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A COMPUTER PROGRAM FOR RAY TRACE 

THROUGH SPACECRAFT WINDOWS 

Kenneth C .  White 

Ames Research Center  

SUMMARY 

A FORTRAN IV computer program has been w r i t t e n  s p e c i f i c a l l y  f o r  t r a c i n g  
rays  through spacec ra f t  windows. The program computes t h e  window-induced 
angular  dev ia t ion  o f  t h e  rays  from t h e i r  o r i g i n a l  pa th .  Any type o f  window 
may be  considered with no r e s t r i c t i o n  on s i z e ,  shape,  m a t e r i a l ,  o r  number o f  
panes.  The necessary equat ions a r e  w r i t t e n  i n  v e c t o r  mat r ix  form f o r  mathe- 
ma t i ca l  convenience and ease  i n  computation. The program requ i r e s  mathemat- 
i c a l  models of  each window s u r f a c e .  The numerical procedures used a r e  
descr ibed  and a  t e s t  case  i s  presented .  

INTRODUCTION 

On-board naviga t ion  systems t h a t  der ive  t h e i r  b a s i c  i npu t s  from o p t i c a l  
measurements made through a  spacec ra f t  window have been considered f o r  manned 
space f l i g h t .  The o p t i c a l  measurements o f  i n t e r e s t  a r e  t h e  angle between two 
c e l e s t i a l  bodies ,  such a s  a  s t a r  and a  p l a n e t ,  and t h e  angle between a  s t a r  
and a  s p a c e c r a f t .  These angular  naviga t ion  measurements a r e  s u b j e c t  t o  
window-induced e r r o r s  t h a t  r e s u l t  from t h e  angular  dev ia t ion  o r  bending o f  t h e  
l i n e s  o f  s i g h t  as  they pas s  through t h e  window. In  t h i s  r e p o r t  t h e  terms 
"ray" and " l i n e  o f  s igh t "  a r e  used interchangeably.  I t  should be noted  t h a t  
ray t r a c i n g  i s  done i n  t h e  oppos i te  d i r e c t i o n  o f  t h e  normal ray  t r a c i n g .  

The purpose o f  t h i s  program i s  t o  compute t h e  angular  l i n e - o f - s i g h t  
devia t ions  induced by t h e  spacec ra f t  windows. This i s  accomplished by t r a c i n g  
t h e  l i n e s  of  s i g h t  through t h e  window by geometric r a y  t r a c i n g  techniques .  
Many ray  t r a c e  programs a r e  a v a i l a b l e  b u t  they  a r e  p r imar i ly  o r i e n t e d  toward 
lens  design and usua l ly  r e q u i r e  r o t a t i o n a l l y  symmetric o p t i c a l  systems. A 
FORTRAN IV computer program has t h e r e f o r e  been w r i t t e n  which emphasizes t h e  
computation of  t h e  angular  devia t ions  o f  t h e  rays  and i s  not  l imi t ed  t o  
r o t a t i o n a l l y  symmetric o p t i c a l  systems. 

The inpu t  t o  t h e  program c o n s i s t s  o f  mathematical models o f  each window 
s u r f a c e ,  t h e  o r i e n t a t i o n  parameters of  t h e  l i n e s  of  s i g h t  t o  be t r a c e d  through 
t h e  window, and t h e  var ious  parameters o f  t h e  window environment. The output  
c o n s i s t s  of  t h e  o r i e n t a t i o n  parameters o f  t h e  l i n e  o f  s i g h t  a f t e r  i t  has 
passed through t h e  window and t h e  angular  d i f f e r ences  between the  o r i g i n a l  
l i n e  o f  s i g h t  and t h e  devia ted  l i n e  of  s i g h t .  



The b a s i c  equat ions a r e  presented  and t h e  program i s  descr ibed  f u l l y  i n  
t h i s  r e p o r t .  This d e s c r i p t i o n  inc ludes  t h e  program l i s t i n g ,  program usage,  
flow c h a r t s ,  and a  sample case .  

An a p p l i c a t i o n  of t h e  program and a  d iscuss ion  o f  a n a l y t i c a l  methods 
which u t i l i z e  t h e  program a r e  given i n  re ference  1. 

PROGRAM DESCRIPTION 

The presence of a  s p a c e c r a f t  window i n  t h e  pa th  of  rays  of  l i g h t  causes 
t h e s e  rays  t o  bend o r  t o  dev ia t e  from t h e i r  o r i g i n a l  pa th .  This program i s  
designed t o  determine t h e  magnitude and d i r e c t i o n  o f  t h e  angular  dev ia t ions  of 
t h e  l i g h t  r a y s .  In  o rde r  t o  determine t h e  dev ia t ions ,  t h e  ray  must be t r aced  
through t h e  window and a  comparison made between t h e  e n t e r i n g  and e x i t i n g  rays .  
The fundamental law of  ray  t r a c i n g  i s  S n e l l l s  law of  r e f r a c t i o n ,  

n l  s i n  = n2 s i n  O 2  

where 

n l  t h e  index o f  r e f r a c t i o n  o f  medium 1 

t h e  angle  t h e  inc iden t  ray makes with t h e  normal t o  t h e  i n t e r f a c e  
between mediums 1 and 2 

n2 t h e  index of  r e f r a c t i o n  of  medium 2 

O 2  t h e  angle t h e  r e f r a c t e d  ray i n  medium 2 makes with t h e  normal 

S n e l l ' s  law i s  used t o  t r a c e  a  ray through s e v e r a l  mediums by succes s ive  
app l i ca t ions  o f  t h e  law a t  each i n t e r f a c e  between mediums such as a i r  and 
g l a s s .  This i s  accomplished by l e t t i n g  t h e  r e f r a c t e d  ray become t h e  i n c i d e n t  
ray f o r  t h e  next  a p p l i c a t i o n  o f  t h e  law. In o r d e r  t o  apply S n e l l l s  law, t h e  
normals t o  t h e  i n t e r f a c e s  between mediums a t  t h e  p o i n t s  where the  ray  i n t e r -  
s e c t s  t h e  i n t e r f a c e  must be known. This  means t h e  shape of  t h e  i n t e r f a c e  must 
be known. An i t e r a t i o n  scheme i s  a l s o  requi red  t o  determine t h e  p o i n t s  o f  
i n t e r s e c t i o n  of t h e  ray wi th  t h e  i n t e r f a c e s .  

BASIC EQUATIONS 

For mathematical convenience and ease  i n  computation, S n e l l ' s  law i s  
expressed i n  vec to r  form as  fol lows:  



where Î  and R a r e  t h e  u n i t  vec tors  i n  t h e  d i r e c t i o n  of  t h e  inc iden t  and 
r e f r a c t e d  r ays .  The u n i t  vec to r  N i s  i n  t h e  d i r e c t i o n  of  t h e  normal t o  t h e  
i n t e r f a c e  between mediums 1 and 2 a t  t h e  po in t  o f  i n t e r s e c t i o n  of  t h e  i n c i d e n t  
ray;  n l  and n2  a r e  as p r e v i o ~ s l y  def ined ,  Equation (1) i s  der ived  i n  
r e f e rence  2 .  

Coordinate System 

The coord ina te  system i s  i l l u s t r a t e d  i n  f i g u r e  1. The innermost s u r f a c e  
o f  t h e  s p a c e c r a f t  window i s  assumed t o  l i e  i n  t h e  xy-plane. The p o s i t i v e  

z-axis  i s  toward t h e  ou t -  
s i d e  o f  t h e  s p a c e c r a f t .  
The inc iden t  and r e f r a c t e d  
rays  and t h e i r  o r i e n t a t i o n  
angles  a r e  a l s o  i l l u s t r a t e d  
i n  t h e  f i g u r e .  The v e c t o r  
I i s  t h e  u n i t  v e c t o r  i n  
t h e  d i r e c t i o n  of  t h e  i n c i -  
dent  ray .  The azimuth 
angle ,  a i ,  i s  de f ined  a s  
t h e  angle i n  t he  xy-plane 
between t h e  p o s i t i v e  
$-axis a?d t h e  p r o j e c t i o n ,  
Ip, o f  I onto t h e  xy- 

p lane .  The e l eva t ion  angle ,  
:i, i s  t h e  angle between 
I and ip. The inc idence  

angle,  8 ,  i s  the  comple- 
ment of  6 i .  The u n i t  vec- 
t o r  i s  i n  t h e  d i r e c t i o n  
o f  t h e  r e f r a c t e d  ray  which 
emerges from t h e  outer-most 

Figure  1.- Ray t r a c e  coord ina te  system. window su r face .  The a z i -  
muth angle ,  a,, i s  t h c  

angle  i n  t h e  xy-plane between t h e  p o s i t i v e  x-axis and t h e  p ro j ec t ion ,_Rp ,  of  
onto t h e  xy-plane. The e l e v a t i o n  angle,  6,, i s  t h e  angle between R and 

Rp. The azimuth angles  a i  and a r  a r e  measured from t h e  p o s i t i v e  x-axis  
toward t h e  p o s i t i v e  y-axis  and vary from 0" t o  360'. The ? l eva t ion  ang le s ,  
6 i  and 6,, a r e  measured from t h e  p ro j ec t ed  vec tors  Ip  and Rp toward t h e  
p o s i t i v e  z -ax is  and vary from 0' t o  90". 

The u n i t  vec tors  f and k a r e  given by t h e  fol lowing equat ions:  

A A A A 

I  = cos 6i cos a i  i + cos A i  s i n  a i  j  + s i n  6i  k ( 2 )  

A A 
A 

A 

R = cos A r  cos ar i + cos 6 r  s i n  a, j + s i n  6, k (3) 

A A 

where i ,  j ,  and a r e  u n i t  vec tors  i n  t h e  d i r e c t i o n s  of  t h e  x,  y ,  and z 
axes,  r e spec t ive ly .  

3 



Two angular  ray dev ia t ions  Aa and A 6  a r e  a l s o  def ined  i n  f i g u r e  1. 
The out-of-plane dev ia t ion  is  defined as Aa = (ai - a r ) .  The in -p l ane  devia- 
t i o n  i s  def ined as  A 6  = ( 6 i  - 6,). These angular  dev ia t ions  a r e  t h e  
i ~ n p o r t a n t  r e s u l t s  o f  t h e  ray t r a c e .  

Window Surface Mathematical Models 

The window su r face  shapes a r e  descr ibed i n  terms of  t h e i r  dev ia t ions  from 
re fe rence  p lanes  s e t  p a r a l l e l  t o  t h e  xy-plane. The first  r e fe rence  p l ane  i s  
co inc ident  wi th  t h e  xy-plane. There is a re ference  p lane  f o r  each window 
s u r f a c e .  The window su r face  dev ia t ion  from t h e  re ference  plane A Z  i s  given 
by a  four th  degree mixed polynomial i n  x and y a s  follows : 

o r  i n  shorthand form: 

where 

The elements of t h e  mat r ix  M a r e  program i n p u t s .  The normal t o  t h e  s u r f a c e  
a t  a  given p o i n t  i s  obtained by eva lua t ing  t h e  g rad ien t  of t h e  s u r f a c e  a t  t h a t  
p o i n t .  I f  equat ion (5) i s  w r i t t e n  i n  t h e  form 



t hen  t h e  u n i t  vec to r  normal t o  t h e  s u r f a c e  F i s  given by 

where 

Equations (4)  through (8) a r e  der ived  i n  re ference  2. 

Equations (1) through (8) t oge the r  with t h e  i t e r a t i o n  scheme descr ibed  i n  
appendix A comprise t h e  necessary elements t o  compute a  ray  t r a c e .  

Descript ion o f  a  Ray Trace 

A block diagram i l l u s t r a t i n g  t h e  l o g i c a l  sequencing o f  t h e  ray t r a c e  
program i s  given i n  f i g u r e  2 .  The o r i e n t a t i o n  angles  o f  t h e  inc iden t  r a y ,  t h e  
coord ina tes  o f  t h e  re ference  p o i n t ,  t h e  mathematical models of  t h e  window su r -  
f aces ,  and t h e  window and environment a1 parameters a r e  i npu t .  The components 
o f  t h e  u n i t  vec to r  f i n  t h e  d i r e c t i o n  of  t h e  inc iden t  - ray a r e  computed by 
means o f  equat ion (2) .  The components of  t he  vec to r  E from t h e  o r i g i n  t o  
t h e  r e f e rence  po in t  a r e  computed. Next t h e  po in t  o f  i n t e r s e c t i o n  o f  f with 
t h e  f i r s t  r e f e rence  plane i s  computed us ing  equat ions i n  appendix A. Then t h e  
p o i n t  o f  i n t e r s e c t i o n  of  I with t h e  f i r s t  window su r face  i s  c a l c u l a t e d  us ing  
t h e  i t e r a t i o n  scheme descr ibed  i n  appendix A.  The i t e r a t i o n  i s  done i n  A 

subrout ine  ITER. Af te r  t h e  p o i n t  o f  i n t e r s e c t i o n  i s  found, t h e  u n i t  v e c t o r  N 



window surface 1 I 

Figure 2 . -  Computer program schematic. 

normal t o  t h e  window s u r f a c e  a t  t h e  p o i n t  i s  computed by means of  equat ions ( 6 ) ,  
( 7 ) ,  and ( 8 ) .  This i s  accomplished i n  subrout ine  NORMAL. The r e f r a c t e d  ray 
i n  t h e  next  medium i s  computed by equat ion (1) .  This  i s  done i n  sub rou t ine  
REFRC.  The number of su r f aces  t r ave r sed  by t h e  ray  a r e  t e s t e d .  I f  t h e  ray  
has passed through t h e  l a s t  su r f ace ,  t h e  r e f r a c t e d  ray  i s  compared wi th  t h e  
o r i g i n a l  i n c i d e n t  ray t o  determine t h e  angular  dev ia t ions .  I f  t h e  ray  has not  
passed through a l l  t he  s u r f a c e s ,  t h e  r e f r a c t e d  ray becomes t h e  i n c i d e n t  ray 
and t h e  ray t r a c e  i s  continued u n t i l  t h e  ray has completely passed through the  
window. 

ROUTINE DESCRIPTIONS 

The main program i s  designated MS2500 and i s  t h e  main process ing  u n i t  f o r  
t h e  ray t r a c e .  Equation (2) and equat ions (Al) through (A8) a r e  u t i l i z e d  i n  
t h e  main program. Input-output i s ,  o f  course,  accomplished he re .  

Subrout ine ITER (MS2501) is used t o  compute t h e  po in t s  of  i n t e r s e c t i o n  of 
t h e  ray with t h e  window s u r f a c e s .  Equations (4) and (5) and (A9)  through (A14) 



a r e  used i n  t h i s  subrout ine .  The c a l l i n g  s tatement  i s  CALL ITER (X, Y,  SM, 
C I ,  K ,  DELZ, DELTAP) where: 

X x  coord ina te  

Y y coordinate  

SM SM(1, J ,  K) = M i  mat r ices  f o r  math models 

C I C I  ( I )  I = 1, 3 = Ix ,  Iy ,  I Z  components o f  I 

K index 

DELZ A Z 

DELTAP s c a l e  f a c t o r  

SM and CI a r e  a r r ays .  X,  Y ,  SM, CI, K ,  and DELTAP a r e  i npu t  from t h e  main 
program. DELZ i s  computed i n  ITER and re turned .  New values o f  X and Y 
a r e  computed a l s o  and re turned .  

Subrout ine NORMAL (MS2502) i s  used t o  compute t h e  normals t o  t h e  window 
s u r f a c e s  a t  t h e  po in t s  o f  i n t e r s e c t i o n .  Equations ( 6 ) ,  (7), and (8) a r e  used 
i n  t h i s  subrout ine .  The c a l l i n g  s ta tement  i s  CALL NORMAL (X, Y ,  SM, CN,  K ,  
DELTAP) where : 

X x coordina te  

Y y coord ina te  

SM SM(1, J ,  K) = M i  mat r ices  f o r  t h e  math models 
* A h  * 

CN CN(1) = N,, Ny ,  N z  components o f  N 

K index 

DELTAP s c a l e  f a c t o r  

SM and CN a r e  a r r ays .  The components CN(1) o f  a r e  computed i n  t h e  
subrout ine  and re turned  t o  main program. Others a r e  i npu t  from t h e  main 
program. 

Subrout ine REFRC (MS2303) uses equat ion (1) t o  compute t h e  r e f r a c t e d  ray  
i n  each medium through which t h e  ray passes .  The c a l l i n g  s tatement  i s  CALL 
REFRC (CI, C N ,  Q R I ,  CR) where 

C I  CI(1) = Ix ,  1 I components of I 

CN CN(1) = Nx,  Ny, N, components o f  fi 



r a t i o  o f  r e f r a c t i v e  ind ices  
* 

CR CR(1) = Rx, Ry,  Rz components o f  R 
A 

CI, CN, and CR a r e  a r r ays .  The components CR(1) o f  t h e  r e f r a c t e d  ray  R 
a r e  computed i n  t h i s  rou t ine  and t h e  o t h e r  parameters come from t h e  main 
program. 

subrout ine  XPYXM (MS2504) i s  a  mat r ix  mul t ip ly ing  subrout ine  used i n  
subrout ines  ITER and NORMAL. The c a l l i n g  sequence i s  (A, B ,  C ,  NRA, NCA, 
NRB, NCB, J )  where A and B a r e  t h e  mat r ices  t o  b e  mul t ip l i ed  and NRA, NCA, 
NRB, and NCB a r e ,  r e spec t ive ly ,  t h e  number of rows i n  A,  columns i n  A ,  rows 
i n  B y  and columns i n  B; C is t h e  r e s u l t  o f  t h e  mat r ix  m u l t i p l i c a t i o n .  The 
index J determines t h e  m u l t i p l i c a t i o n  t o  be performed. For 

L i s t i ngs  and flow c h a r t s  f o r  t h e  main program and subrout ines  appear  i n  
appendixes B and C.  

PROGRAM USAGE 

The program i s  w r i t t e n  i n  t h e  FORTRAN IV computer language. I t  ope ra t e s  
a t  Ames Research Center  on an IBM 7094 computer under t h e  I B J O B  Processor  of  
t h e  IBSYS ope ra t ing  system, vers ion  13. The program requ i r e s  275Z8 o r  151410 
s to rage  loca t ions  exc lus ive  o f  t h e  FORTRAN system subrout ines  requi red .  

DECK MAKEUP 

$ J O B  
$IBJOB 
MS2300 
MS2301 
MS2302 
MS2303 
MS2304 
$DATA 
INPUT 

CARD 
CARD 
DECK 
DECK 
DECK 
DECK 
DECK 
CARD 
CARDS 

Main program 
ITER 
NORMAL 
RE FRC 
XPY XM 

PROGRAM INPUTS 

Inputs  t o  t h e  ray t r a c e  program can be d iv ided  i n t o  t h r e e  c a t e g o r i e s :  
cons t an t s ,  math model mat r ices ,  and ind iv idua l  ray  da t a .  The cons tan ts  
desc r ibe  t h e  window conf igura t ion  and i t s  environment. The math model 
mat r ices  desc r ibe  t h e  window su r face  shapes. The ind iv idua l  ray d a t a  desc r ibe  
t h e  r ays  t o  be t r a c e d  through t h e  window. The d a t a  a r e  a l l  input  i n  ca rd  
form. The inpu t  cards a r e  descr ibed  below. 



Columns 

Card 1 
1-10 

Card 2 
1-10 

Card 3 
1- 10 

11-20 
21-30 
31-40 
41-50 
51-60 

Card 4 
1-10 

11-20 
2 1- 30 
31-40 
41-50 
51-60 
61-70 

Svmb o 1 

Constants 

Def in i t ion  

Format I10 
N 

Format 8E10.0 
D(1) 
D (2) 
D (3) 
D (4) 
D(5) 

Format 8E10.0 
DELTAP (1) 
DELTAP (2) 
DELTAP (3) 
DELTAP (4) 
DELTAP (5) 
DE LTAP (6) 

Format 8E10.0 
R I  (1) 
R I  (2)  
R I  (3) 
R I  (4) 
R I  (5) 
R I  (6) 
R I  (7) 

Number o f  window su r faces  

Distances from ' re ference  p l anes  
t o  o t h e r  r e f e rence  p lanes  

Sca le  f a c t o r s  a t  i n t e r f a c e s  
between a i r  and g l a s s  

Re f rac t ive  ind ices  o f  each 
medium through which ray is  
t r a c e d  

See f i g u r e  3. 

RPI RP2 RP3 RP4 RP5 RP6 

Figure 3 . -  Defini t ion of reference planes, 
r e f r a c t i v e  indices ,  and input dis tances.  



Math Model Matr ices  

Cards 5-9 Columns o f  math model mat r ix  1 

Format 5E15.8 J = l , 5  

Columns 1-15 M I ,  j  
16-30 M2,j 
31-45 M3,  j 
46-60 M,, j  
61-75 M5, j 

Cards 10-14 Columns o f  math model mat r ix  2 

i f  N = 2  Same format 

Cards 15-19 Columns of math model ma t r ix  3 

i f  N = 3  Same format 

Cards 20-24 Columns o f  math model mat r ix  4 

i f  N = 4  Same format 

Cards 25-29 Columns o f  math model mat r ix  5 

i f  N = 5  Same format 

Cards 30-34 Columns o f  math model mat r ix  6 

i f  N = 6  Same format 

Indiv idua l  Ray Data 

Cards 3 5 3  Format 8E10.0 

1-10 Ray o r i e n t a t i o n  angles  a i ,  6 i  
11- 20 DELTA I 
21-30 x ,  y ,  z coordina tes  o f  
31-40 re ference  p o s i t i o n  from which 
41-50 ray  o r i g i n a t e s  

There w i l l  be  one card  f o r  each s e p a r a t e  ray  t o  be t r aced  f o r  a given s e t  
o f  cons t an t s  and su r f ace  mat r ices .  When one ray i s  t r a c e d  through t h e  window, 
t h e  program looks f o r  another  t o  t r a c e  and t h e  program i s  te rmina ted  when 
t h e r e  a r e  no more rays t o  t r a c e .  As p r e s e n t l y  w r i t t e n ,  t h e  program cons iders  
only one s e t  of cons tan ts  and s u r f a c e  mat r ices .  I f  it i s  des i r ed  t o  cons ider  
another  s e t  o f  cons tan ts  o r  s u r f a c e  mat r ices  o r  bo th ,  t h e  program must be  
re run .  The input  cards a s  descr ibed  above a r e  f o r  a three-pane window. I f  
t h e  window has more o r  l e s s  than  t h r e e  panes,  t h e r e  would be a corresponding 
i n c r e a s e  o r  decrease i n  t h e  number o f  cards .  



PROGRAM OUTPUTS 

A l l  t h e  program inpu t s  a r e  p r i n t e d  ou t  i n  t h e  same sequence t h a t  they  a r e  
i npu t .  In  add i t i on ,  f o r  each inpu t  ray t h e  fol lowing q u a n t i t i e s  a r e  ou tpu t :  

Symb 01 

ALPHAR o r i e n t a t i o n  angles  o f  f i n a l  r e f r a c t e d  ray on 
DELTAR 6 r o u t s i d e  o f  window 
DELALP a i  - ar  = ha 
DELDEL 6 i  - 6, = A 6  
DELINC Angle between inc iden t  ray and f i n a l  r e f r a c t e d  ray  

X f ,  Y f ,  Z f  coordinates  of p o i n t  where r e f r a c t e d  ray  
leaves outermost window s u r f a c e  

A sample d a t a  p r i n t o u t  i s  included with t h i s  wri teup.  

The program requ i r e s  0 .2  t o  0 . 3  second o f  computation time t o  complete a  
s i n g l e  t r a c e  through a  three-pane window. 

TAPES 

Logical t a p e  5 i s  used f o r  i npu t  and l o g i c a l  t ape  6  f o r  output .  

SAMPLE CASE DESCRIPTION 

The p r i n t o u t  f o r  a  sample r ay  t r a c e  fol lows t h i s  s e c t i o n .  In  t h e  sample 
case t h e  window cons i s t ed  o f  one pane of  g l a s s  0 . 3  inch th i ck  with a  p re s su re  
o f  5 p s i  imposed on it from wi th in  t h e  s p a c e c r a f t .  The window i s  c i r c u l a r  
with a  7-inch diameter .  Two rays ,  both with a i  = O 0  and 6 i  = 60°, were 
t r a c e d  through t h e  window. One ray  i n t e r s e c t e d  t h e  i n n e r  window s u r f a c e  a t  
p o i n t  X = 0,  Y = 0 and t h e  o t h e r  a t  p o i n t  X = 6,  Y = 0. 





CONCLUDING REMARKS 

A FORTRAN I V  computer program has been w r i t t e n  f o r  t r a c i n g  r ays  
computat ional ly through spacec ra f t  windows. 

Program equat ions a r e  w r i t t e n  i n  vector-matr ix form f o r  ease  i n  computa- 
t i o n .  The program requ i r e s  0.2 t o  0 . 3  second t o  t r a c e  a ray through a t h r e e -  
pane window. The program determines t h e  angular  dev ia t ions  o f  t h e  ray  a s  i t  
passes  through t h e  window. 

Rays may be t r a c e d  through any window whose s u r f a c e  shapes can be  
descr ibed  mathematically i n  polynomial form. 

The ray t r a c e  program has been used ex tens ive ly  t o  t r a c e  rays through 
Gemini s p a c e c r a f t  o p t i c a l  windows a s  d iscussed  i n  re ference  1. The program i s  
c u r r e n t l y  be ing  used t o  t r a c e  rays  through Apollo windows and a l s o  through 
genera l ized  windows of  var ious  s i z e s  and shapes. 

Ames Research Center 
Nat ional  Aeronautics and Space Administrat ion 

Moffet t  F i e ld ,  C a l i f . ,  94035, Dec. 5 ,  1969 



APPENDIX A 

COMPUTATION O F  THE POINT OF INTERSECTION O F  A RAY WITH 

THE REFERENCE PLANE AND THE WINDOW SURFACE 

This appendix des5ribes t h e  determination of t h e  i n t e r s e c t i o n  of t h e  
assumed i n t e r i o r  ray I with the  f i r s ;  reference plane RP1 and a l s o  the  
determination of  t h e  i n t e r s e c t i o n  o f  I with t h e  f i r s t  window sur face .  This 

h 

k 
i s  an i t e r a t i v e  procedure, and i s  i l l u s -  

A t r a t e d  i n  f i g u r e  4.  Here t h e  wi..$ow 
coordinate system i s  given as ( i  j k )  ; 

A h  

z2-AI ,  1.k t he  vector  from t h e  o r ig in  loca t ing  
e i t h e r  the  eye of  t h e  observer ,  o r  some 
reference  g o i n t  on t h e  instrument i s  
given as  E ,  some i n i t i a l  ray  vec to r  a s  
T1, which terminates i n  t h e  x-y p lane ,  

* 7  and a vec to r  i n  - t h e  x-y plane c los ing 
with as d. Let 

Figure 4 . -  Geometry of  t h e  scheme f o r  i t e r a t i n g  - 
from t h e  reference plane t o  t h e  window I 1  = I ~ I ^  
surface.  

where 11 i s  unknown. Now 3 i s  of  
the  form 

and from f i g u r e  4 

where 

Then from t h e  t h i r d  equation 

and from the  f i r s t  two 

14 



Now, i f  we s e t  

compute 

- 
and p r o j e c t  t h e  increment o f  zl above t h e  I l  vec to r  onto t h e  I" d i r e c t i o n  

Now form 

A 1 2  = A I 1  + A 

and compute 

These values of  x2 and y2 a re  then used i n  t h e  equation f o r  z  (eq. (AlO)), 
and t h e  computation i s  continued u n t i l  [ A \  < E.  A t  present  E = 1 . 0 ~ 1 0 - ~  i n  
t h e  program. A t  t h i s  time t h e  l a s t  values computed f o r  x, and y ,  and z 
a r e  t h e  coordinates  of t h e  poin t  of i n t e r s e c t i o n  o f  our  ray with t h e  r e f r a c t -  
i n g  su r face ,  t o  t h e  accuracy we have spec i f i ed  f o r  E .  The b a s i c  sch$me 9 f  
t h i s  i t e r a t i o n  i s _ t h a t  by success ive ly  p ro jec t ing  t h e  value of  (z  - A 1  . k)  
onto t h e  vec tor  I ,  we approach t h e  poin t  of  i n t e r s e c t i o n  with t h e  window 
surface .  This system appeafs t o  be s t a b l e  f o r  a l l  continuous smooth su r face  
funct ions .  



A P P E N D I X  B 

PROGRAM L I S T I N G  
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APPENDIX C 

FLOW CHARTS 



SUBROUTINE REFRC 

Input from 
main program 

CI, CN, QRI ,  GF I !  

COMPUTE 
NEW DOTP 

COMPUTE 1 
COMPUTE 

CR, GF 

to main program 



SUBROUTINE NORMAL 

Input from 
mom program 

X,Y,SM,XV, Y V  1 K. D i T A P  1 
1 COMPUTE 1 

XVN,YVN 

RETURN CN 



SUBROUTINE XPYXM 

From ITER or NORMAL 

Input 
Matrices 

A, B and NRA. 

SET C(NC)=O 
for L= I, MC 



From main program 

Input 
X,Y, SM, 

CI, K, DELTAP 

I 1 I 

DELTAA = 0.0 v 

SUBROUTINE ITER 

To main program 



MAIN PROGRAM 
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