and zenith angle differences were
used t o calcula t e t he offse t s for t he cent er of t he te lescope from those predic t ed
from the laboratory calibration and the star mapper azimuth aspect. In almost
all cases the final root mean square of the difference between the observed and

predicted az imu th  was one to one and a half arc m m . This translates into an rms
uncer ta in ty  of about 1.4 data samples which was emp irically found to be the size
of the position error box necessary to successfully combine mul t ipl e observations .
It is also roughly equal to the t ime of half width at half height of a typical point
source signal. The zenith angle rms value of three arc m m  is exactly equal to
the uncertainty in determining the transit  zenith angle for a 10 . 5 arc mm high
detector .

The ul t imate accuracy to the positions assi gned to the infrared detections
were set by the size of a detector resolution element and not by the experimental
geometry. Thus , one of the important design goals for the payload was achieved.

Each of the aspec t sensors were backed up by al t ernat e, lowe r accuracy,
aspect devices. Generally, the attitude control sy s tems  pitch , roll and yaw posi-
tion and rate gyroscopes could be used. However , a method of comp lete aspect
determinat ion for the pay load from the star mapper was developed in detai l  owing
to the wide range of experiments to which  it is appl icable . A prel iminary version
of this development was used to obtain the pay load aspect for the early proof of
concept exper iments  flown at AFGL.  The aspect solution for these fli ghts were
able to reproduce the observed s tar  mapper sight ings  to w i t h i n  a f ract ion of a
degree. Some ref inement  is an t ic i pated for the current  developmen t since the
skew angle K and roll acceleration were not included in previous solutions.
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Appen dix

Definition of Terms

F3 - The vector along the geometric longitudinal , or roll , ax is of t he

experiment.
- The vector, orthogonal to in the direction of the star mapper

az imuth  reference point.
- The vector along the actual sp in axis of the experiment.
- The geometric zenith angle measured from the vector R 3.

A 0 - The rotation ang le between a point in the star mapper plane and the
star mapper azimuth reference point. This angle is equal to the
angle measured to that point in the laboratory times the sine of the
measured geometric zenith angle.

z - The zenith angle with respect to the vector
- The rotation angle with 

~e as the pole.

(3 
- The component of the vector Z e in the T~3 - ~ plane. This is the t ip

off angle of the pole of rotation in t he nom inal deployment plane of the

sensor .
- The component 0f

~~e in the - 
~~2 plane. This is the skew angle of

the star mapper when the experiment rotates about
cI(z) - The rotation angle in geometric coordinates between two star mappe r

slits at a geometric zenith angle , z, af ter  correcting for cosecant

zenith angle distortion.
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y (z )  - The laboratory measured geometric ro ta t ion  angle between two  s t a r

mapper s l i t s .  This ang le includes the cosecant d i ~~’o r - t ~~~r ¶ h i i f is ,
cl/ sin z .

- The angle between the rotat ion vector and the pole in t i r e -  defined

inertial sy s tem .
- The angle between the plane th roug h the i ne r t i a l  pole and the  nor th

point and the plane con ta in ing  the i ne r t i a l  pole and the  vector ~~~.

and - The angu lar r o t a t i on  and acce le ra t ion  of the exper iment  about ‘h e  h I P

of rotat ion , 
~~~

t m - Tne t ime  at which  th~ a z i m u t h  reference point c rosses  the  mer id ian .
- The t ime at which a s t~ r :-  is in the a ; - i m u ’h reference plane.

t~ - The t i m e  of the t h  pulse from the st a r  mapper .
o - The celestial r ight  ascension .
6 - The celest ial  decl inat ion.

- The geocentric la t i tude.
- The geocentric longitude.

9 - The sidereal t ime .

P
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