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The presentatioti  w i l l  d i s c u s s  a spec t s  s p e c i f i c  t o  photogrametry,  p a r t i c u l a r l y  
photogrammetric cont ro l  generat ion.  I n  order t o  avoid having t h i s  t a l k  be 
more or less t u t o r i a l ,  I w i l l ,  a t  t h e  end o f  t h e  t a l k ,  make t h e  discussion 
relevant t o  remote sensing da ta  reduction. 

Referring t o  Figure 1, t h e  o u t l i n e ,  I w i l l  b r i e f l y  go through severa l  aspec ts  
of photogrammetry, including a c l a s s i c a l  def in i t io r .  of r e c t i f i c a t i o n  vhich 
existed i n  photogrammetry for many years and then show how it changed t p  f i t  
t h e  context of what we do a t  present w i t h  remote sensing data .  Since I was 
s p e c i f i c a l l y  asked t o  d i s c u s s  t r i angu la t ion ,  o r  a t  l e a s t  ground cont ro l  gener- 
a t ion  photogrammetrically, 1'11 be t a lk ing  a l i t t l e  b i t  about t h a t  and tnen I 
w i l l  go i n t o  t h e  HSS a i r c r a f t  da ta  work t h a t  we've been doing a t  Purdue a t  
l e a s t  i n  my a rea  o f  engineering f o r  over seven years. A t  t h e  end ,  I hope t o  
have time t o  o f f e r  some conclusions. 

There a r e  broad d e f i n i t i o n s  f o r  photogrammetry. However, a s  shown i n  
Figure 2, I ' m  going t o  concern myse l f  here w i t h  ex t r ac t ing  information from 
photographs and images t h a t  a r e  of metric  qua l i ty .  Fundamentally a photograph 
or an image, no matter which way it is acquired, is bas i ca l ly  a tuo-dimension- 
a1  representat ion o f  a three-dimensional space. This is shown schematically 
i n  Figure 3 f o r  a frame photograph. If  we do not take t h i s  f a c t  i n t o  consid- 
e ra t ion ,  we a r e  l i k e l y  t o  have problems, and I ' m  sure many o f  u s  have '\?d 
t h a t  . 
I n  o rder  t o  recover the  information about t he  ob jec t ,  we bas i ca l ly  a r e  going 
i n  t h e  d i r ec t ion  from where the  data  was acquired back i n t o  the  ob jec t ,  and 
t h e  only way we can ge t  t h e  information co r rec t ly  i s  t o  do one of two things.  
E i t h e r  t o  assume t h a t  t h e  ob jec t  is  an average plane l i k e  it was desired yes- 
terday by Fred B i l l i n g s l y ,  or  we would have t o  have an ex terna l  source of 
information about t h e  ob jec t  i t se l f ,  such a s  having a d i g i t a l  e leva t ion  model 
as  I w i l l  mention a l i t t l e  b i t  l a te r .  

Obviously an a l t e r n a t i v e  t o  t h a t ,  which is a t y p i c a l l y  photogrammetric solu- 
t i o n ,  is t o  have more than one r ay ,  and there was a quest ion,  a t  l e a s t  one 
raiser: yestet-day a s  t o  what t he  impact of having more than one image record is 
on the  accurscy. I w i l l  show some r e s u l t s  on t h a t  a s  well l a t e r  on. Figure 4 
is a schematic of t h ree  conjugate rays from three frame photographs. 

Rec t i f ica t ion ,  c l a s s i c a l l y ,  was r e l a t ed  s p e c i f i c a l l y  t o  a repro jec t ion ,  a n d ,  
i n  t h e  context of a frame photograph, we assume t h a t  i t  is a perspective pro- 
j ec t ion  sf a three-dimensional space, a s  shown i n  Figure 5,  t h e  o r i g i n a l  pho- 
tograph w88 oriented not necessar i ly  w i t h  t he  o p t i c a l  a x i s  of the camera 
point ing downward. And what we would l i k e  t o  do is t o  ge t  another equivalent  
v e r t i c a l  photograph t h r c u g h  a transformation. The new Equivalent photograph 
wculd represent  a mean plane i n  t h e  terrain i t s e l f .  An extension t o  t h i s  is 
re fer red  t o  a s  d i f f e r e n t i a l  r e c t i f i c a t i o n  i n  photogrammetry and requi res  
hav!.ng more than one photograph. Figures 6 ,  7 and 8 show schema'ics i n  which 
the  tcrrai? .  is represented w i t h  small segments, each of which is d i f f e r e n t i a l -  
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l y  r e c t i f i e d ,  t h a t  i s  t o  say,  now pa i ' a l le l  t o  the  datum and then placed pro- 
p e r l y  so t h a t  t he  e leva t ion  e f f e c t  has been taken i n t o  account. This is the  
procedure t h a t  produces the  orthophotos a s  I s  known i n  photogrammetry. The 
equivalent t o  t h a t  i s  t o  consider a s ing le  image, e i t h e r  a frame perspect ive 
photograph segmented i n t o  small patches o r ,  i n  t h e  case of t he  MSS imagery, t o  
consider each of t h e  p ixe ls  a s  i f  i t  were a segment. And i f  you have a d ig i -  
t a l  e levat ion model, and i f  you want a f u l l  r e c t i f i c a t i o n  i n  the  photogram- 
metric sense, then you can merge these  two tooether ,  and you can properly 
loca te  each one of  those elements back r e l a t i v e  t o  the  t e r r a i n  datum. I w & ? t  
t o  say t h a t  a s  f a r  a s  map project ion i s  concerned, t h a t  does nothing other  
than t o  change t h e  frame of ref:.rence of t h e  da ta .  It has absolutely nothing 
t o  do w i t h  the  f a c t  t h a t  you a r e  going e i t h e r  from three-dimensional t o  two- 
dimensional o r  m u l t i p l e  two-dimensional back t o  three-dimensional. The map 
project ion is  s t r i c t l y  a means of project ing the  sur face  onto a map. So i t ' s  
not the  same th ing  a t  a l l .  

Now, we illove on t o  the  t r i angu la t ion ,  which is the  procedure fo r  ge t t i ng  con- 
t r o l .  There i s  qu i t e  a l o t  of d e t a i l  t h a t  I should go through b u t  I cannot,  
due t o  lack of time. There a r e  d i f f c r e n t  t y p e s  of procedwes fo r  t r iangula-  
t i o n  a s  shown i n  Figure 9. For our purposes here ,  t he  one most commmly used 
technique i s  ana ly t i ca l  t r iangula t ion  where a l x g e  number overlapping images 
can be simultaneously reduced i n  such a manner a s  t o  produce very h i g h  accur- 
acy cont ro l .  The idea i s  t o  have m l t i p l e  rays  f o r  every point  on t h e  t e r r a i r .  
f o r  which you requi re  the  X ,  Y ,  and 2 loca t ion ,  a s  shown i n  Figure 10, and f o r  
each of those rays ,  you wr i te  t h e  proper equations.  And then you reduce the  
e n t i r e  set of mult iple  rays  simultaneously i n  cne ane ly t i ca l  -eduction method. 
Before you do t h a t ,  you need t o  have a t  l e a s t  es t imates  f o r  t h e  unknowns you 
sought fo r .  

Figures 11 and 12 show situa';.ions which a r e  r a the r  idea l ized  f o r  a typ ica l  
block of 20 a e r i a l  photograph?, and t h e  corresponding s t r u c t u r e  of normal 
equations used t o  der ive supplementary cont ro l .  The lower ha l f  of Figure 9 
ind ica t e s  t h a t  ana ly t i ca l  t r i angu la t ion  has reached a v e r y  Pigh degree of so- 
ph i s t i ca t ion .  Everything t h a t  en te r s  the mathematical model is  considered a 
s tochas t ic  var iab le  including t h e  ground cont ro l  t h a t  i c  ex te rna l ly  obtained 
by  ground means. And you w i l l  en te r  the image coordivates  PS observable w i t h  
t h e i r  a p r i o r i  ;:noun covariance matrices.  A l l  t h e  pokAble systematic e r r o r s  
t h a t  occur a r e  corrected according t o  the best models ava i lab le .  Control re- 
quiremerits a re :  f o r  t h e  horizontal  con t ro l ,  you need i t  around the perimeter; 
for  t h e  v e r t i c a l  con t ro l ,  you need it  well d i s t r ibu ted  through t h e  block. 

Figure 13 shows what a r e  ca l led  t h e  co l inea r i ty  equations.  Those a r e  fo r  
frame photographs b u t  can be modified for  a continuous s t r i p  camera which i s  
the  exact equiva1er.t of t h e  pushbroom l i n e a r  a r ray ;  i t  can be modified f o r  
panoramic photographs and a l s o  f o r  the  n. l t i s p e c t r a l  scanner imagery. 

So we have t h e  mathematics t o  go from regular  photogrammetric reduction t,c MSS 
reduction. I n  f a c t ,  we have done a l l  t h a t  a t  Purdue, including the block ad- 
justmenL of MSS dasa.  I w i l l  show you some results i f  I have a chance a t  t h e  
end. 

m a t  do we do i f  we have several  hundred photographs and fo r  each of the pho- 
tographs,  t he re  a r e  six unknowns. We end up w i t h  a v s r y  l a rge  s y s t e m  of l ine-  
ar equations,  ac tua l ly  they a r e  o r ig ina l ly  nonl inear ,  b u t  a r e  l inear ized .  We 
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take advantage of t h e  c h a r a c t e r i s t i c s  of t h e  normal equation s t r u c  L u r e  which 
is v e r y  sparse ly  populated by nonzero elements a s  shown i n  F i g u r e  17. We a l s o  
take advantage of techniques of  folding p a r t s  of t h i s  matrix i n  sue' a way 
t h a t  we end up with only a subsct of the  unknowns, and it qive3 u s  a banded 
bordered s t r u c t u r e  of Ea t r i ces  which a r e  re lbt ively e f f i c i e n t l y  reduced. 

So what do we ge t  from the ana ly t i ca l  t r iaqgula t ion  scheme? Well, we w i l l  
b a s i ca l ly  g ” t  X ,  Y and Z fo r  a l l  po in ts  of i n t e r e s t  f o r  which we had i n p u t  
image coordinates,  based on a skeleton of cont ro l  points  around the  perimeter 
and a few i n  t he  center .  As regards accuracy, working w i t h  frame phntography, 
and t h i s  o f  course may probably look out  of context here ,  we ca? go down t o  
th ree  micrometers a t  the  plane of the  image f o r  the  cont ro l  t h a t  we have ob- 
tained from a e r i a l  photography ( F i g w e  9). 

The l a s t  sec t ion  of t h i s  t a l k  b r i e f l y  covers work we did a t  Purdue. Three 
papers, l i s t e d  as  re ferences ,  w i l l  b r i e f l y  be dfscussed. Figure 14 shows the  
de t a i l ed  ou t l ine  f o r  t h e  f i r s t  paper, e s s e n t i a l l y  a s u r v e y  paper giving the  
aathematical  models we use when we ac tua l ly  deal  w i t h  MSS images as i f  t h e y  
were photogrammetric blocks of photographs. The ided is t h a t  f o r  each one of 
t he  loca t ions  of t he  sensor you would have nominally s i x  parameters descr ibing 
i t s  loca t ion  and a t t i t u d e .  ’his would lead t o  s i x  parameters pet p ix -1  i f  we 
t r e a t  the  problem i n  a vigorous manner, which w w l d  lead t o  a v e r y  l a ,  de num- 
ber w h i c h  would be  impossible t o  reduce (see Figure 15) .  For t h e  case of t he  
pushbroom scanner,  we have six parameters f o r  each l ine.  For p rac t i ca l  pur- 
pcises we segment t h e  image, and consider each segment a s  i f  a photogr;lph had 
S i x  elements ( X C ,  e t c . ) .  We t h e n  consider each of those elements ss if I t  
were a function of time. There is a l a rge  r,umber o f  p o s s i b i l i t i e s  with w; i - h  
we ac tua l ly  model the  ex te r io r  element and I have several  of those already 
ioentiorre? i n  those papers. There a r e  two bas ic  techniques: e i t h e r  t o  spec i f i -  
c a l l y  model everything we kncw about the sensor ,  o r  t o  Ltse some i n t e r p r e t i v e  
technique i n  order  t o  g e t  t he  information. 

Another important aspect is  t o  consider whether we want t o  work w i t h  ovly s i n -  
g l e  images which have the  l imi t a t ion  of considering only horizontal  (or X ,  Y )  
information, or we w i l l  work w i t h  tne block adjustment which then gives  u s  
a l s o  the Z.  I n  considerat ion of the  Z ,  t he re  a r e  two ways of looking a t  t h i s  
problem: either using the  remose s e n s i n g  data  for mapping purposes, or f o r  the  
purpose of merging the MSS information t o  o ther  sc-rces  of da t a ,  which would 
requi re  only r e c t i f i c a t i o n .  You want t o  r e c t i f y  i t  but not use it  f o r  mapping 
a s  such. So everything Roy Welch said yesterday war9 t o  meet map accuracy 
standards a s  i f  the MSS or its equivalent  (whatever the senzoi used) ac tua l ly  
does the  topographic mapping a t  appropriate  sca le .  What I am saying here  i s  
r e l a t ed  t o  the need t o  rectify t h e  dat; so  t h a t  you may der ive  3ther  tyres of 
information from it.  

Figure 16 shows the  s ing le  coverage results. One of the t h i n g s  t h a t  UP d i d  i s  
t o  taKe ‘I s t r i p  of MSS imagery and segment i t ,  write c o c s t r a i n t s  hetween seg- 
ments so  u a t  con t inu i t )  i s  preserved. As the  number of segments increases ,  
the  check, or whai ever xeasures yo’i h a v e  fo r  accuracy, would improve up  t o  a 
cer t s i t i  point and a f t e r  t h a t ,  o f  course,  i t  l e v e l s  o f f  because t h e  degrees of 
freeforn a r e  reduced ( see  Figure 1 7 ) .  Using r e a l  data  from th ree  sidelapping 
s t r i p s ,  the Z is indeed recoverable ( see  Figure 18). I don’ t  know i f  t he  gen- 
tleman who asked the question yesterday regarding t h e  use of s te-eo is  here or  
not but he was wondering what would happen i f  you use overlapping imagery. 
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T h i s  not only produces the  2 but i t  a l s o  improves t h e  recovery of !or izonta l  
coordinates by 40 and 60% a s  shown i n  Figure 19. There a r e  o ther  aspec ts  o r  
t h i s  work, namely t h a t  you could adapt techniques from the  block adjustment of 
:hotographs t o  be used with MSS. Notably, we have used geometric cons t r a in t s  
such a3 p o i n t s  ly ing  c,n s t r a i g h t  l ines  (e .g . ,  roads) .  The use of such con- 
s t r a i n t s  can replace the  need f o r  con t r c l ,  or i f  used i n  addi t ion  t o  con t ro l ,  
can lead t o  improved accuracy. 

I n  conclusion, we f e e l ,  i n  photcgrammetry, t h a t  we were not r e a l l y  heeded as 
much as we ought t o  have been; t h e r e ' s  a wealth of i r formation,  a wealth of  
technology tha t  i s  useable w i t h  remcte s e n s i n g  iaagery.  Everythi-ng I ' v e  said 
here,  of course,  r e l a t e s  t o  a i r c r a f t  MSS da ta  which is t he  one thing I had 
continued t o  work w i t h .  We have not t he  equivalent  tning w i t h  Laidsat f o r  
obvicus reasons I t  was a tremendous jump t c  go from the  micrometer l e v e l  t o  
the  SO-meter reso lu t ion ,  so I stayed with t h e  a i r c r a f t .  

I f e e l  t h a t  I have j u s t  scratched t h e  surface a s  f a r  a s  t he  ac tua l  remapping 
topic .  However, I hope t t a t  t h i s  w i t h  reference papers w ,1 g.'. e you a good 
idea 0:' what can be gained when photogrammetric technology is ccnsidered when 
r ec t i fy ing  and/or r eg i s t e r ing  remote sensing da ta .  
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- IKTRODUCT ION * PhGtogrammetry 

* Rectification 

- PHOT OSR\;.!!,: ET R I C TR I A : 6  I! L AT IO :i 

* Purpcse 

* Procedures 

* Anslyt Scal Tri angil ; a t ion  

* Araptation t o  3 S S  

- MLTRIL R E X C T I O : ;  OF SCAtC;ER DATA 

* Mathemtical f4odels 

* Applications t o  Spacecraft Data 

App’. - 3 t i o n s  t o  Aircraft  Data 
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Figbre 1. Remapping Procedures OveYview 
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- PHOTOGR4PtETRY 

* Metric Information r .  om Photograph; and Images 

* Image is 2-Dimensional Representation o f  3-Dirietrsional Object Space 

* Recovery of 3-Cimensional Object From a Single Image is Not Possible 
Unless: 1 )  Assumptions Made About Ooject 

2) Additional Object Information Available 

Recovery of 3-Dimensicnal Object From Two or More Overlappins h g c s  

- RECTIFISAI iC! 

Tratisforinaticn of One frame Photo t ~ ,  Another 

D i  f f  erefit i a  1 Recti f i cati on 

* Singie Photo and DTM 

* Overlapping Photos + Crthophoto 

* Cons i derd ti ons - - Remote Sensing Images 

Figure 2 .  Introduction 
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F i g u r e  3. Object Space and Exter ior  Orientation 
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Figwe 4. Scale Restraint Equation 
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Figure 5. Tilted photograph and rectified e n l a r ~ ~ i n e n t .  

Figure 6. Methods 0 1  differential rectification ( a \  Terralo. 2nd 
corfespo,iding yontour  map ( b )  Fixed line elomept strip rectificatian 
(c) Rotaring line rlemen: strip rectificdtion ( d )  PlJne area element 
rectification ( e  J Curved are? elevent rectification Aftec Edmond. Bendix 
Technical Journal. Vol 1. No 2. 1968. 
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Y Figure 7. Fired !me element rectiticatron. 

, Rt&W 

Figure 8. 
ractification. 

Curtam used :o cover film exposure in line elernen: 
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- PURPOSE: To Generate Extensive Control Net From Overlapping Photographs 
and a Few Control Points 

- PROCEDURES: Analog Semi-Analytica! Analytical 
Choice Accuracy Requirements 

Photography Character is tics 
Eq u i prnent 

- ANALYTICAL TRIANSULATION 

* Most Sophisticated 

* Can Reduce Large Number o f  Photos Simultaneously 

* Need: * Image Coordinates - Their z 
* Models For Corrections For Systematic Errors 
* Approximations For Unknowns 
* Horizontal Control Along Block Perimeter 
* Vertical Control Distributed Throughout Block 

* Method: * Use Unified Least Squares Where a l l  Variables w e  
Considered Stochastic 

* Resslt: * All Sensor Parameters - Their Z 

* All Ground Coordinates - Their C 

* Cxtension: - elided Nathematiczl Models For Self-calibration 
* use of Geometric Constraints 

* Accu-acy: * Fracticn of Flying Height (H/?0,300 and Better)  
* Given G a t  Photo Scale (Down t o  3 vm) 

- ADAPTATION OF TRIANGULATICN TECHNIQUES TO f4SS 

Figure 9. Photogrammetric Triangulatfon 
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Figure 10. Numerical models to be numerically joined by analytic 
rerotrlangulatlor,. 

STRIP I --t, 

STRIP2 4 

STRIP 3 4 

STRIP4 4 

Figure 1 1 .  Arrdngements o f  Points  i n  Block o f  4 Strips w i t h  5 Photos Per S t r i p  
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Figure 12. Normal E q u a t i r  blatrix Arising From Application of 
Collinearity Equat ic i is  to a 4 Strip - 20 Photo Block 

+ 

+ m  

+ Z n  

22 

32 

F i g l r w  13. Collinearity Equatiops 
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EASIC MAMEN4TICAi MDE' S 

PARAMETRIC M O B  

ORBIT E E L I N 5  FOX SPACECPWT IFMGES 

POLY Ncx iI AL MOFLI NG 

W Q J I C S  

AUTOREGRESS I VE FKIELS 

IbiiERPOLATIVE MOPELS 

USING GENERAL TRA;JSFOWTIO?J 

W E I G H r n  MEAN 

!XJVI NG AVERAGES 

MESWISE LINEAR 

LINEAR L E S T  SQUARES PREDICTION 

APPLICATIONS TO SPACECRAFT DATA 

APPLICATIONS TO AIRCRAFT MTA 

ARIUSTMEI\cT OF NJLTIS€!!IES LATA 

CONCLUS I ONS 

F igu re  14. Curvent S t a t u s  o f  M e t r i c  Reduction 
of (Passive) Scanner Data 
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PARAMETRIC fWDELS 

BASED ON UPiEAHIZEC FORM L7F wIl4EA3lu E9WTIOU 

MESSLVE F;W3ER OF SEtG9dPLATFOR PW,ETERS 

REPLACE SWE OR Au. OF ME S I X  ?MYETERS 

( x ~ ,  Y,, Z,, i~), 4, K pcr  pixel, l i ne ,  or segniont) 
0 

BY FUKTIOrJSa 

FOR OBITA!, CSE: REPLACE Xc 9 yc , Zc BY FWXTIOI.6 OF 

THE SI% ORSITAL PARMETERS 

OR USE A LINEA? SEQUU4TIP.L ESTIMATOR (W FILTER) 

FOR AIRCU.FT CASE: REPLACE PAIWETERS BY POLYIJdYIALS 

AM) SEGWf l  R E O W  - USE CONSTRAINTS 

(C0h.D USE HA?Jx)!;ICS) 

FOR EITHER CASE: LLSE AUTOREGRESSIM M3EL (GE.UjS->\"~r,i(OV 

P r n S S )  

?igure 15. Basic Mathematical Mode:: 
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INTEWOUTIVE tXDELs 

GENERkL TRANSFOWTION 

4 - PARAWER 
6 - PMTZR 
8 - P W 4 r n R  
GENERAL POLYNOMIAL (RUBBER SHEET) 

WEiGiT DECREASES A3 D!STNKE EETHEEN 
WIN7 AJ4D REFERENCE 1NCZKES 
(NEW F,W;ETER ESTIPATION FO,? € A t 3  PCINI) 

WEIGHTED !W4 

MOVING AVELL'ES 

MESM'ISE LINEAR 
(TRIANGW OR FECTANGUR MESHES - LINEAR ESTIMATIOI~ 

LINEAR LEAST SQUARES PREDICTiON 
(ESTABLISH COVARI A ICE F ~ C T I  ON) 

Figure 15. (cont iwed;  

353 



L 

a 



ORIGJNAL PAGE :S 
Of POOR QUALITY 

E- 

o - 0 0 
ir) c i  0 0 

ua U 

h 

t 

E 
S 
W 
0 

355 



= r >  

ff: a c 
CI) 

N 

356 



ORIGINAL T-.,’if2 1 ,\ \’ 
OF POOR QUALITY 

NuybER OF RAYS 

NlM3ER OF 
STRIPS 1 2 3 

X Y X Y z X Y z 
- - - - - - 1 16.7 Y.4 

2 l7,3 165 11.5 E.8 54.2 
3 18.8 14.4 lO.3 12.8 41.3 8.9 115 27.3 

- - - 

Figure 19. Check Point  Root Mean Square E r r o r  
For Single and Mul t ip le  Ray Poin ts  
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