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4 denied. Testing of hypotheses is done via curve fitting or template matching.
A new approach to registration is presented and documented via experimental
results. The registration approach enables the use of cartographic data bases
as models for use in image analysis and object detection.
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Summary

A study of the use of models in image analysis is reported . Models are

structured a pr iori information which can be used to interpret data in a manner

consistent with real—world knowledge . Potential models are selected by prim-

itive feature extraction. Primitive features studied in this research were all

derived from boundary curve segments , i.e. edges, of the image . Two types of

models were considered for encoding real—world structura l knowledge. One model

studied was Problem Reduction Representation (PRR) or equivalently the Context

Free Grammar (CFG) which generically specifies structure. The second type of

model considered was the Geographic Data Base (CUB) which iconica lly encodes

p a r t i c u l a r  shape f ea tu re s  to be seen in aerial imagery .

Whatever model is used , p r i m i t i v e  fea tures  are requ i red  to ali gn a hypoth-

e t ical  model w i t h  raw image d a t a .  Fur ther  anal ysis is then made by v e r i f i c a t i o n

of structura l hypotheses . Verification is treated here as e i t h e r  temp late matc h—

ing or curve f i t t i n g  under  c o n s t r a i n t s .

The stud y a t tempted to draw conclusions about an e n t i r e  image s c r e en i n g  sy s tem

• by stud y ing several possible pa r t s .  Many e x p e r i men t s  were pe r fo rmed  and a l ar g e

amount of l i t e r a tu re  reviewed . As a resu l t  of the s t u dy , t h e  f o l l o w i n g  c o n c l u sio n s

• were reached .

Usefu l  i n t e r p r e t a t i o n  of imagery r equ i re s  t h a t  In s l an ces  of  SCIISI.’(I d a t a  be

In t e g r a t e d  w i t h  la rge  amounts of stored rea l — w o r l d  knowled ge .
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Repre sentation of rea l—worl d know ledge , P a r t i cu l a r l y for use by a comp ute r ,
is a difficult task with much current research activity. Generic models
such as PRR or CFG are difficul t to use in practice but particular iconic
shape models appear to have practical potential.

• Curren t a u t o ma t i c  rrimitive feature detec t ion techn iques can suppor t complex
analysis when features are registered to an iconic model .I
Evalua ting and combining confidence values for verifying hypotheses about
image structure is difuicuI~ in both theory and prac ti ce and requ i res fur ther
work.

The most promising future direction for reconnaissai~
.t Image analysis appears

to be toward map—guided image ana lysis.
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t n t  ‘oduc t I on

E l f  i t -  t e n t  au t o mat i c  or soin l a t i toma t Ic ana l y s i s  of .ierlni Imagery is a

problem of grea t pr actical interest t o  the  A i r  I~o rc e  . Tti t ~ comp I x i  t y of t he

image t i i t t - r p . e t a t i o n  tasks of t a r g et  I d e n t  I i c a t  Lo u  and target 1++cat Ion has

t bus a r been too g rca t i+ ~ r ;iu I nina t Ic proc l~ 5 s i ng . i towev o r , s i l t  c eso has I)cen

u ct i  I eyed In the  r ccog i i  ii I on o t s i m p le  or s te r e ot y p e d  o b i  ec Is I As l ibaugl i  , I I /  1

and in I tie au toni.i I Ic  ver  I t  I c at  ion  o cer I a i n  mapp ed I cii I un -s i i i  I mager ‘
~ I%n r row

I~~77 . The c om p u t e r  can o u t  p e r t  urni a human i n  some d e t e c t  ion  t:isks and has t h e

vi r t tic o I b e i n g m dc I at j gti~~iti  I In I Is c I f o r t s .  I I I s n a t u r a l  t lien to i t  t empt

.1 m an — m a c h  I n c  syittlies is whereby Image nun l v  Is w o u l d  be ach i eved  w it Ii each t orn —

ponent  p e r t  orm t u g  the  tasks wh I cl i  It does best

Invest i gal ion o t lu t e  i n c  I E v e  sc r e en i n g  u I r econnn I ssnncc Imagery was begun by

I . . N . K .  CORI ’ORM’IO N i n  Oct ob er  of 1974  u n d er  Contra - I F 1 1 (11 I.+ _ 7 • )_ ( ~_ 50~)~) l’rt- t iniinarv

results welt ’ r ep o r t e d  I n  St ockmai i  and Ka n a  I ( 1976 and r i t -onimen dat  Ions  f o r  f u t u r e

work  were  made .  Tb Is r ep o r t  sununa r I ~cs I he- r e s u l t s  acli  I eyed dur  lug a I o i l  ow—tip

I uves I I gal I on o I c cr1 ~I in  subprob [ems b rok en  down I n  the  I n i t  I al s tud y . F’I gur e  I

shows the  poss it) It ’ I t ow o I I n I o rm;i I. Ion a iid c oil I ro I i n  an  l u t e  ra cI  I ye Imagery

S( 1 t’( t i  lug sys t ~rn . S tat Ions 1 and 2. ar e  used f or  imag ery  f o r  w h i c h  no prey Ions

c o m p u t e r — s t o r e d  ana ly s t s  ex i st s .  Pr tin I t  lye d e t e c t o r s  arc app i led a I s I n  I Ion I to

det e ct  lea lu res  coirnuon to targets — st ra I ght  ed ge act lv i ty , c or ner s , pa ra li e !  edges .

or syinniet r I c-a I edge ac t  Iv I t y .  1 1 any such feat l i r t s are’ dcl  cc ted the  imag ery  is

exam I ned f u r t h e r  a t  s tat  ion 2 where ob) ccl mode Is are I ~s I. ed ii~~ii In st  the dat  a auto-

mat  I c i  I 1 y . I f  any targets are det e c te d  the’ human ann lys t (stat Ion 4) Is a t o r t  ed

+4
9
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[or fu r t her  tnterpr t ’tat ton nt the Imager y and I or comp i t at Inn nI .i i vmho It .-

Image f o r  the dat a base to be used Iii %- t’poit I ov t i ng e  at st’mt tat ci- da t  t’

Wheneve’ r Imagery i s  in p u t  to  the  s vs t em and ~ vutbt i t ic coy cv age ext I s In l iii.

~~~~ base , an automat Ic process  ( s t a t  t on  I)  attempt s t o  ui~i t c Ii , n i  i t -g i st  ci .

(lit’ new raw I n~Igory to 1 lit’ svmhe’ li e I magi ’ rv . App at  t~ii I I v • m isc ii 111:11 t ’lu t ug au I’.-

dime au t t ima tI c a l l  y (liar row , 1 9 7 1 :  Si oc knm u • 1 9 1 5 )  at  t h i s  st age .  S I gii I t I camit +11

ci  ep . l i i c  It’s Jet i c t e d  dui t -  t u g  t in’ mil:i teli tug c i t  da t  ii t o  . irdi I Vt ’ mus t  hi’ hmt ’tigist t o

C he alt out t on o t  l i i i’  liuniaii I sitci - p r e t  or I or foi l her an:u I vs I s

V u ;  im p l e m e n t a t  t en  ot a s~- s t  em :15 desci  Ibt ’d • 1 1  ticks I • 2. • :Il%cI I a m  t’ ~‘ m t ~b 1cm —

at  c a l  l ’oi - . i u s t  t h ey I nyu I Vu ’ coniput c’I dcc l si on— sink lug . Tb is rep o l -t  ex its tiies 
~~~~~~~ 

—

lb t o  Imp I eme m it  at b its t or l i i  t i c k s  I • 2. , and I ot  11w t n t  t’r ac I i v + - s creen  I t i g  sv s  ( ems .

Sec t t o n 2. 01 t Iii r e p + i r t  tlu’:i Is w U Ii ~~i h u h  I \‘~ c le (  i c E  m u ;  t h a t  u s  • w i t  Ii I li t a n t ’—

mat I c  ;- t•c c ’gn t t  I on  ot pr t m i t  i v t - image ea t  l i r e: :  u.’ i t  l u i u i t  t u - t u u t I t  ol et itttcXt ot liii h,-u

l e v e l  know l ed ge .  Curves • str aight I I nes , cornet- s , an t I  p o I n t  s 01 Iii gh t ’ l % i V . i t  i i ;  e

a u- c tI I Sc uisscui . 1 : .  1 uli p t ’ i t  au  I P i ’ In t l t I y e s.  h i t ’ pr tnt I t  iv + ‘s ii e use l i i i  m i n t  oii I v I n

b l o ck  I - i s  cv I deuce o t  c i i  It u F;I I . ie Iv  I t v h u t  i t  so j u t  b l oc k I t~ ’ n u t  eisa t I i-n I 1 v • -s I —

• •~ :ih I I sIt .i t : - u i t ’s pon d ei icu  reg 1st 1:5 1 It i i i~ bet i.’ e ei u  (lit im ag e  :uit+i .u nap  i i i  (li e sit - l i I

Sc, - I Ei ’i u I di S c i l S O t S ( iii ’ u i i i i ’  ot 5 1:iflUfl:i i iuit ’tIt ’ 1: ;  I i i i  • t ~ l e t  I c o c i i  I i on  : t i i u (  se~ C u t ~uI 4

• i - o u t s  t + uu ’ r s  oh )ec  t J e t  cc l  t t ’ u i  is r e g  I o t  r a t  Ion o t  imsage  r t l 5t ’s I t i  t i l l  ) e t ’ t mode I t - + l ges

The : Iu i t  oni~it Ic rt’cu’gu i t t e n  .‘l l i i i  I oh I’’ - C s  t o  u ~-~~ii I u -ed 1 + ’u - s i i + - + • - - o :  t u i l  I nip I et l i eu i t  i i  I t ’ll

ot  h I~ t -k  .‘ wli i t t ’ (h i ’ i t ’u~ t ot  i n t  I ni l  I cc l i i i  I + . h I i t ’  + l i ’Vc ’l i ’l’ed I i i  S i t  C 4 i~ i t s et  u s l  I 4 ’l

I lit ’ r cg i o u  i t  t on  v u’t~~i I i ed  In b l o c k  I • ‘t V I go i t ’ I .
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Conclusions are rendered in Section 6 of this report. Very briefl y ,  it

can be said here that all pract ical image analysis problems require the input

of informa t ion from 8ources other than the input imagery itself. Representation

of this outside knowledge for use by an automatic process is one of the most

interesting and difficult problems under current research. Perhaps the most

promising current alternative is to use positiona l knowledge as encoded in present

day cartographic da ta bases . By using such symbolic data bases and a system such

as that in Figure 1. it should be possible to do analysis of repea t coverage much

more rapidly and accurately than original coverage. In this manner , a large initial

investment in human analysis can provide machine useable knowledge for future payoffs

in au tomatic analysis.
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2. Primitive detection

This section discusses the extraction of primitive features from grey

scale imagery. All features used here are edge dependent features in the

sense that their detection depends on detection of the boundary between two

regions of contrasting grey scale. Edge primitives or ed ge elements are not

single contrast points but rather a minimum collection of them defining a

connected and continuous segment of a boundary . It is a common view [Marr 1975]

that such edge elements form the basis on which higher level human recognition
4

processes operate.

Image points of high contrast can be automatically identif led by a number

of mathematical techniques of varying complexity. A survey of edge detection is

given in [Davis 1975] and experiments are reported in [Bullock 1974] and [Rosenfeld

1971]. After reviewing the literature on edge detection and experimenting with

several techni ques the author has arrived at the following conclusions.

Due to lack of contrast, edge operators cannot be expected

to extract all the edge points from any real world scene.

Due to image noise there will be automatically extracted edge

points in places where a human will not perceive them .

The ideal edge content of any real world scene cannot generall y

be extracted without considerable semantic information from sources

outside of the imagery.

13

-~~ ~ Att ~~~~~~~~~~~~~~ __________ .‘~



—-~~~ -, - -- . 
~ _ L -~ - -

“ I
.

I I a small part of the outside sesnant Ic I n iornu  t h u t  used

by a human In image i n t e r p r e t a t i o n  were a v ai l a b l e  to nit

auto ma tic process , mos t of the curren t ed ge d e t e c t  ion schemes

would be entirely adequate to support comp lete image :iu~ Iv~~ts.

The t o u r th  p o i n t  made a s s e r t s  an optimistic view lit spite’ t if the three in i t i a l

nega t i v e  r emarks .  [ I  seems clear that research n i s  p r i m i t i v e  edge d e te c t i o n  shou ld

be curtailed while work on semantic interpretation and use of knowledge should be

pursued . It Is assumed in this rep ort t ha t  current s impl e ’ edge detection operators

ire suE f t c lent for captur Lug an essen t i a l  represent :ut b i t  of a scc’ne’ . Au essent m l

representat ion is one that supports seinant Ic interpretation and hypothes is format Ion

w h i c h  can In turn be’ used fo r  d r i v i n g  more focused ed ge d e t e c t  ion operal b u s .  ‘t’he

rest  of th is sect ion discusses ral l ier  simp le and e c o n o m i c a l  me thods  f o r  ext r ic e lug

p a r t i a l  ed ge c o m t t t ’ut from imagery to be used fo r  h igher  level i n ter p r e t a t i o n .  The

f a c t  t h a t  these simp le opera tors  f a i l  In many cases does not prec lude  cor rec t  imuage -

anal ysis  s ince  h i g h e r — l e v e l  opera tors  w i l l  come into  p l ay .

1 - ’e
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1 .1 Extraction of smooth edge elements

Very general boundary curve detection consists of two simple steps —

f i r s t , high contrast (ed ge) points are iden t i f i ed  in the image and secondly sets

of these points are organized into continuous curve segments. Due to noise and

low contrast it is unreasonable to expect unbroken boundary curves as a result

of such general low—level processing. Higher level processing using geometric

or topological constraints can connect curve segments into comp lete boundary

structures . Partial semantic interpretation of the image may be necessary in

order to reliably connect curve segments. Features of existing curve segments

such as leng th , curvature , degree of match to a stored prototype may be used in

the interpretation and/or connection decisions . This section addresses o n ly  very

general low—level curve segment extraction which is appropriate for arbitrary pro—

bless domains . Enhancement and interpretation of the curve segment set via specific

semantics is the topic of future work .

Cu rve segments representing the image data can be extracted in a 3—step pro-

cess. First of .-tl I , all image points are examined and a set el h i g h  contrast points

Is e’xtrac ted . A Roberts ’ type grad lent operator Is applied to each point and a

grad tent magnitude and direc t ion are extracted . I.. N. F~. has obtained geuod re-suIts

by keeping only that 52 of image points which  have the highest grad tent magnitude’

(contrast). The second process examines a small ne i ghborhood around  each edge point

extracted in step 1 and I tuids the best continuing edge po in t  in the forward and
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backward direc t ion. Links are set point ing to the best continuation points

if suc h points exist in the high contrast set . These links are established

independently ( theore t ica l ly  in paral le l)  for  cacti high contrast point . The

thi rd step extracts  curve segments as chains of high contrast points mutually

li nked together in step 2 of the procedure.

2. 1.1 Step 1: extrac t ion of high contrast edge points

L.N.K. has developed a gradient operator based on masks which allows grad i ent

d irec t ion to be op t ionally compu ted a t resolu t ion o f 1/5 , 1/16 , or 1/ i 2 of the

circle (i.e. 45 0
, 22~~ °, or ll~ 4°). Gradient magnitudes a r e  histogrammed and a

fixed percentage of the hi ghest contrast points are selected . Recent work has been

— done w i t h  2~~, 5% , or 10% of the image p o i n t s .  H i g h  c o n t r a s t  p o i n t s  are ’ saved in

array storage outside of the image storage . Appendix A documents the simp l e edge’

operator based on masks.

2 . 1 . 2  Step 2 :  f i nd ing con t inu ing  p o i n t s  b y local proc e ssing

The neighborhood of cacti high contrast po in t  i s  independent ly examined i-v a

• spiraling search around the given point. (see Ftgure 2. ) Neighbors closest to

the point are considered first and only neighbors within .m I ixed radius r are’

exam ined . L Inks are’ established to the  first h i g h  contrast 1-oiut with ncct’p tab It’

grad len t  di rec t ion continuing a curve in  t’ i t  her t he  forward  or h.sc kwar d d i  ret-C i o u .

- —~~~~~~~~ ._ -
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The amount of curvature to be tolerated in the curve is expressed as a tolerance

on the agreement of gradient directions . The forward direction of traversal of

a curve is taken to be that direction of traversal placing the darker region to

the right of the curve . This processing induces two relations on the set of high

contrast edge poin ts E — {e
1
,e2.... ,e }. F = {(e.,e

1
) : e~ forward links to ci

and B {( e
k
,e
~

) : e
k 

backward links to e~ }. Note tha t (e
1 i e~) € F does not mean

that (e~~i e1
) r B. This symmetry will probabl y exis t if edge points e • and e~ are

indeed consecutive points on the same boundary segment. However , at locations of

curve j unc t ions or poor con t ras t , the edge point relationships are expected to be

broken. Linking of po ints is done in image array storage.

2.1.3 Step 3: collection of continuous chains af edge poin ts

I f (e 1~ e~ ) c F and (e
j~
ej) c B then e~ and e . are consecutive points on a

curve segment . All the high contrast points  can now be placed into equivalence

classes (representing curve segments) as follows . Define the relationship R such

that (e i ) ej ) c R if and onl y if there is a cha in of forward (backward) l inks

(possibl y a null chain) from point e
i 

to poin t C
j  

and a cha in of backward (forward)

links from point e. to poin t e
1
. R is relexive , symmetric and transitive. Each

equivalence class represents a separate curve segment . Curve segments can then be

extracted by considering each point of the high contrast set (in any order) and

tracking all related points when a beginning curve point is encountered . A begin—

ning curve point is a point e~ such that if (aii e~
)s ~ then (e

~
i ei
)
~~ 

F. Tracking of

17
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curve segments isdone in image array storage. The image is raster-scanned for

beginning points. When a beginning point is found the chain Is tracked until

broken. Then the raster scan resumes at its former place. Because each curve

segment has but one beginning point there is no dup lication. Chains smaller

than some f ixed number of points are suppressed thus removing many noise edges.

2.1.4 Examp les of smooth curve segment extraction

Figure 1 shows a light airplane on a darker airfield . The curve ex—

tractio n procedure as app lied to a wind ow containing the right wing tip is illus—

tr at ed  in Figures  4 , 5 , and 6. The high con t r a s t  po in t s  near the wing t ip

and the ir gradient direc tions are shown in Figure 4. Figure 5 shows a plot

of all forward and backward links created by the sp iraling neighborho od searches

of step 2 of the process. Notice that certain points are of degree 3 meaning that

they are at the junctions of multi p le edge activity. These points must be at the

terminus of an extracted curve segment because they cannot relate synunetrically

to 3 neighbors. Large sets, or cha ins , of syiuunetrically related points are shown

in Figure 6. A large portion of the wing boundary is successfully extracted

• 
- along wi th two edges of the “USAF” identification interior to the wing and two

edges o f a dark streak on the a i r f i e ld  below the plane .

Figure 7 shows a photo containing curved roads in rough terrain (lower right

corner). The high contrast points from a region where two roads intersect are

shown in Figure 8. The point linking relations are shown In Figure 9 and the

18

•,~‘•— __
~_iil



— “_
~~~~ 

____

f ive curv e segments extracted are shown in Figure 10. The s t r a igh t  curve segment

oriented toward 225° is caused by a shadow which cuts across one of the intersect-

ing roads. The other curves are from the road edges and a midstrip structure at

the intersection.

2.1.5 Discussion of smooth curve extraction

The curve extraction algorithm has been used to support a registratioo pro—

cedure wh~ ch matches curve segments of an image with those of a map or model. Seg—

ments with points of high curvature were selected and measured for curvature and

I-
typed as either concave or convex. These features of the extracted curves allowed

for selective matching to curves in the map or model. Many of the wing tips , tail

tips , and nose tips of a set of airplanes were extracted and used for registration

in this manner. Some airplane parts were missed due to a fracturing of the curves.

There were similar problems with the terrain imagery due to shadows or low contrast.

Higher level problem specific knowledge must be emp loyed to join general curve

segments to form the boundary of recognizable objects. The interpretation of the

curves depends on the recognition of the objects and visa versa. As a simple example ,

if a set of curve segments map onto parts of an airplane model under the same RS&T*

transformation, an appropriate linking of curve segments for forming the continuous

boundary is immediately suggested . L.N.K. has been successfu1 at verifying faint

curve segments under model direction and has thus been able to get complete boundary

curves for modeled objects even when high contrast points form only a par t ia l  object

boundary. More discussion on this topic follows in Section 4.

*Rot at ion , Scaling and Translation =

• 19
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INTEGER DX ,DY ,COMPMT
C0M~&~N /DELTAS/DX( 68) ,DY(68) ,C0MP t~f r (68)

DATA DX / l , l ,0 , — l , — l , 0 , l ,
+ 2 , 2 , 2 , l ,0 ,— l , —2 ,—2 , —2 , —l , O , i ,
+ 2 , 3 , 3 , 3 , 2 , I ,O .—l , — 2 , —3 , —3 ,— 3 .—2 ,—1 ,o , l ,
+ 2 , 3 , 3 , 2 , —2 , —3 , —3 ,—2 , — l ,0 , l ,4 ,4 , 4 , 1,O ,
+ — l , —4 , —.4 , —4 , —4 , —3 , — 2 , 2 , 3 , 4 , 4 , 3 .2 , — 2 , — 3 , —4/

C 59 45 46 47 60
C 58 44 34 35 36 37 61
C 57 43 33 18 19 20 2 1 38 62
C 56 32 17 6 7 8 9 2 2 48
C 55 31 16 5 * 1 10 23 49
C 54 30 15 4 3 2 1 1 24 50
C 68 42 29 14 13 12 25 39 63
C 67 4 1 28 27 26 40 64
C 66 5 3 52 51 65

• C
C

fl DATA DY /0 ,—l ,—l ,—l ,0,1,l,l,
+ 1 , 0 , — l , —2 ,—2 , —2 , —l , 0 , 1 , 2 , 2 , 2
+ 2 , 1,0 , -1,-2 , -3 , -3 ,-3 , -2 , -l , O , l , 2 , 3 , 3, 3 ,
+ 3.2 , — 2 .—3 , — 3 , —2 , 2 , 3 , 4 , 4 , 4 , 1, 0 ,— l , —4 ,—4 ,
+ -4 ,-1,0 .l , 2 , 3 ,4 ,4 , 3 , 2 , -2 ,— 3 , -4 , -4 , -3 , -2/

DATA C0t~~fr/5 ,6,7,8,1,2,3,4,l5 ,16,17 ,l8 ,19 ,2o,9,1o,l1,12 ,13, 14 ,
+ 29 ,30 ,31 ,32 , 33 ,34 ,35 .36,21 ,22 ,23 ,24 ,25 ,26,2 7 ,28 ,
+ 4 1 , 42 , 43 , 44 , 37 , 38 , 39 ,40 , 51 , 52 .53 , 54 . 55 , 56 , 45 ,46 ,
+ 47 , 48 ,49 , 50 , 63 .64 , 65 , 66 , 67 ,68 , 57 , 58 , 59 , 60 , 61 .t~2/

C CO~~ M’~ DEFINES 180 DEGREE ROTATION S COMP M T( 0) IS UNDEFINED

Figure 2. Definition o sp i r a l  search sequence’
through the neighbors of a plxel* .
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Figure 3. Airp lane on airfield background .

(AFB1 test image)
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Fig u r e  4. G r a d i e n t  d i r e c t i o n  of h i gh contrast points
of r i g h t  a i rp lane w i ng .  (Curve  d e te c t i on  s tep  1 .)
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Figure 5. Plot of all forward and backward linking relationships
among high contrast points of Figure 4 (curve detection step 2.)
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2.2 Extraction of straight edge elements

The Hough transformation is an efficient device for detecting if a set

of high contrast points are organized along a mathematical curve [Duda 19721.

The simplest mathematical curve and the most important one for detection of man—

made structures is the straigh t line. Only two parameters are required for spec—

if icat ion of a given line — — in polar form the parameters are the direct ion

of the norma l to the line (0) and the d istanco from the or [gin to the II no (rf -

if the possible line direct ions are discret ized to T va lues  and the’ pOSS [bit ’

distances from the origin are discret ized t o  R values then Ilough de’tee t ion is

logical Iv equivalent to a matching of T R templates to the’ high g r ad lent po hi ts

( [Stockman 19771.

2.2. 1 Enhancements to the g e ner a l  Hough t r a n s f o r m

Three specia l enhancements were made by [~ N .  K .  i i i  Its Use’ ~‘ I t lie th ough

transf orm. First of all , only a sm a l l  percentage 01 the’ high gradient points

were passe’el to the Hough detector. This was ac’lileved by lii stogramm i ug t h e’

grad lent image and sett tug a selec t ion tli re,shold such that 2~ • ~~~ . I l l  1 0~ of

the image points were passed . An except ton to t h i s  po l i c v  o c c ur e’d i f  the thres—

hold were lower than an estimate o t~ the ’  s t anda rd  dev I a t  I on o f  rio 1st’ grad i out s I n

uniform re’g ions . In that case the threshold was sot t o  the’ no iso level got t e n

t rom interact lye training on un i form tog ions of lmager - v . fIr  using on Iv a small

percent age of the Strongest edge poin ts, only the  st rongost edge’s w o u l d  he dot o t t  —

ed w h i t e weak edges or no iso edges would he’ suppres sed . Tb is had t h e  o f t  o~ t o f

mak lug t he I a 1 st ’ a Ia rm rate for do tee t Ions i Imos t I) wit lie - the I a [se dismiss.t I v - i t e’

w~is bi g h t .

2~
)

- ~~~~~~ 4 -
~ 

i
-.., - — - -

. - - -• -~~~
.--~~~~~=~ - •,~~~ _ . -



-~~~ 

— — — ~~
—.----- 1~ F —

-
-- -- — - -

i— i

A second enhancemen t made b y L . N . K .  to the general Uougli l ine de tector

was the provision for refining the resolution of the parameters of detected

l ines. Coarse detection was made with T—32 , i.e. 32 line directio ns were

possible In 11 1/4° Increments , and R l 7  s ince onl y 2 pixel wide lines within

+ 16 p ixels ~f the center of  a 60 x 60 window were~ c onsidered . Each detec t ion

made at  (0 , r) in the coarse r e solut  ion process was r e f  I ue’d dS Co [lows . A new

— I set of T~ R = 7  :5= 15 temp lates were es t abl ished w i t h  2 ° d iree -t  tonal  r e - s o l u t i o n

and 1 [ice w j Ut Ii c ’t  I. p i x e l .  The pa ramet er  space t e s t e d  was ( d — b  • — 4 . ~2,11 • 4-2

+4 ,~i -4- t~i x ( r — 2 . r — l .r , r+ 1, r+2)  where 0 and r were  the  pa ramete r s  g o t t e n  f r om

coarse detec t Ion.  D i r - oc t ional  re ’sol Ut  ion I i nor t h a n  2° w o u l d  have r e q u i r e d

windows l a r g e r  t han bO x 60 p i xe l s .

1’he’ th i re! enh anc ement  to th ough line d e te ct  ion was rendered hr  check  j ug  fo r

compa t i hi  I i tv  between the’ gradient d i r ec t ion at t h e ’ high cout r a st  p o i n t  and th e

g ra d i e n t  d i r e c t [on of t h e ’ candidate tomplat~- b r  a lin e ’ . Ivp i .i l lv a h i g h  coi l

t r.is t p o i n t  was c o n s i der e d  o lie long to at  me’s t 5 c i t  the’ possib 1~ I - H l i ne s  - l Ilt ’

actua l number of poss lb [ [ i t  [es was dependent  on t he’ 1050 lut ion used in  ( I i i ’ gr a d  l e ’u t

ext r ae- t i on .  th u s  • t h e ’  use of g r a d i e n t  in f o rm a t  iou Curt ti er i ie’ r e a se d  t h e ’ spet’eI of

execut ion and .i t t h e  same t [me sha rpe’neel the OU Ipti t o I t lit ’ dot e’c t or .

30 
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2 .2 . 2 Examples of Hough de tec t ion

Once the previously described procedure was implemen ted and its parameters

were tuned to the imagery at hand , a great dea l of testing was performed with no

furtl :er changes made to the algorithm . In several cases extracted edges were used

f o r  reg i s t r a t i o n  or objec t detect ion exper  int en t s  as d e s c r ib e d  in Sec t i on  4 o f  this

repor t

FI gure 11 shows an airf held image and two subimages taken from it. Coarse

th ough detect  ions made on the sub images are shown i i i  I t ie low& ’r r I gh i t  . l~ icli straight

edge element shown i s  a t  most 60 2 pixels long since 60 x hO pixel w in d o w s  were ’

used to cover the images. Many good edge elemen ts have not  been d e tec t e d  ~is ~i

result ot the 5 . point selection process emp loyed . This effec t is part icu larlv

prominen t  at the intersection of the three walks where widespread edge’ ac-I  i v l t v

causes the highest contrast point set to be scattered and incapab le’ of causing a

strong response in any single template. In both image’s some edge elements over-

shoot their true length. This is because the respond ing temp lates are’ p lotted

rather than just the points inside them. ~n general further clean up is needed

to del imit  the t rue  size of detected edge elements .  In order to d e t e c t ~i 1 I ne - , t r l v

straight edges of length 30 pixels or more in the presenc e of no i se  t emp la t e - s 1-p i x e l s

wide were used and the detection threshold was set. to 30 ii priori. Sinc e temp l a t e -s

con tained roughl y 120 p Ixels roughly 114 of i t s  p o i n t s  had to respond In order for

the tem p late to respond . Notice in the lower r igh t ot Figure 11 that h i g h  c o n t r a s t

points on the short side of one building triggered two templates in two different

60 x 60 windows .
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Figure 12 shows a poor image’ of ar t  a I r I I e It! , i i id  t i l e  I 0511 I t  lug  c , ’ . i  r se’

tIough et t’t Oc - I i otis . h u e ’ d [r oot  ion.t I reso m t  i t i c i  o t  t h e  e’d ge’s I uc i s . i  t is  t ac I t ’  r v - b

The r e t  [nome ilt  pr e i cedu re ’ el f  sccisscei in  Sec t [ci i i  2 .  2 .  1 p r o due - e’eI I lie teset It s shown

iii Figure ’ 1 - . . Exee l  It -i t t .11 igurn ent  o f  mactv  of t h i t - r e t  i h e e l  ed ge o 1c~ c’iit s .1 1 t~~we’d

a s i m p le P t e ~~ e’dec r e ’  to comb i no shor I ed ge e l e m e n t s  [ c i t  o I orig S ut -s as shown in

F i g u r e  1 5 . As w i l l  h e ’ sh own in Sect i sri -e 
• t ire part h a l  si ra I g u t  ed ge - t ie I t ’e~ I ion

shown in Figures -, and I i  i s  su t  I i c~ lo u t  I i i  c’S tab I i  sit tog i s t  r a t  I oct w i t  hi a map

and t h u s  i n t l  ock me t t l e!  in f o r m a t I on use t iii f o r  I ~‘c tised reexam ~i’ it  I ~‘ii o t  p ar t  s of I l i t ’

image’. h u e ’ poor qua I i t  v ( A F H  image ’ was t ie i i  be’ra t e l  v c boson t o [ t h e i s t  r , t  I e ’ t h i s

pol cit . Be’t tire p.iss tug on it is Import ant  to note that th e  I i  g l i t  - Wi i-k  r el a Ii e ’ri siu r ps

a long edge e’ lemerits is indic ated in Fi gures h- ~ and I -
‘ whil e’ t t u e -v .irt ’ not  e v i d e n t

~~ ~ I gur c’s 1 1 ,inel 1 .‘ - The’ dark s e~ t t lie’ ed ge ’ w i l l  b e ’ - i t  t l ie ’ r i gh t  t as t lie’

ed ge is  t r . iv e ’rseel i n  t h e  ci ire’ct ion ot  the arrow .

- 
I Fi gu re  1 1 shows a large ’ .I re ’a with f i n e  elet .i i i  - F i no c e’st ’ 1 u t  ion though Jet e’c I —

- - ions for this tm~~ge’ ~t r e  shown tn Fi gu re’ I n . \ e ’ r  v h i t t l ~ - h i  gh i l o ve ’ I st  r ue  t tire i s

ev id~ nt in Figure 1 t ant i  perhaps n t O l e’ e~~t r . n c  t I o n  c t tort shoir it! have ’  be’e’ii inv es t ed

t~ ’ r e’xamp Ic, in us ing more anel sm,i 11 e’r w I  udows - IIt ’wee ’ e’I • t t ie ’ e t i ge - ~‘e ’ni t o u t  shown

in FIgure 1 ~ pr~ v~ ei to he sub t h e ’ ic -nt I t ’ tog 1 s t  or  t l i e ’ I m. ig e ’ o t  F I gci  nc 1 1 wit hi .n

map made f r om  F i g ur e  . (The ’ d e tec t  eel edge’ di v t - c t  i O i l s  I Font F ig ur e ’  1 w or e  a c t  iLl 1 1  ~

reversed o get FIgure ’  1 t~ hec. iu se’ F i gu r e’ 1 I a u t , - c . r  t ivo r.i t i u c  r t h i a t t  pos i t  I V e ’

as I s F igu r e ? .)

-- 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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2.3 Points of special curvature

It has been known for a long time that points of high curvature and inflec t-

ion points on the boundary of an object contain most of the Information used by

humans In recognizing the object. Such points also p lay an impor tan t role in

representation of an objec t in a compact form . A summary of a good dea l of work

in this area can be found in L Pavlidls 19771.

Fi gu re  17 shows a tracing of a few m aj o r  f e a t u r e s  f r o m  a l~~250 ,O0() map of

the harrisburg , Pennsy lvan ia region. These are’ features which should clearly he’

e’v[dent in aerial pho tography and perhaps even in LANDSAT image ry . There are

several  poin ts whose un iqueness make them v i t a l  to  r e c o g n i t i o n  or r e g i s t r a t i o n  of

the reg ion. Some of these points are intersection points , for In s t a n ce , the 1uncture’

of the  Pa .  Tu rnp ike  and Route 15. Perhaps a d o z e n  good p o i n t s  of high curvature

exist. The crooked pr of ile o f Sherman Creek p rov ides  the  g r e a te s t  o p p o r t u n i ty  for

rec o g n i t i o n  or r e g i s t r a t i o n  — — 10 points of hi gh curvature are’ availabl e . The

Juni ,ita River contains interesting bend s hut the Susquehanna doe’s n o t  - l’here is

however , a sharp-cornered Island down river from Harrisburg whic h tt~is prominent

I eatures. A thin resevoir with 3 sharp corners is evident in t h e  top  r i g h t  q u a d r a n t

As will he shown in Section 4, it Is not necessary that all of the features of an

Image be recognized before the image itself can be re ’cogr i i zed . I t  is  also not l iC e ’ —

essary that continuous curves be extracted . For Instanc e, segments of She’rman Cre ek

ire’ I i k o l v  to be disconnected as the creek ducks under t h i c k  f o i l a g e . Thus , ouI~-

some d i s t  in guishing fea tures wil l  be available in anl\ - g lyon ima ge 01 an area , h u t

t he re  should  always be enough for recognition .

H 
—

- ‘ U- - -

L - -~~~~~~~~~ 



-- ~
— -- - - - -

~~~~
---- -----

~ ~~~~~~~~~~ ~~~~~~~~~~~~ 
-
~ 

— -—--.‘_ -—---‘- ‘
~~~~~~~~~

“
~~~~ 7 -1

— - - -

I

Besides the shape inf orm a ti on f rom the O u t v e ’ in  t he  i t t ’ t ghhorhood of .1 high

cu rva tu re  p oint , the re might a l s o  be quail tat ive Iiile ’ t-mat foci • e’spec t a l l y  I t  t h e ’

imagery is multi spectral . For ins tane’ e’ • t h e  p o i n ts  on the SUi .I  11 st i e,inis . I i e ’ I ino.i r

water  f ea t u r e s  inside  a land/vegetat ton ba ckground . l i i  i s  w a t e r  v en sti s 1,nnt d  qn .i l i t  v

c.i n he p [eked up automat I e’ .i 11 y f rom t h e ’  mci I t i  spec ti-al s I git.t 1 . l hio cc ’ n uu , - r s  of  U i l l

1st  ~tntd we’u Id t ie dt ’ t i ned by l an d / v  ege’ tat ion t n t  I i cig out  t n t  o open e,.e I en , Boennd ~n r v

po h i t  .~ so Jet t t i e’cf t’~’ loe.n I shi.tpe ar id r e’g [cii i  I e at  l i l t ’S ce’ li [ci e’ . iS t l v  hit ’ c x l  rat - I ed

ant  tim_nt tea 11 v wit ti a ii ~n c cop Ia  hi It ’ J e ’g t e e ’ o t  rc ’ l i_ n b II n t v ,inei n i _ i t o  h e ’d o a o, ~-oc_ t .n ph i  t o

.t base’ ton r e’cognt t t o n i  ant i tog 151 n a t  t o n  I ’ u n p t ’st ’s .

Se ’mt ’ ex p e l  tnn e’n t a t  It ’ii was car  r i e’d out In  he’ eIe ’t e’e’ I ion 0 1  h i  ghi c i c r  v .c t l i r e ’ b ound .t rv

t’° t i l t  s. l’he’ c t i r ve ’  ex t  n . t c  C b i t  preie’edure’ ci t  Se’e’ t ie’nt .‘ . 1 was app 1 led t ’  n iagt ’n v t o  
~‘ 

t o —

C ~ e’gmt ’nit s of honi ne h a I’ i 05 - t h e ’  e’Ur V.1 t i i r c’ 0 t c a c t i  h io t in i ~la E\’ 5 cgiiie ’ti t w as  0 ~i nnt p it  C e’eI l ’v

.i met hod s in t l  t a n  t o  that in at g~~t- i t hnn -
. 

- 1 o t  l’ .i~- I t e l l s  I ’) ,’ I ) . i i teh  c~~i ~ t’~~- oe ’gur , - u l  I s  w i t  hi

i i t s  of  h i g h  c c n r v . i t u r o  w.’ ! t ’ i d e c i t  t t  t’d - A l l  e’t l ion  liotcu ,h,nrv sec~m , - u t t  s we r e ’ ci t s c . i r e lce t

I rout C i t  pL ’s o ’ ss - I-’ i gu r e ’ I S s t r e ’ws t ly e  ‘‘ cor  ur ~-r  a ” t~h - n t  u 1 i ‘J t n t  .1 w t utt!~ w o f  t i n t

1~F’tI image’ i n  F i g u r e  L I  . t h e  w u n iclc iw ~-o n t  .n [i t s  ( t i e ’ a, -~~oi it t  . t t n i ’  l a n e ’ t i t int I h i t ’ i ’ot  I t ’fl i

.tnt ~h C lie ’ w i n g  of  t h e  I t r s t  ,i t i p l . nne ’ . A l l  I l i n e, - v i  lc~ I u i ’ ~. wo n e , -~~t n n o t e s  ~~I i t  C hic ’ nose ’

.nneh o ne t a t I t I p ci t  ( h it ’ e cimp I t ’ I c p 1 ,4Oe ’ we -i  e ill I ~. ~- c~i S sr tc  St  t en I n  I c -ti ICc ’ 1 5 t~ W .l  5 .1 1 so

e - x t  n e o t  e,i - I t  shou ld  he c Ie ’.in t h a t  t h i s  c -v t , I - r n ,- • a t o n g  w u l l i  ot  l i e n  cv i d e - n -  e a u u t h as

st i .i ighit ed ge o o n i t  cut  , ~ i n so t  i i i  t o n  n ec~’g u r  i .‘ tr i g  ob f e c  C a  acid ~i c t  t ’ i~~~ t i l t ~~ ( I , , - i n  
~
‘- -

~~ 
I —

t o u t  . i i t d l i i i ’ s ca l e  of  t h e ’ tnn. i o n v  - F e i n t  hot  t r o , t t n t t ’n t t  I s I L’i,-~ t n t  ~~ t t t  i t ’l l  -~~ .

L 
I ,  
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2.-e iit h er primiti ve image t e.itures

The req u i r e m e n t s  on p r i m i t i v e  fe a t u r e s  are (1) that t hey  he s imp ly  d e f i n e d

and ( .~) tha t t h ey  c an  be ex t r ac -t e d  automa t i ca l ly  f rom imagery  w i t h  a c cep t a b l e

r e l i a b i l i ty .  In  a d d i t i o n  to t h e  p r i m i t i v e s  m e n t i o n e d  in  S e c t i o n s  ~~~~~~~ two

others a re ’  presented . These’ p r i m i  t ives  were , in f a c - t , a l r eady  b r i e f l y  f lu en t  ioned .

The i n t e r s e c t i o n s  between two l ine  or ed ge f e a t u r e s  can p r o v i d e  v er y  good

f ea t u r e s  f o r  r e c o g n i t i o n .  Due to  t he  f a c t  t h a t  edge d e t e c t o r s  t end  to be’ unstable

~n t  intersections some higher level (but still automatic and bottom—up) decision—

mak ing i s  r e q u i r e d  t o  extend detected b o u n dary  segments  and f o r d - C’ the i n t e r s e c t i on .

I t is even poss ib l e  to create imaginary intersec t ions as the su rveyor  does ; f o r

i n s t a n c e , to c r e a t e ’  the i n t e r s ec t i on  of the wal l  of a b u i l d i n g  ( e x t e n d e d)  and a

4treet . lntersections can create a local topology and geometry that provides

reliable matching to a stored representation . Work has alread y been done in  this

arca by [Zahn 1974J and [Dudani 1977J . Experiments with the use of s i m p le  i n t e r —

s e c t i o n  features is discussed in Section -fe .

Boundary segments can be useful features even though  t h e  segment  i s  not s t r a i g h t

P or of high curvature. The boundary may be s i g n i f i c a n t  due to t u e  types  of r e gi o n s

wh ich it separates . This is particularly relevant if  m u lt i s p e c t r a l  imagery  is

ava ilable to make region extraction and interpretation a lower level process. The’

fac t that a boundary segment separates land and water regions does not give i t  on—

ique pr operties for matching to a reference , espec ially if the segment shape is

bland . However , the number of possible ma tches in a reference  da ta ba se may he small ,

I 
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and g l o ba l  ~ 0nis iJ~ -r a t  u c i t  of severa l s u c h  am b i g uou s  t e a t  c u r e s  could  y i e l d  .i un i que

m a t c h  h c t w e e ’n  i m ag e r y  and r e f e r e n c e .  A me t hod f o r  I n t e gr a t  un g imb i gcuo u s  local

~~i t c h i n g  evidence to torn a unique global ma tc h is g iven in ~~‘ct ~ c i i  -~ . R e l a x a t i o n

label tug is mother techni que for arrivin g at a global jut er p r e ’t a t  i o u  I rom amuibiguous

I o ~~ i 1  in t e r p r e t . i t  ions [Z u ck e r  1976 , r e ’n ionh~u cim l~~7 b I .

-~ I,

—
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Figure 11. AFB test  image and coarse I-iough de tec t ions  of s t r a i g h t  edges
in selected windows . AFB 1 and AFB 2 (Image is about  2000 x 2000
6—b it p ixels while windows are 250 x 250 and 500 x 500.)
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F i g u r e ’  13. UN B 1 t c’s t image: ~e’pea t d’e ver agc~ of nav~u 1 base
in Fi gure’ 7. (Image i - i  a h - i on it  200() x 2000 t i — b  i t  p i x e l s . )
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Fi gur e ’  14. Coar se R ough dt ’te ’~- t ions from CAFRrefined to 20 ci I ret’ t i ocm I reso h u t  I on -
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Figure 15. Hough detections from GAFB combined to form long non—
overlapping straight ed ges .
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Figure 18. Boundary segments with high curvature points extracted auto—
ma tically from a window of the AFB test image of Figure 11. 
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3. Recognition of structures via grammar models

Grammar models, or iginally introduced to model the structure of language ,

have maintained the interest of pattern recognition researchers for over a

4 decade. Context free grammars in par t icu la r  allow tractable hierarchical  model—

ing of component s t r u c tu re .  Initially conceived f o r  l inear  s tr ings , grammars

have been general ized to app ly to 2—D as well , e ither by changing the grammar

model i tself [Shaw 19701 or by analyzing only l—D boundary curves in an image

ELedley 19661. 

I -ii t

3.1 Background and motivation of a grammatical approach HII
-

‘

There have been many efforts in linguistic pattern recognition. The work

of Shaw [1970], Pavlidis [1977], and Fu [1974] are exemplary and contain much

discussion of the virtues of the linguistic approach . Many weaknesses of former

linguistic pa ttern recogn ition imp lementations stem from the fac t tha t pa ttern

recognition researchers did little to tailor linguistic analysis methods to the

more demanding real data situation. First of all, most imp lementations commit

themselves to unique segmentations in “preprocessing” stages which do not ut ilize

available structural knowledge and thus irrevocable dec isions are made in locally

ambiguous contexts. Secondly,  implementations have been one directional. Analysis

is either done in a bottom—up (data—directed) or top—down (model—directed) fashion

bu t not in both directions . Shaw ’s PDL analysis scheme was top—down with primi tive

processing always done under model hypo thesis . The approaches of Pavlidls and Fu

are characteristically bottom—up with early commitment to uni que segmentations in

the absence of structural hypotheses.

4 45 
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It is the author ’s claim that bottom—up techniques which segment without

model knowledge cannot succeed in comp lex data environments. Take for examp le

the  analysis of the edge structure ’i~~
’
~~’t~~’ ~~.i ’~~~~~~image . Us ing global

parameterization the edge detector is doomed to pass either too many edges or

two few. Too many edges may fool the structural analyzer or will at least over-

work it. Too few edges may cause analysis to fail. A case is the d e t e c t i o n  of

a rectangular building . Due to sun angle possibly only 2 c r  3 sides of the bu i ld -

ing will be p icked up by an edge detector using sensible thresholding . Any thres—

holding that would detect the weak sides would necessarily detect in enormous number

of edges in other textu~ ed regions of the  image. What is r ea l ly  wan ted  is an a n a l —  S 
-

ysis technique that would search for the weak sides locally under modol c o n t r o l .

(Griffith [1973] addresses this strategy and analyzes it as a work saving device

ra ther than a device necessary for accurate recognition.) On the other hand , purely

top—down analysis strategies are impractical in complex problems because too much

work must be expended in the formation of hypotheses which are  cons is tent  w i t h  t he

model but in no way relate to the untested data at hand .

A possible solution is proposed below . Non—directiona l analysis can be achieved

by iden t i f y ing reliably ex trac ted primitive components of the model , extracting those

in preprocessing without structural constraint and th en do ing  model—directed search

for remaining pattern structure. Thus analys is can proc eed in e i t h e r  the  b o t t o m — u p

or top—down direction. The dichotomy of terminal and nontermina l structures is retain—

ed here — — terminal structures are recognized only thro ugh primitive feature e x t r a c t -

ion on real imagery while nonterminal structures are processed only in t i le  h i g h e r

level syntactic/semantic model space. However , unlike most other approaches , recog-

nition of terminal and nontermina l structure is overlapped in t ime with t i le  data

46
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processing and model process ing providing each oth er with guiding fe edback.

Section 3.2 outlInes the theoretical development of such a non—directional analysis.

Section 3,3 describes a simp le examp le of non—directional analysis in the detection

of rec tangles in reconnaissance imagery . Primitive extraction is treated in more

detail in Section 3.4 and a final discussion of issues follows in Sec t ion 3.6.

3.2 Outline of a theory for non—direc tional structural pattern recognition

Due to space limitations comp lete d e f i n i tions , proofs , and discussion of con—

cepts cannot be included here. Instead , certain basic background is assumed and

only a broad treatment is given . Excellent informal treatment of problem reduction

“V
representations (PRR), also known as AND/OR graphs , and state space representations

(SSR) can be found in the text [Nilsson 1971]. Formal treatment can be found in a

paper [VanderBrug and Minker 1975] and in a dissertation [Stockmnan 1977]. Also

relevant is a paper by Hall [1973] showing the equivalence of a context free grammer

(CFG) to a f i n it e  AND /OR graph , and a paper by Chang and Slag le [1971] showing that

conversion can be made from PRR to SSR so that the A* algor i thm can be used to pro—

duce solutions of AND/OR graphs. The practical resul t of integrating this work is

as follows . Structural constraints on real—world objects can be modeled by a CFG or

its equivalent PRR . Recognition of the object then amounts to parsing data using

the PRR . Recognition results in a parse tree (CFG) or a solution tree (PRR) which

is a hierarchical breakdown of each object structure in terms of its components re-

cognized in the data.
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In order t o  c i I & ‘ c t  dn e t 1 I c  ient ,  n on — d i roe t L O I J J  I dna ks i s  S u e t  Lii embel  1 i s i i —

mon t s ar e ’ .1p1)e’tldt’d to the’ usua l PRR - FIr st o t a lt , AN P sue c c ’s sc ’ rs  a Fe ’ 0

.tiicl are ’  s c a r c he’d t or sequent i.i l lv and on Iv at ter all pr e ’v i O i I s  c c c  Sc ’l S  o f  t h e ’

SOt  - i r e’ so I ‘c c c )  - Fci r t’xJrnp l e’ I p F O l )  l ent ~\ i S Sc ’ 1 V c ’c! i~\ so Iv lug b o t h  pro!) 1 L ’fllS Ci

~iiieI C , Oi l  I V OUt ’ c i t  t h e ’ subp r ob  1 ems Ii or C ~ I I I  be posed a t  a l ine .  t h e r e ’  is  no 
I 

-

-Ic ’Ilse ’ w.Is (  j ug  e’t t o r t  t o  solve B i t C is cius~’iv tb1e.  t h i s  st  r a t e R \  wds tiScel in

.i I op — d o w n  p . i r se ’r  by  Ch a r t  r e -s ,uid F I c r en t in I ~t t~S I - The I I rs t .-\N!) 511c C ess~’i ’

a set  o t ~t ih p t s c(- c h ems of pr ob l eni 1’ is c.i 1 1 ~~ i p r i m a  i v  5 t I c ’ c c ~~i~ iO  o I p r ob len P.

h- :ve-rv c~ R St i C c S S c ’T 0!’ p rob l em 1’ is ca I t ed .i p1 i ma rv S I I C C c ’Ssc ’” . A pr j nhiIF\ ’  des~-eil ~ia i i

0 t t h e  root pro!) I e’fll R Is oIL he’r ~i pr  i r na r v  SUcce sse ’ r of R or t he pe imdr\ -  S t i C e’t’S Sc’ r

c~~t some ’ pr i ma rv 0 e’Sc t’nd ,i i i  I 01 R.  I n  t h e ’ I ~ U~ II 1S t 1 C Pd t t e l ’ n Fec’ ogn I t  10fl C O U t  e’X t

primary t e’r m i n . i l s  a re ’  key p r i m i t  k’e-s or p r o m i n e n t  f e , i t u r c ’s wh ich e i i ~ he’ re’I i ablv

d et ec t e d  w i t h o u t  S V I I I  1~~~1 i c  s c ’t ) s t r , l i f l t  . R e c o g u i t  i O t l  of  a p r i m a r y  p r o b l e m  w~’u lc i

t h e ’~ tr i~ ,gel t I l e ’  s e- i r c -li t or  the s olu t  ion t o  problems wh ichi ha’c’c t h e ’ Sc ’l\’Ocl pro!’ I em

~~~~ i r i m . ~rv S L l c c O S S , ’F . J ’c ’_ i U c h b r  this so l u t  ion  would I v p i c . i l lv involve a top— ~lown

sc -a i c h t t ’r  t h e ’ so! U t  Oil 01 ot h e r  n o n — p r  in_ i i- v sti~ c OSSO Us I I’ t h e’ invOrse  o I t i l e ’

pr m ar y  S t i c C e’SSc ’F re’ Ia t ion s ava i tab 1 e In the’ I’RR , .lfl.t I ‘c S  is  C O i l  p I c ’ t c t c h  F~’L’U r s I Ve ’  I v

n e i t  he’ t’ he’ C tom—tip or t c’p—d e wn d i re ’c - t i o n .  CF( ‘S I. ile ’tlC e I I n it e -\N P UK g rapi i s  Ore

c’•is i i  v in v er t  oti t o r  ho t  t om—u p a im a I vs i s  - i t  A cRC (prc ’ch tern A I S  sc ’1 VOci t )\’ 50!  V L u g

b oth  prob le’ms C and B) and 1~-~EB(~ t h en  goa I~ A ~ nd I) shou Ic! he’ in i t l o t  od i t  - & Sc ’ t n t

t o  st  rue t u re’ [3 we’ te ’ .1 t h~ ncI - S epa r at  o (parallel) model — di Ue ’c  ted St ’d U C  he ’~ woti 10 t hen

he’ t h e m e’ I or the so lut ton of s itcc  e’Ssc ’l’ C of A ,end t h~ h igher  p r i o r  I t  v 01 suc’cc’ssc’t 5 F

and C~ o t P —

-
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Ill [S toc lanan  1977]  a convers ion  is made f rom PRR to SSR w h i c h  has the

t o l l o w i n g  pro p e r t i e s .

(1)  PRR h~is -i s o l u t i o n  g rap h if  and onl y i f SSR has a s o l u t i o n  p a t h .

(2) A l l  solutions to PRR c-an be f o u n d  i n  a t op — d o w n  mode by search

of SSR w i t h  t h e  i n i t i a l  s t a te  encoding the root problem o1 PRR.

(3 )  A l l  so l u t i o ns  to PRR can he found  in a b o t t o m — u p — t o p — d o w n  mode

by s e a r c h  ot  SSR with a set of initial states , each one encoding

some solved p r i m a ry  descendant  of t he  root problem .

Any of the standard search algorithm s of SSR [see Ni l s son  19711 w i l l  d o — —

dep th—first , br eadth—first , or ordered search.  In app l i c a t i o n s  discussed below

a h e u r i s t i c  f u n c t i o n  e v a l u a t i n g  the  m e r i t  of p a r t i a l  so lu t ions  was used w h i c h

enabled A* search. Note that bottom—up initiation of search (point 3 above) re—

quires th it PRR have ~i finite set of p r i m a r y  p r i m i t i v e s , which is the case w i t h

a CFG.

3 3  An experiment in the recognition of rectang les

In this section a simple , but non—trivial example is given of the non—direct—

ional analysis algorithm outlined in Section 3.2. Actual computer runs on real

and simulated data have been made and have demonstrated the capabilities of the

analysis paradigm . The non—di rec t iona l  anal ys is  al gor i thm was f ir s t  imp lemented

as the structural component of a waveform parsing system [Stockinan 1977] and was

rigorously studied in the recognition and measurement of pulse waves. The identical

structural. component was then app lied to the recogni tion of r ectangular objec ts

in images as described below. The transition from 1—D to 2—D data was enabled

by the system ’s treatment of locational information as attributes of structures .
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Pr obl em s p e c i t i .  p r o ce d u r a l  semant ics  were  necessary to hand le  a t t r i b u t e  mani pu-

lation in  each )  app l i c a t i o n  and were  coup led to the  s t r u c t u r a l  anal ysis  in a u n i —

term way .

3.3. 1  ! ‘bic - ex p er i m e n t a l  dat ~i

F i g u r e - 19 shows the s imula ted  e x p e r i m e n t a l  d a t a .  I nput  to the r ecog i l i t  j t ) j )

sy s t em  is  a set of  und ir ec  ted ed ge elements  each spec if led b~’ two p o i n t s .  The

data is rough because no comp le te  c o n t o u r s  ex is t  and t he re  or e  gaps and i-hal lges in

o r i en t a t  j on  along  the sides. Complex corners  could fo o l  o r d i n a r y  t r a c k i n g  a l g o r i t h m s .

This  da t a , however , is probabl y be t t e r  tha n  can he expec ted f r o m  p r e p ro c e ssor s  I i i

many app l i c a t i o n s . G e ner a l ly  it should not be’ expected that edges stiff ic ientlv

ch iar ac  ter  iz ing  obj  ect s t r u c t u r e  can be de l ivered  by m o d e l — i n d e p e n d e n t  p r e p r o c e s s i n g .

Suppose , for  in St a n c e , t h a t  ed ge element  9 was q u i t e  [a l i l t  lfl t he  image.  G l o b a l ly

paramete r ized  ed ge det ec to r s  would then not d e l i v e r  t h a t  edge e lement .  There  is ,

however - a s o l u t i o n  to t h i s  problem in m o d e l — d i r e c t e d  l oca l  edge d e t e c t i o n .  Suppose -

t ha t  the sides DA , AB , and BC of r e c tan g le  AdCD w e r e  r e cog n i z e d  a t  a c e r t a i n  p o i n t

in the ana lys is.  At  t h a t  poin t  ed ge CD could he h vp o t h e s i~~ed and t h e image scanned

under len ient  pa ramete r s .  The da t~i c~~f F i gu re  11) should therefore b~- r e g ar d .  ~l as a

Un i on  of two set s  of ed ges , those ~~r i m a rv  edge - s t r u ct u r e s  d e te c t e d  under  s t r in g e n t

global p a r am e t e r i z a t ion  and those secondary ed ge s t r u c t u re s  d e t e c t e d  loca l ly  un d er

l en i en t  p a r i im e t e r i~~a t ion .  ln t h e  ac t u a l  compute r  runs  ed ge e l e m e n t s  07 and ~ l2  were

used as p r i m a r y  edge s t r u c t u r e s , bu t  a r b i t r a ry  choices could h ove  been made for st a r t -

ing the search .

Cq)
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Figure 2L A Context Free Grammar (CFG) for rectang les
correspond ing to PRR of Figure 20.
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upon the quality of detection and upon the degree to which the detection satisfies

the structural hypothesis . The quality of a non—primitive structure is defined

as the minimum quality of its substructures . This definition might not create the

“bes t” recogni t ion  procedure but it does create an admissible search for the best

interpretation • The merit of a path in model space is def ined as the minimum quality

of any structure recognized along that path. The ordered search for interpretations

will thus find the highest quality one first because it always extend s the highest

mer it path first.

3 3.4 An example of processing

1’
The non—direc tional algorithm was started on the data of Figure 19 with the

syntac tic binding STRAIT (13,22) — (8 ,18) , that is, the primary terminal of the

grammar was identified to be the straight edge element directed from point (13,22)
i i
¶ 1  to po in t  (8 , 18) . Significant states of the resulting st~.te space search are describ-

ed below. Each state is a partial parse tree and has a merit computed from the rec—

ognized terminal structures In it. By state #3 the <PRIM> structure is recognized

and the grammar immediately causes three states to be generated , one each to sea rch

for  <ALT2> , <ALT3> , and <LFRC> respectively. The <ALT2> alternative attempts to ex-

tend the side backward while the <ALT3> alternative attempts a forward extension.

The <LFRC> alternative sets the goal of finding a second side at a 90° bear ing from

• 
- 

the first. In states 4 to 10 the <LFRC> alternative is pursued but no such perpen-

dicular side exists and the search path deadens. <ALT3> does succeed in a forward

extension of <PRIM> to point (5,16). In so doing , the merit of states on this p i th

drops from 1.0 to 0.9. This enables <ALT2> to be pursued in states 13 and 14 which
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produce no backward extension . The new < P R I M >  structure recognized I ron point

(13 ,2 2)  to (5 , 16) once aga in  causes . al terna t ive search goa ls to  be s~~t — — f o r w a r d .

bac kward , and perpend icuLtr extens ion. States 19 to 48 pursue  a p er p e nd i c u l ar

extens ion I ron p o i n t  (5 ,16) to  ( 12 , 7) , but poInt (12.7) is a d ead end s i n c e  no

f u r t h e r  extension is possible - A t  s t a t e ’ 53 a l l e u t h t e r  open p a t h  is  p i ck e d  up and ~i f

perp e’nd I cu l ar  extension is driven from p o i n t  (9 , 11) t o  po t n t  ( 1 7 , 17)  - Titus hu ’c -

state 72 three s 1d~~s of rectang le I)ABC a r e  recogni zt’d - hly s la t e ’ ‘17 a p a t h  is

cit ive’~ perpendicular to s ide BC to p o i nt  ( C O . 2 S )  t i t u s  ecum p lel  tu g  t h e  recogul t ion

of -~i peitpend icu I ,ur sidos. However , the p ath ewershoot s  t he  c o r r ee  t beg [nut tig

p oin t  of t he’ r ec tang l ’  and becomes de.td eItte to ,t semaut Ic c hee’k on the si .~os o I

s Ides 2 and 1~, An alternate open 1xtth is pursued to I m a  I st a t e  lOtu causing

recogit I t  ion o t~ rectangle I)ABC - Two open p a t h s  rena in  by state l ob  rep resen t  lu g

pa ths P to (3 , L-~ and I) to (5, lii ) to (9, 1) to I, I ~~, [5~ r e spect  iv~’1v but e , tn  not

develop  i n to  re ’eogn i t  t on of o t h e r  roe t uug los

A me re’ do (a ii ed preset -i 1,1 t i on  c u t  l i t  o sea rc It i s  new c’ i von - :\t , i t l \ ’  s t a t e ’  ~u I

I h e’ St ’,i i- C It t i t t’ re’ t t t , IV  be’ one or no re p t  r C I - i I t i t u t c  lies 1u t  t It o mod - I ( F I t~ t i h e ’ 20) w L I  it

the’ d at a  (Figure I9~ - i - I t c h t  p a r t  i . i  I m a t c h  i s  v , t t e c l  I o t  I t ~ pta I I t  v ;itid this rat l u g

is used C c i  ~tel. c liii i t ie  wit I cii ~t i i ~t i vs is i s  ext  etided in  t h e ’ t I e ’ S I Sc ’~ i rc hi st a t o  - r I te’ c ’S—

~ up It ’ sea re t i  was s ta r t  ott wit ii st at e  V I i - i t  eel as 1 . 0 ,itid etti -oded t o  I o I I

it . [ [ , ‘2 ,S , [ S I
I I

T h e  ltit ’~I u lug ci t t It i s  cue cid I ng is I hu t I st rui~- t t i r e ’ ~ , I - e’ . C i t e  SPRA I I a t  r i t e ’ t t i r e  L i t  ( l i t ’

t et tang to model c u t  Ft git re’ $0 • has been rt’e’egu i:’d s i t a t t u  I t t g 11 , 1 h i t ,  . I i • 2 1  , t i ic t  i. 5 , IS

o t  t he  image. St rue t t i r e  ~i i s  st i lt s I C- tu e I t t t e  I ot  I I a t~~t r oi l  C s 1 rue I ore ’ - F I l e - t l t u I

~ t h e ’ 1’ !  C a I t h t e  hi r i ck e  I ‘ u ” I ud i e , t t  t O  C It a C p i t u C t ’so I u t g  I S  I Oc 110, - el t~ t l  sI  t l i t  ( I I I  t - • -
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Using the model the search algorithm recognizes that structure 2 exists and

gen erates state #2 encoded as

2 5 5 2
- 13 ,22 ,8,181 13 ,22 ,8,18]

1 1 1 1

,t i t c i  a iso rated at I ~0.

R e c c i g n i t  ion c u t  structure ’ 2 Imp lies receignit Ion of structure 1 at st a t e  # 3  o t  t h e’

,tn,i lys is, Spec Ia I p rocess ing  i n d i c a t e d  in t i t e ’ mo del (h eit not Indicated In Figure 2 (11

c f l t 0 & ’5 (lit ’ s ta t e’ encod ing C c i  he col lapsed into

1 1
I/ - ( 11 , 22 , 8 , 18 ] -

1 1

Tiit’ model I nd teat es that the < PRIM > 8~ r i te  C i t  t- e 1 o’a II he p.t rt 01 3 t I l l  I erotiC

super  ~~t i- etc l i t r e ’s - Thin s ,t I st  ate #4 of the ana l vs Is the Ut’ ~t to  t h re e  contpe ( I t ug  pa t  —

i l l  t’ I l n t e ’rpretat ions encoded as fo l lows  -

8 1 1 8
S ( - ( 13 ,22 ,8,18 1

1 1 1 1

-e 1 1 4
( - 13 ,22 ,8,18 1 )

1 1 1 1

3 1 I i
( . 1 3 ,22 ,8,18 ) )

1 1 1 1

FIte ’ I I tS C h i t  C’ Upret ~i C I c t m f l  It .is st FUC tute I a~ t i t ’  e’ompl et 0 fi i st 0 I d c ’ t iC C i t e ’ t o c t  , t t i c ~ I e -

i l t e ’ second ‘intl t h i  rd t i  ternat Ives see’ Structure’ I tO III i tle cmmp l o t e  i ’k’ C h a t  lu t i s t  Ii-

- xte -u t~I~’,I h i t  t ! i~’ I , u~’\~,tI ’ e1 cir backwar d direc t ( c i i i . A l t  th ree’ ,t I t c ’rul ~tt (Vt’s are ’ I I l  Oci LO , 

- _- -— , 
- —-- -——-— ______________ - 
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the top one is t ak en for  expans ice-i next in the search. Us Lug the  model , the  sea re-li

genera t e’s h it ’ f o l l o w i ng  encodings in a top—down manner. Note C i t e ’ 9O~ ci ir e ’ct  ion c han g e

as spec If led in the model for searching for s ide  2 w i t h  respect to side 1 -

8 1 1 8
# ( - 1 13 ,22 ,8,18

1 1 1 1

~ 9 9 1  1 5
it ( - ( 8,18,11 ,12 ) [ 13 , 22 , 5 ,15 I )

1 2 2 1  1 1

89 1 3 1 3 9 1  1 5
it t, ( 8 , 18 ,11 , 12 . ( 8,18 ,11 ,12 ) ) 1 13 , 22 , 5 , 15 1

1 2 1 1 2 1  1 1
Ic

5 9  11 10 It) 1 4 9 1  1 8
V ( ( 8 , 18 , 11 , 12 I, 8,18 ,11 ,12 - ( 8 , 18 , 11 - 12 ) ) 13 , 22 ,8 , 18 1

1 2  1 1 1 1 2 1  I I

DEAD

This 1 inc o t~ an a l y si s  de’ade’ns because st  rue t u r e  10 is a lur imi i ye st r~I ig it l  line

— s t r u c t u r e  f o r  w h i c h  there is no above threshold e’v idetice ’ j t  t h e ’ d a t a .  An alt or t uth . c

course o f analysis is thus pursued as follows .

4 1 1 4
# ( . t 13,22 ,8,18 ) rated 1.0

1 1 11

4 7 7 1  1 4
U ( 13 ,12 ,8,18 . ( 8 .18 , 3 , 14 ‘ I 1 3 ,22 ,8,18 1 ) rated 1.0

1 2 2 1  I i

4 1 7 1
U ( 13,22 ,8,18 - [ 7 ,17 , 5 , lti ] [ 13 ,22 ,8,18 1 ) rated 0. ’)

1 2 2 1  I i
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t i l e  P R I M  > st r uc tu r e has bee n ex te n ded f o r w a r d  to po in t  (5 ,16) hut at the

exp et Ise  ot  shoot ing a gap : hence the  r a t i n g  is reduced in p ropor t i on  to the gap

-, j Z e  t o  0. 9 . S t r u c t u ral a l t e r n a t i v e  < ALT2 > is pursued t empora r i l y beca use o f

h i g her  rating 1.0 but after f a i l u r e  the  l ineo f ana ly s i s  j u s t  abo ve is aga in  t aken

up  .t~ t i ll- h i ghes t  ra ted  a l t e r na t ive .  A few of t h e  encodings along the pa th  to a

c o r r e c t  ri- c o ~~t i i t  ion are as follows .

AVFER RECOGNITION OF TWO SIDES DA AND AB

8 9 9 1  1 8
C ( r~~~~~~( 9 f l  - 1 5 , 16 , 9 , 11 1 ( 13 ,22 ,5 ,16 1 ) ra ted 0.9

1 2 2 1  1 1

~~,1

4 — -—-- —

ArI ER RE c OGNI -r ioN OF TH REE SIDES DA , AB , AND BC

9 9 9  9 1  1 8
( 9 , 11 , 17 , 17 - [ 9 , 11, 17 , 17 ] [ 5 , 16 , 9 ,11 1 [ 13 , 22 , 5 , 16 1 ) rated 0 .9
1 3 3 2  2 1  11

Ai ” FER PROPOSING SEARCH FOR FOURTH SIDE CD.

9 9 9  9 9  9 1  1 8
t/ ( 9 , 11 , 17 , 17 - ( 17 , 17 , 11,25 ) [ 9 , 11,17 , 17 1 [ 5 , 16 ,9 ,11 1 1 13 , 22 , 5 , 16 ] ) rated 0.9

1 4 4 3  3 2  2 1  1 1

AFT ER RECOGNIZIN G ENTIRE RECTAN GLE

8 9 9 9  9 9  9 1  1 8
4 - [ 17 , 18 , 14 , 12 1 17 ,18,14,22 3 9 ,11,17 ,17 3 [ 5,16,9,11 ] [ 13,22 ,5,16 1 ) ra ted  0.9

1 4 4 3  3 2  2 1  1 1

The automata that manipulates such encodings to perform the analysis is detailed

in IStockman 1977]. The manipulation of the search areas , or intervals was clone i n

associated “semantjd’routjnes. This was necessary so that the overall problem solving

mechanism would work uniformly on waveform and image data .
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3,3.5 Discussion of rectang le recognition experimen ts

The cRECT> goal in the rectang le PRR was not ac tuall y used as the r oot problem

in t h e  experiments. ‘—L F RC -’ was used instead to control only a counter clockwise’

search. <RCRC> controls clockwise search and was not used to save t ime . It was

the i n t e n t i o n  that in future work the confidence measure would he allowed to increase ,

and thus , w h i l e  a pa th may block in one d i r e c t i o n  due to noise or d i s t o r t i o n  i t  may

be found itt the  reverse d i r e c t i o n  a f t e r  enough con f idence  has been b u i l t  to overcome

the noise .

A simp le p r i m i t i v e  d e t e c t i o n  module was programmed so tha t  ed ge e lements  as

p ictured in Figure 19 could be extracted from grey scale images . The d e t e c to r

was used to v e r i f y the  ex i s t ence  of an ed ge element as pred icted by the grammar,

The pr imary edge element STRAIT had to be recognized by o the r  means . l’he detector

scanned across  a hy p o t h e t i c a l  ed ge and recorded p o i n t s  of max imum g rad ien t  m agni—

~~ tude. These points were then fit w i t h  a s t r a i g h t  l ine  I t ’  assign a c o n f i d e n c e  v a lu e

to the hypo thes i s .  The sy s tem was then  t r ied on two of t h e  r e c t a n g u l a r  b u i l d i ng s

in the GAFB Image. The searches were successful and were less bushy , i.e, more

efficient , than those on the cons truc ted examp le of Figure  lo . Howev er , too much

adjustment was necessary to make the process work and little generality can he

claimed.
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1.4  M ore on the  detec t ion of shape fea tures

Sec t io n 2 of this  repor t  discussed the de t ec t ion  of p r i n i t i v e  f e a t u r e s  in

image ry w i t h o u t  use of a pr ior i  model i n f o r m a t i o n .  Straight ed ge elemen t s , smoot h

curve segments , and points of high curvature on them were discussed as useful fea t-

ures. It was argued that many image features could be detected by cheap impleme ntat-

ions although a fair portion of existing features m igh t  be missed . Onc e enoug h image
I

c u t u res ar e-  assembled hypotheses about the remaining image conten t  can be ra ised and

tes ted  by using mode ls such as PRR . V e r i f i c a t i o n  of a h ypot hesis  is much more e f f i —

c i t - i t t h a n  searching for a pr imary pr imi t ive  wi thou t  model guidance and thus more re-

fined shape features can be a f fo rded .

V e r i f i c a t i o n  of the presence of a boundary segment of  a par t i cu l a r  shape can

be done using curve fitting , Rough detection , or searching for points of a prototype

s~ t ot  p o in t s .  f i te se techniques are discussed i n  some d e t a il  in Sect ion  5. An L X —

pe r iment in t he r ecogni t ion  o f t he curv ed t ip  of an ai r p l ane wi ng is des cr ibed b r i e f l y

here. It was easy to add a parabolic curve—fitter to the existing straight l ine fitter

r used in t h e  rectangle experiment. As before , a s p e c i a l ly shaped boundary curvewas hvp o th e—

-,lzed in a given region of the image with a given orientation. Profiles were searched

ali guicd with the hypothesized coordinate system and the high gradient points were f i t

with a parabolic curve. Goodness of fit determined the  c o n f i d e n c e  in d e t e c t i o n,

Figure 22 gives a PRR model for the wing of an airp lane of the type [out-id in

t ie ’ At’Bl image of Figure 3. Figure 23 shows the geomet r ic  s t r u c t u r e  modeled in

61
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the PRR . (Curvature constraints for the CAP and CUP and length constraints for the

sides are omitted from Figure 22). The curvature parameter of the parobolic fit

will be positive or negative as the wing boundary of 3.5 is traversed clockwise or

counter clockwise respectively.

Search using the airplane wing PRR was never correctly carried out. The major

problem was that 1—D fitting techniques were used . The fitter was confused by the

many points existing at the juncture of the straight edge and the parabolic tip.

These po in t s  had the same x value but different y values : the profile scanning could —

only select one point for each x value. 2—D curve fitting was clearly indicated but 1 
-

the exper imentation was halted in order to pursue more promising avenues as discussed - 
-

in Section 4.

3 5  Discussion of the use of grammar models

Shaw [1970] realized the value of using grammar modules f o r  1-D ana ly s i s  He

was also aware of the difficulty in doing segmentation as preprocessing . The work

reported here attempted to extend Shaw ’s work in two d i r e c t i o n s .  F i r s t  of all , bot tom—

up operators were employed and secondly ,  m u l t i p l e  compet ing parses were developed .

M a r t e ll i  [19761 exploited the search concept. His approach is to d ynamical l y

search image data for cont inu ing  edge elements.  A pr ior i  shape information was en-

coded in heuristic func tions. Martelli has even experimented on the same rectangle

detection problem discussed in this paper. No structural hierarchy was used and all
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I.
recogn it ion informa t ion is conta ined in the struc tural c o n s t r a int s .  C o n s t r a i n ts

other than those on shape should be incorporated into the PRR ; for instance , a

- 

- 
given region could be tested for a ho t spo t assum ing tha t an IR image is also

available , or a g iven reg ion could be tes ted for  color if color imagery  were  be ing

used . PRR ’s that model loosely related composites should be tried . For instance

we might have <AIRFIELD>——> <BLDG GROUP> <PLANE GROUP> < RUNWAYS> where an a i r f i e l d

is recognized as a composite of p lanes , bui ldings , and runways .  More thought  has to

be spen t in assigning the confidence value to < AIRFIELD> given the con f idence  values

assigned to the components.

I 1
2

-

. 
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- i t  O t t  i c  shape mode Is

h h i l s  i-~~’t.’ t it t u exam j Ilt’s the matching of a rb It ri rv shapes cxt r;t c t  ed t ron a ii

ti . t w t ( I i  u ; l t ~~pe s at t i r e d  in .i re fore-nec d a t a  base’ ( R D B )  - ‘I h e t  t. ’ was onu s i t ie -~~~ Ic

t i t  St 1150 t i ’ l l  i t t  g i-omet  t’ i shape f t ’~t t u rt ’s iii Sec t ion 2 .  i’he te’riu ‘‘ ico n  i t ’ ’’ i s  i t u — t ’d

t o i t t t I  I c -d ie ’  t ha t t h . - gt t . ige s t r u c t u r e  ‘‘l ooks I i ke ’’ t i t e  s t r u c t u re  s t o r e d  i t i  t i ’ t . ’

.~~~~~ t , i t  l i e -i-ia i 1-a l i v  Wi ’ mi ght d ot  itw tha t strut- lure A looks like struc ll t it ’ II i t

I b l O t  ~‘ ~-:~ i st a an RS&T I r a n s fo r mat  io f l * map p it ig  p o i n t s  of A onto p o i n t s  of B. t h a t

Is i i i  t a c t  t l t e  t - -‘rnta l I sm tha t is used in this sec t i on .  Sonte l e n i e nc e - tt ius t hi’

il l c t W t ~~1 i t t  t h e - paradigm so t1t~t t (1) some r u b b e r  shot ’ r d 1st or t int l  is p ert it  i t  Led an d

— ttt i s~ ; i ug or add i t I onal p a r t s  are  perrn i t ted i n t h e st r ue t t t  red image’ pci l ot s .  ‘i’ it e

I ir s i .  t . u i - II i l v  c-an be’ prov ided  liv use of ap pr o x i m a t e  Rs&r  mapp i ngi3 w h i c h  L o l c -r ~t t

Oo l t t t ’ ci i s l t i t L  l iii .iniI t h e  aeCt )fld f , t c i l i t y  can b&’ p rov id ed  1)” t t se  t t f  .1 t o l e r , t t t t p . t r t  i : t l

n _ t I cli  i t t 5  pro i - t d u rc- .

l ’here .t ro two spec i f ic app Ii cat  lot is  to  wi t  i t h  t it Eu ;  il i s ct t a s  ion is or i ott I t ’d . F t  cu ;

ci t  a I I we want (0 he ab le  to register ac -r i a I i m ag er y  w i t h  ~i tt cx i  a l l  tig gt -o gr , ip ii I t ’

, ca t  t og  r ap h I c )  da t  .i base (CrIB) - To do an we need t ~‘ mat  t’h i ni ,tgi ’ feat tti ’ & s w i t it t 1t c ~ j i -

i c - o i l S  ii t o r ed i n  t lie CDII - ‘t’lie r e su l t  of ’ .i co l re ’c I. g (n b a  I mat oh log of e:t o I t i t t s ip t , t i ~~i t —

l i F t ’ t o  a o t t  r i t’npond lug CDB f e a t u r e  is an RS&T t r;ttts form wit I c h regis t ors a l l  po I t - i t s

of L iii- image to  Liii ’  CDB coord m a t e  system . As a r e s u l t  of t l i t ’ r t ’g 1st  r a t i o n , t l i c ’

comp I&~tt~ image c ’ t  U be’ examined fo r  c o n ten t  in compar i son  to  F I t o  I ~‘oti I c feat itro c’i t l t —

cot ~ ti ’ r i’d in t ite CDII - Up da Lea t o  t he  GOB can h e ’ ma cto - For t ist  . m e  ~ • r iVe 1 5 0,111 be

~R , ’t ; t t  in t i , S~- a i  to g , and Translation
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searched in the image for the appearance of new b r i d g e s  or a i r f ie l d s  cou ld  he

searched for  the disappearance of p lanes .  In a second case we want  Ict be a b l e

to recognize generic moveable objects by m a t c h i n g  Image edge s t r u c t u r e  to I c o t i l c

edge structurc ’ stored In a model (IEM for iconic edge model) . For examp le , the

edge structure of a B — 52 a i r p lane could eas i l y  be s to red  In  t h e  same m a n n e r  tha t

a road ne twork  Is s tored in a CDII - The important d ist itwt ions a re  tha t (I) t h e ’

ob j  c-c t is not u n i q u e  hu t  may cx ( a t  in a t ty  nttntbe’r of cop lea hay I tig Id ott  tI c~I1 ge’n—

met ry, (9) the objec t t ’, t n  appe ’a r and d i sappear  at many c-ar t h t  inca L I  outs  dur  I rmg

certain tunte lapses , and (3) the locat ion and o r i e n t a l  ion of t it e  o hj e ’ct i s  n ot

known a priori t -v e tt  a t~ ter Imagery is reg 1st erect wit Ii ii COB -

H
if 4.1 Registrat Ion of image s t r u c t u re s  to m o d e - I s

Image reg t at ra t  ton and c h j  cc ’ t de tec t ion  .i Fe ’ t ri-a ted lie low i t s  two a ides of t itt ’

same cd t i t t . A t e’C h u t  1 qtI &’ is eh t’Vi’ lc ipet l  f o r  tna ( c i i i  ng imag e ’ at rue t or t - s  w i  t it i c ’ t 111 I t ’

s t r uct u r e s  in  a stor ed  map (CDII ) d r  model (1 EM) - Abstract iv there’ i s  t t t ~ ti lt I or e ’u ce’

between ,i map and a model and the  a igor  I tht ii s J i~~c ’ t t u ; ~~~d i n  -~ . 2 ma ke  no d i  a t  i tic I i n n

between t h e  two . S I nec regis tra t iot i  and OH t’c t dci e ’ c ’ t j  o t t  h ave  I r ad it i otst I I v been

i l l s  I in c  t eot tc t ’1t  is  h~t c k gr o un e l  work  i s  d i sc  its scd mltidt’r ;c ’p~ i l a  F e  c . it  i’go l~l t ’l-; -

‘t .  1 - I Im age’ rt ’g ist rat I on

I ’htt ’ p rc h I ciii o t  t e ’g ( S t  e’t’ i ug I cit or tu a I ion  fr on t  n d ’  I m i g i ’  ( i i I 1st 1 c i t  a u n t  i te r 111,10, 0

c u r  m ap ,  pt iss ( h i  v made itt t t i l t  t e’r ent t hut ’ and f r om , t  cii ft i ’lent p ot  511c c ’ I i V t ’ , i s

it I-’
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of the maj or problem s in image processing . There are many app lications . In

medicine there is the problem of comparing two x—rays made a year apart. In

ind ustrial engineering there is the problem of inspec t ing an assembly of par ts

to check conformi ty  with a blueprint . In photo Interpretation there are the

problems of collating information about a single point from a set of images from

d i f f e r e n t sensors and of analyzing a given area for changes over time .

Mathematically formulated , the problem of registering two images is the pro-

blem of determining a transformation T that maps arbitrary point P
1 

in the first

image coordina te space to corresponding point P
2 

in the second image coordinate

space. The work discussed in this report assumes flat imagery and linear trans—
-

-4

fo rma t ions; that is, points have 2 coordinates (x,y) and I is specified by a rota t-

ion 0 and translation (xs ,ys) . In general poin ts may be spec if ied by more than 2

coordinates and transformation T could have many parameters if n on—l inea r  w a r p i n g

is required .
-
I t

A straightfo~~ ard registration technique is to use human selection of corres~

poru d ing “con trol” points in the two images These poin t s  usually represent salient

features such as the corners of buildings or the intersection of roads or streams .

Let transformation T be defined by a parameter vector a al-id let tite set of corres-

ponding poin ts  be (P11,P21) ,  l2~P22)~~~~
.
~~~~lkt

h)
2k~~ . The best transfoomation

T mapp ing the f irs t image into the second ca n be def ined as tha t t ra nsf orma tion

such t h a t  
2

c=~ d (T (P 1.),P2 .) is minim ized
i=l,k

where d is the squared distance between the control point p2. in t h e second image

ii
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and the corresponding control poin t ~~~~ transformed into the second image coordi-

nate space. Thus, once corresponding control points are chosen classical least

squares fitting can produce the “best” transforma tion to be used to regis ter all

points .

Automation of control point selection automates the entire registration pro-

cedure. Van Wie ard Stein [1977] have reported on a system which brings ERTS—LANDSAT

imagery into registration with UTM* maps. Map control points  are human selected and

so are the control points of the first imagery processed . Binary gradient masks

in the neighborhood of each image poin t P 1. are comp ut ed and stored wi th the map

co- itrol po in ts F 2,, . When subsequent imagery of the area is obtained via the satel—

lite the stored grad ient masks M~ are correlated with the gradient image in order to

locate the points P
1~~

. This technique depends on the justifiable assumption that

the registra tion transformation for  this problem is approxima tely known so that the

correlation can be done in a focused manner , i.e. the orientation and neighborhood

for correlating the masks is approximately known. According to Van Wie and Stein

this au tomatic con trol poin t selection goes well about 80% of the time and requires

human intervention about 20% of the time because of weak correlation.

The work of Horn and Bachman [1977] deals with the registration of an aerial

image with a synthetic image constructed from a model of the light source (sun) and

ground elevation. The best transformation T
a 

is gotten by hill—climbing (optimizat-

ion) in the n—p arameter space to max imize a criteria funct ion which considers all

points corresponding in the two images and not a selected set of control points.

Such a procedure depends on having a good approximation of the optimum a to begin

*Unjversal Transverse Mercator
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the optimization and requires a large comput~tt j ima! effort at eacit of i L ~ steps

i t t  c)r de t  to  d e t e r m i n e  fitting quality of T .  Because it is a global procedure

.tiu d requires no specially selected features it should be robust in performance.

Some m l d d l e  ground has beet-i explored i t t  SRI by ( B a r r o w  et al 1977]. An image

(a  olu. t r a o t e r i z e ’ci by a sparse set of f e a t u r e  po in t s  w h i c h  c , i t i  be au toma t i ca l l y  cx—

tr.tcted . P o i n t s  along l ineal  fea tu res  of good c o n t r a s t  are recommended to r eprest ’nt

t h ì e ’ ititage’ , S m i  t a r  ly ,  points  of l ineal f e a t u r e s  ( 1 . c- . a oc ’astl  Lut e )  are  represented

i i i  a map.  H i l l — c l i m b i n g  op t imiza t ion  f rom ati assumed approx imate a is used to dc -Ic r—

m in e  the  t r a n s f o r m a t i o n  I which  is  optimal fo r  m a t ch i n g  p o i n t s  iii  t h e  Image w i t h
I

points ot  Fl i t ’ map.  Determining the qual i t y  of f i t  for  a given I is  aided b y ii tech—

u l i que known as “ chamfer  matching ” . Computa t iona i ly  th is  method is  f a r  more p al a t ab l e

than th a t c) f  Horn , but i t  does re ly  on fea Lur e  deli-i - Flout and does not a c c u r a t e l y ev a I u —

ate the f i t  o f  ‘I’ due to the chamfering trick. Faster but perhaps  less reliable results

u-ilioit Id he t’x~it ,. t od —

Sec t t h u  4 2  of th is report presents a novel approach to thte registr ation of

images using straight edge content . Clusters are formed in 5mn a—param ete r  apace’

by ii 1st  r i h i t t i i t ~ points gathered from local ~V ich c’ui c~~. The pa rame te r  spac e- is  t he

sp~t c c - t o  be “st-arched” for the optimai registration transformation ‘I’ . An item ot

I t i c , t l  ev j cle ’t tc ’i’ is ,t pair of edge elements , one f rom the  first image and oUt ’ f r o m

the  second image , which could be in te rp re ted  as being the ’ same feature. The c o rr e c t

t r . u nst ormat  ion parameter set a is that set tha t iute~~ated the most local Su p p Or t .  

- 
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4.1.2 Object detection

Object detection has been handled in various ways in past work. The most

obvious technique is template matching which can be done in the Fourier domain

to achieve rotation , translation , and scale invar iance. Duda and Hart [1973)

and Rosenfeld and Kak [1976] describe 2—D template matching and Zahn and Roskies

(1972) describe matching of invariant features gotten from the L—D Fourier expan-

sion of the boundary of the object. Structural pattern recognition attempts to

recognize objects as a synthesis of par ts by either ad hoc or formal techniques .

The work of Guzman [19711 and Shaw [19701 are examp les in this category .

7 Temp late matching has as its strength the ability ‘o integrate over many

pieces of evidence , usually po in ts, to reach a match and is quite tolerant of im-

perfec t or no isy input. While conceptually simple template matching can be expen-

sive to imp lement d igi tally. Syn the tic techn iques make a low level interpretation

of the da ta in pr eprocessing and then usuall y seq uen t iall y in terpre t the low level

primitives to assemble objects. While relatively efficient in digital implementat-

ions sequen t ial synthetic techniques are d if f i c ult to con trol in si tua tions where

da ta can be imperfect or noisy.

A third object detection technique is conceptually described in [Duda and Hart

1973 , Sec 12.3] and practically Imp lemented by Perkins [1977). This technique in—

volves determining a transformation that would m a p  the image, or part of it , to a

model of the object and is a 3—step process.

72
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(Cl) Ob tain corresponding structures in the image and model . Structures

correspond when they have the same shape , size , etc. Image structures

are to be obtained automatically while model structures may be inter-

activel y comp iled .

(G2) Determine transformation parameters cz=(a , a . ,. . . , a ) such that 1
1 2 it a maps

-

~~~ 

- 

at least some corresponding image structures (points , lines , arcs , etc.)
- 

- 
onto model structures .

(Ci) Determine the degree of match between thie entire set of t r ans fo rmed  image

structures and model structures.

-~~. 2 A new procedure f o r  r e g i s t r a t i o n  and ob j ec t  d e t e c t i o n
I-,

— 

This report describes a new technique for performing the 3—step process describ—

ed above. The technique is a hybr id of temp l a t e — m a t c h i n g  and s t r u c t u r a l  ana l y s i s  and

combines the advan tages of those two procedures .  The s p e c i f ic  i n t e r p re t a t i o n  t 1 t he

general  s teps above are as follows.

(SI) Assume all structures of thte same type correspond For examp le , assume

each straight line segment in the image cait cor respond t o  each s t r a i g h t

l ine segment of the model , each convex curve in th e i ma ge  can  cor respond

to each convex curve  of the  model • e t c .  For cacti  p a i r  ot  at  m c t  h u r t ’s

(s . , a ) , where s and s are s t r u c t u r e s  t rom the image and map r i - ap e - c- I  iv~- —
i m I m

ly ,  compu te t r a n s f o r m a t i o n  pa ramete r s  ci and p l ac e  a u n i t  e f  mea s u re  i t t  a

parameter space.

( S 2 )  Possible t r a n s f o r m a t i o n s  ‘I be tween imagt- and model ar e  clc’Icc ted as c l ust  e’rs

i n  a parameter  sp a c e  t o rflh-d iii s t e -p S t  h i t - ,~ t t t a e -  I 1 ( J V \ -  ttt e a su r t - l i t  a ~~j t t , 1  T1R W1~ Z

tha t many cor respondences  are  exp l a i n e d  (iv I

fl

- 
-~~ 
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(S3) Evaluation of the match strength of each T from step S2 is gotten

by either compu ting an average distance between all corresponding

structures or by counting the number of image structures explained

by the model structures under T .

It must be noted that the procedure just outlined is essentially high—level

Hough detec tion -— distribution of mass to a parameter space to detect evidence of

global structure.

-4 .2.l An illustrative examp le

A simpl e examp le of this process is illustrated in Figure 24 . Assume t i t a t

the image can be represen ted by the 4 direc ted edge elemen ts shown in (a) wh ile

the map contains the edge elements in (b). It is assumed tha t the length of the

edge elements is accurately known. There are 16 possible ways tha t an edge element

from (a) can be paired with an edge element In (b). Each-i pairing yields u n i q u e

transformation parameters (0 ,xs ,ys) as shown in ( c) .  Four of the  lb po ss ib l e  pair-

ings y ield a consistent i n t e r p r e t a t i o n  —— rotate by 0= 0 . 7 9  r ad ians  and t r a n s l a t e  liv

t,— ..5.2.0). The parameters from the 4 correct pairings form a cluster in c i = t t ~ , xs , v s ) —

space while the parameters from incorrect pairings arc- spa r s e ly  d i s t r i b u t e d  in t t ~te’

space. In practical cases there will be many more titan 4 p r i m i t i v e  s t r u c t u r e’s and

not ,tli pai rings will be possible (i.e. due to  s ize  or shape d l f f e ’r e ’it ce ’s) so l i i i’

presence of a t-l uster in the  parameter space should be even more- obvious .

I - i
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-i . 2 . 2  H t u s t e r i u t g  t t c t t u i i~~it t ’s

Iw o  ~l i t  t e- r c - n t c i  i ts t er ing t c-c t i n t  t i t l e s  we ’r e  u sed t h ’t  I . .  N . K .  re’g is  t r a t  i out tuc h

t ’b~~ec t  ,leLec i j e i lu  e’x pe-t ime ’n ts .  l t ~~-v s h a ll  be ca l  led  t h e  hi i -u. t rciiic ~u 1 le t  l o t

and t h e  vu -iahi l~- tc ’st ’lut ion t--hi t ti , 1 uie . I n  t h e ’ h u i t - r a r c - h i c a l  m c H t t t i q i i t - c I u s t L -u l ug

was f i r s t  ih o ne ’ out t .u~~otte and t h e n  i n  t X s , v s )  — o1i~l t e  g i v e t i  a l x c - ~I h ivp s ’t l i t -s i s .

i’ h i i s  t e c hn i que ’ W i ~ i t a c t  u l  t o t  deve ltitime’tit a u t h  h t u ut tau  i t t t  ci  tt t i e ’ t t  ht c t t i s t  ~

cou l d  lie viewed ta t h i s t o g r a m  inch ( x s , vs~ —s ( i a~- e’ t s a s~~~t t  t ci p I o t ~. I’ , i i t t t s  t i t

ht igh d ems i t  v i t t  t h ie It is togr am or scat  t er p l~~t~ we’le’ f o u t t d  t i t  t i e r  alt t. oma t I t . 1  I lv

or by human Se ’ I ~‘ct 1011 .

i t t  gene r a l  , t rue - e-ut e l pti n I  s ii i  ed ge i’ i’lfl e’ilt  5 t’ J l t t t t ’  I he ’ got  ti-i t ret i ab I t  as i.-~t s

assumed in  t h e  e’xilmp le of F igure ’  2-i . However , good c~ or n e’ r pe t n t  a c i t t  lie ’ t e ’t t

u t cor ret- I p a i r s  of eehge ci i’meut t s  ar e ’ ext  eutde ’cl to a it  i t t t  i 5 e~~ I i t ’ l l . I. ( t e s t - co llIe ’ I

k 
p~’ j i l t s  c t t i  t hen li e’ i i~ i’d 0 at c i t r a t e  lv d e l i tie ti i~- 1- eg 1st. r a t  ~i u t  I r i c - ~ I ~-r tu. l  1 t o  -

Details are _ t  a fo  1 lows . For e’~lchi ~~ 
1 r ( — t  - , h i t  t uj ~ t ~t d ,~~~ ci e’tlit ’ti t a and Ut ah ~~~~I UI 

- - -

i’ [et t t tCll ts , t h e ’ t o t a l  l efl t 0 t1e ’e’ e’55~ l t ~V ~~ !, i i  _ t t  ( ‘ 5 - i t i t O  5 1 ;  1 c, , i t & hc ’d i t t  a i i t ~~t o—
in - t lit

g r am.  (A c lu st er ing  sp a ce ’ oh ib O one— de ’g rcu ’ t i t u s. Vht e ’ t O P  1i t -~ u l ~~i ,  ‘t t hi ’ h i i s t s —

gram , - i t Icr snot) t ii ing - .i re exam i nech f u r l  lt d . l-’,i 1 .1 g i \ ci i  - po ( l i t  a i i i  s , v s  - - - ‘ 5  h

. i rc  got t en  as f o i l  ova.  h .et  map ed ge e l emen t  ~ C D and C 1) spec ’ it v a ~. t o t t t i d  ~‘ t t t  t o t
m m ut it

itt (1C1’ ) In  t h e  map .  For e’ac’ i t  Image ’ ed ge i’ I t ’tiit ’ t i (  pa i t -  ,\ (~ , i t i d .\ ii , t o t  a t  i u t g  j u l  ‘

C 1) -t itel C P by rot~tt ~o1t (1 , a t r a n s l a t  (e l l a  h e’ci ntpe l i tet t t  (x a  , t-s~ is  t , -i ~h i I v  O& i fl i 1) L ) t e -d
m m  n u t  -

and ,t tin i t  t’t Ifleasetre’ p laced in (xs , v a) — s p a e’e . When a l l  CCI’ ‘s ~u u  e I t c i t  e’ui i n  t hi i

manner , c 1 its t e ’r i ttg lit (xs , vs)  — s p a c ’e’ is  e’as l i v  ~i~’ut e liv c’Xit fli i i i  j u g  a sca I t  - t  p h ot ,t l i i i

7~i
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a full set of transforma t ion parameters cz~ (0 ,xs ,ys) is available. The goodness

of I can then be evaluated as in step S3 above.
a

The var iable resolution clustering technique uses a fixed lOxlOxlO partition

( b i n n i n g )  of the 3—D parameter space. After smoothing , heavy reg ions of 2x2x2 b ins

are selected for clustering at the next level. Points in the 2x2x2 bin region are

red istributed to the lOxlOxlO bins by scaling and cluster de tection r eapp lied . This

ref inement process is continued until there is no ni re cluster evident or until t h e

bin size reaches the limit of resolution inherent in the problem domain .  S ince  t h e

size of a bin is reduced to 1/5th size with each level of clustering , 3 levels is

typical  y ie ld ing 3° x 2  pixel x 2 p ixel b in size f or a (0,xs ,ys) orig inally constrained

to a 360 0 x 500 pixel x 500 pixel space. Note that only rotation and translatio n

parameters are used : transformations using scale changes as well would involve 4

0 
parameters instead of 3 and were saved for future experiments.

4.3 Image registration experiments

‘I

Several image registration experiments were run in order to test the viability

of the new concept. The hierarchical clustering technique described earl ier wa s

used and there was considerable huma n interaction in the early stages of testing .

Input to the procedure were two sets of directed straight edge elements; one called

the image and the other called the map . The image edge set was extracted automatic-

ally by the Hough detector described in Section 2. The map edge set was comp iled

by humans mak ing measuremen ts on pr in t plots of the digital imagery . The resulting

maps tended to be very crude because 1) the amount of human effort in making measure-

ments was great and 2) a procedure was desired that would perform well on cr ude

76
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— input which would be expected from automatic processing . Several edge pairs whosc-

in tersec tions made good ground control points (GCP ’s) were identified in each map.

Typically GCP ’s were chosen as nearly 90° in tersec tions of large edges. GCP ’s were

used in the second stage of hierarchical clustering to determine the translation

(xs,ys). Output from the registration procedure was a set of possible transfor-

mations (0,xs ,ys) mapping the image edge set onto the map edge set and stre~~6Lui

value for each. The strength of a registration transformation T =T was
ci (0 ,xs ,ys)

determined heurist ical ly and l e f t  for  human i n t e r p r e t a t i o n .  Three numbers were

a c t u a l ly o u t p u t .  For each pa i r  of edge elements (s 1, s ) ,  5~ from the image and Sm

from the map , a value in the range [0,1] could be assigned according to how close

T ( s .) was to S in the map coord inate space. The procedure  repor ted  a count  of

all image ed ges s . and a count of all map edges Sm which had no corresponding edge

element with above 0 value. The sum of all match values was also repor ted .

4.3.1 Image registration data sets

Three major  test sets were used to test the registration procedure. The images

used were AFB 2 ,GAFB , and IJN B (shown in Figures 11 — 13 ) .  Edge element sets

automatically extracted from these images are shown in Figures  11 , 14 , and 16.

The maps f o r  AFB2 and GAFB were made from pr in t  p lots of the d igi tal  imagery making

it known a priori that the correct registration transformation was (13 90°,xs=O ,vs=P).

Since repeat coverage was available for UNB , image ed ge elements were ex t rac ted  t rout

UNB 1 (Figure 13 ) and a map was constructed from print plots of UN B2 (F igur e 7 ) .

Three ground control points were used in each UNB image to establish what  a good

app roximate registration transformation should be. Plots of the edge elements used

for  AFB 2 ,GAFB and UNB are shown in Figures 25 ,26 and 2 7  respectively . Details - - 
0

of the 3 test sets are summarized in Table 1.
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4 . 3 . 2  Results of the image registration experiments

T a l i l e  2 summar izes  the  r e s u l t s  of the experiments with the teat images

described in Table 1. ihe - results confirm the  u s e f u l n e s s  of the  new reg i s t r a t i o n

ce t t c ep t  and the re should be add j t j o n i i  c o m f o r t  i t  the  f a c t  t ha t  very c rude  maps

were used and ot iter  u s e f u l  reg is t r a t i o n  h e u r i s t i c s  were igneir eiL I t  is impor t an t

to p o i n t  out that c l u s t e r i n g  in ti—space  was done ~t u t o m a t i c a 1 l v  w h t i l e  clustering in

(xs , vs) was done in terac t iv e ly .  Tite h i s tog ram of (1 r t i  t a t  ion s formed by rotat tug

e’~t c h  image edge i n t o  cacti map edge - was f i r s t  smoot t ted  by a 3° a v e r a g ing window and

then  s u b j e ct e d  to  peak detection. Up to 3 of the  best peaks  were  passed on t o  t h e

n e xt  s t age  ot  clustering . The t h r e sho ld  used was 5O~- of the  number of ed ge e lements

ron the  image.  C l u s t e r ing in (xs - v s)  space was dcine i n t e r ac t  ivelv  by human exam—

i flat l o l l  O f  sc it t er p lot s pr esented  by compute r .  Eva lua t  I on 01 the strettgth 01 sc - l e ~~t —

i’d t r a t i s f o r m a t iout s  (~ l , xs , vs)  we re’ computed automa t i ca l  l v .

-~. 3 .2 . l  AFB 2 dat -a s e t

-I -i T , i l i  Iii 2 shows , th ere - we’re two at  r et ig re - spou ses  i i i  t i l e’ I i t t  e u p r e t  I t  ~ Ofl spii h c

(o . xs , V a )  t o t  AF B 2 reg I st r at  ion. iJnd u -t t h i e  ‘‘ c c) r re -c t ’’ int l e- rpr e1 t~t t I ~i c i  ( 1i~~ t) j ) ”  , xa = 2

v s = 2 )  3~ o t  ~S i m i g t - ed ge elem e n t s  i li gtiec h with 13 of 16 map ed ge eit ’ntetit~- f o r  a

t ot ~i I s t r e t i g t h  ~ t 2 , . t i 7 .  Dite ’ to  t h e ’ symmetry i n  tht’ huiidi ttg l i a t t e - I n a  o t  .-\ F’B2 an

I t ic o r r e c  t i n ter p r e t z i t  iou  ( i ~ = 2 t3 ° , X S = — - b  i~ • v s=— ì ~) i i i  i gned 1 ~ of  -.~ im a g e  edge-  ci  ement  5

w i  t h i  - *  of t he  It ) f rom the  map for a total sirc’ngtht ot  12 .71  . Tb is t y p e  ol  aut h ig e t  ( I v

was ~-l ’s i i  vt - il t o  some ex t  e ’t it  i n  ~t 11 ~i t  eict r j m it gerv bee i U 5 e~ man—made a t  • t e l  or  C S  cx i i i  bit

per pend ic it la r  i t  v wit ich r e s u l t s  in 900 p u --a k i i i  ap i ic emeut  a i n t h e  t~ ~~5~~ iie’ e ol our - p r e l u- c-du  r ~ -

is

-
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4.3.2.2 GAFB data Set

Figure 28a shows a plot of smoothed strength in 8—space. There are 8

strong peaks , one for  each map edge element , but onl y the peaks at 90° and 315° - 

-

d raw support f rom at least half of the image edge elements. A peak is observed

for each map edge element because of heavy image activity in the direction of

277° . There are 45 image edge elements with direc tion 277° ± 3° . Under a 90°

rotation these will align with map edge #8 which has direction 4° . The correc t

90° in terpre tat ion is also suppor ted by 28 other image elements aligning with one

o f the other 7 map edge elements for  a total support of 73 in 8—space. However ,

the alignment of the 45 image elements of direct ion 277° with map element #6

(direction 230°) supports the interpretation 0 315° with  s t rength 45. Random

support  f rom other alignments bring the support for 8~’315° to 63, just above the

threshold. While the 2nd stage of clustering removes the Lonten t ion  f rom U’~3l5°

it is desirable to reduce ambiguity in the 8—space. This can be done by construc—

t ion  of i more comprehensive map fo r  GAFB so tha t most of the image ed ge elements

would support the correc t ro tational in terpe ta tion and hence enha nce its s t r eng th

r el a t i ve  to aL te rna t ives. Figure 28b shows cl t~s ter ing  in (xs , y s ) — s p a c e  under  the

hypothesis that 0=90° . Figure 28c shows a scale refinement of par t  of Figure  28h

which enabled a choice of cluster center (xs=2 ,ys=3)  and an evaluation of support

for (0~ 90°,xs=2 ,ys=3) to be 30.15. No c lus t e r  for  0=3150 exh ib i t ed  any  s t r e n g t h

rela t ive  to the  (0=90° ,xs=2 ,ys”3) t r a n s f o r m a t i o n .

-i
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4 . 3 .2 . 3 UNB data set

Table 2 shows that our procedure  uncovered i v e ry  good ~ipp r o x im a t e  r e g i s t r —

at ion t r anstorn ia t  ion as the  s t ronges t  i t t te rp r e t ~t t  io n , exceed t ug  ~l I 1 ot It er s  by a t

ie~n s t  a f~t c t o r of 2. l’ha t tr ~tns f o rnta t ion , ( 11=330 0 ,X s =_ t4 :~, vs S) , iii i gtt eel 19 i i i  21 ) 1)

image edge elenieir t s  w i t h  12 o f  22 f rom the  mat-i . Tite at  reitigest c o t u  t e n d e r , ( 1 1 2  j 7 0  
*

xs =4 ~i3 ,y s —4 33)  a t igned onl y 6 image edge elemc~tts with 2 f r o u t u  t h e  map . We be l l  t V t ’

t ita t coits t r ue  t ion of a more compre lten s ive map would  have et i ltanc e- d I l i e - a t  Fe’SLi I t  a j u s t

as i t  would have in the CAFB case.

it

4. 3.3 Discuss ion  cit  the image reg i s tr a t i on  ex p e r i m en t s

The r e s u l t s  i n di c~t t c -  tha t the  r e g i s t r a t i o n  concept  i n t r o d u ce -e l  i t t  Se~i t ion 4.2

can be u se-t i  to r e g i s t e r  image edges to model edges .  Because g lobal  i l it  e- r p r et a  t ions

~i re  f o r me d  by i t t t eg r~t t ion , support i ng local  evid e ’urc e cant tie ittc eitnp let e or in c-v ri lr

and t h e - cor rec I in t e r p r e t a t  ion can s t i l l  be ohta I ned . M ore ove-r , t I - te p rocess i i i

acc umula t ing  set pp c ir t  i s , u n l i k e  many s y n t h e t i c  t e c h n i q u e s  * i tt d e p e n e l e n l  c i t  t h e  cir cl er

lit w h i c h  lUt hi I ev idence  is consider ed . in t h e ’ exper intents  the  c o r r e c t  i t i t e r p r e t  a t  ion

a lways  dominta  t ech in corre- t- t i n t e r p r e t a  l i o n s  lit at  r engt h  of  s u p p o r t

Unl ike  otiter  reg i s t r a t i o n  techniques the new t e c hn i q i t e  t ie-ed make  tto i a a u mp t  ( o t t

t ha t  an approximat ion  to the  t r an s f o r m a t ion p a r a m e t e r s  be knowtt  a p r i o r i .  Thus th i s

procedure is a cand ida t e  f r o n t — e n d  procedure to more sophis t  ic~tted n ol t —1 inea r pro-

cedures which  require a good s ta r t  in their hill—climbing . More general tr atu at ormzi t—

ions can be handled i t t  a similar manner. However , i t  must  he puit iteel eiet t Ihui t cluster-

ing t echn i ques , such as the h-t ough t r a n s f o r m , lOse’ e l f  1c i c - tn- v when t he  s i z e  c i t  he
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p iit - irme’t er space I ttcreases • The s imp l i t  f l y  of t h e  new t ee  h t t i  I q ue  it li t  k I -~~; it qu I II -

~t t t r~ic l i v e  t o r  r ot a t i o n s  and t ran s lat  ions .  The c o m p l e t e  CAFB imag e- wi t s  r e -p re- —

sen ted  by 124 s t ra i g h t  ed ge elements , or l24x4  I I t t e - g er s , wh i i  Ii’ t h t e  GAFB map was

spec i f i e d  by only 8 edge elements.

I’hc r e s u l t s  r epo r t ed  in Table 2 were gotten with aut oi tt at  Ic p e a k  de~It- , t ion

it t  t h e  1— s p a e e  and i nt er ~t t - t ive c l u s t e r  d e -t  c i t  i on  i n  t h e  (xs , v s)  — sp i t c e  . t h e  (xs  , \ ‘s)

c l u s t e r  i tt g was then  completel y aut oma ted intel  ~i tn t  [ l ~ t t  re  aol  I a we t o

eiht ~ i i ned . i l i e  amb igu i t i e s  a r i s ing  in images w I t h  hi i g h t  c u t  t or e  cont  e t t t  u t ua k e ’ t t i c

• h i er a r c h i~-al  c l u s t e r i n g  procedure  suspec t .  The ~tmb i gu i t v  lire-sc-l it Ifi Figure- 20 ii

is r a l l i e r  t l a rn i iu tg . Combina t ion  of edge e l e m e n t s  ( ~ . ‘. to  get  1 - igu r e - I ~ f rititi

Fi get re t-~ improved t h i s  s i tua t ion cons iderab ly. hloweve ’t , fe t r  t h t e r  exper j u t e - i l l s  hi

oh] eel  detec t ion showed tha t  many of the h i g l t e -st  peak s  i n  t i—space  c o u l d  be f J l S e

and t h a t  i — U  cl u s t e r i tig  is reall y necessary . The next  sec t i on  d i s c ct s s e -a t h e  more-

robus t  c l u s t e r i n g  tech ni que in t h e  f r amework  of o b j e c t  d ct e ’ct ion .

- t . 4  O b j e t :  t d e t e c t i o n  exper itn ents

Sec t ion  4 . 2  i n t roduced a new concept  f or  r eg i s t r~it  lou w h i c h  use,i c l u s t e n  lug  I h i

f o rm  a g lobal l y valid r e g i s t r a t i o n  t r a n s f o r t i t a t i o n  f rom l o c a l  ev ieleitee c - f  m a t c h i n g

s t r u c t u r es .  Exper iments  in r e g i s t e r i n g  images t i maps we’re e h i s c r t s s c - ,h i n  S e c t  ion  4 .

A l t h o u g h  o b j e c t  detec t ion is t lte  p r i m a r y  c o n c e r n  of t h e  p resent  ae ’c t  j o l t  i t  sh ron i ld  l ’t-

remembered tha t techniques app licable lie-re will z i l  50 ii~~~~ I v  to  gene r~d reg i s t r i t  (hi lt

problems .
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Three types of structures have been used in L.N.K. research as primitive

structures for registration. They are all derivable from the output of edge

extraction. Extraction of primitives was discussed in Section 2. Since the

registration procedure is quite tolerant of errors the feature extraction pro-

cedures themselves need not be highly ref ined . The three structures used for

registration are as follows . - 
—

(El) Straigh t edge elemen ts

Stra igh t edge elements indicate a straight side of an object

and are represen ted b y end poin ts A’ and B’as in Figure 29

Traversal of the edge from A’ to B’ keeps the darker half p lane

to the right. Model edges are constructed by human or inter—

ac tively and are assumed to have accura te endpoints. Image

edges are gotten automa tically and endpoints are assumed to be

inaccurate.

(E2) Points of sharp curvature

Points of high curvature on curved edges are typed as con-

vex or concave according to whether the inside of the curve

is darker or lighter than the outside. The type is easily

coded as a sign on the curvature as the curve is traversed

with the darker region to the right.

(E3) Points of angular intersection

Two straigh t edges intersec ting a t a poin t forming a

blun t angle create an intersection point which may be typed

according to the angular size, i.e. 60°—120°,90°,ete. Inter-

sect ion poin ts, are easily go tt en b y considering nearb y pairs

of detec ted line segments as in El.
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4.4.1 Determining transformation T from only straight edge correspondences

Let points A and B define an image edge structure and let points C and D define

a map edge structure. Let (O
~~
,r
1

) and (8 ,r )  respec tively be the polar form of the

half planes determined by edge AB in the image coordinate system and edge CD In the

model coordinate system. We compute a, or a set of a, so tha t edge AB maps on to

edge CD under transformation 1. Only rotation and translation will be allowed here

so that a=(0,xs ,ys). Given (8
1
,r
1
) and (8 ,r )  8 is easily determined as 0 — 0 ..

Once edge AB is ro tated by 8=8 —8 . to get edge A ’B ’ the configuration of Figure 29

is obtained . The translational part of a is then constrained by the equation .

S
Ax cos O +A y sin A +(r .—r )=O.m m 1 m

Ac tually, since A ’B ’ is a finite line segment Ax ,Ay are further constrained be—

cause point A ’ should translate no further than point C and po int B ’ should trans-

late no further than point D. (Some tolerance can be given since the edge detecto r

can overshoot  co rne r s . )

I
I

The result is that the correspondence of image ed ge AB and m odel ed ge CD y ield s

a l ine segment in x — space between a points (0 ,xs1,ys
1

) and (O ,xs ,ys 1 ). If all

edges are paired with all model edges , a - space will be sparsely filled with line

~ segments from incorrect correspondences but will contain a c l u s ter  of  i nt e r s e c t i n g

line segmen ts f or the set of correc t edge correspondences.

Fi gure 30 shows a set of model ed ges defining an airplane . These were gU i l e - t i

by human measurement of a blowup of a grey—scale picture of an-i airfield. Fi gure 31

shows a set of image edge elemen ts ex tracted f r om a 5i2x~il 2 area of the airfield.

I

-

-
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Figure 32 is a p lo t of the line segmen ts in tha t sl ice of a — space with 320

0 < 340. The rest of ci — space is quite barren . From the data shown in Figure 32

transforma t ion parameters a=(8~ 3300,xs=—104,ys=42) were gotten by a simp le binn ing

implementation of clustering . Under T only one edge of the 10 model edges (the

back of the tail) was not matched to image edge data . Further experiments of this

kind are detailed in Sec tion 4.4.3.

4.4.2 Determining transformation T from correspondences of abstract edges - 
-

As Figure 12 shows , t — space can be quite noisy due to incorrect corres—

pondences and I i  too little constraint on xs,ys. Both noise sources can be signi-

ficantly reduced it the lengths of corresponding edge structures are forced to

agree . Thtus the  endpo ints of the edge structures must be rel iably de l imi ted . To

achieve t hu s , point structures can be detected and abstract edges formed by spanning

pairs if points. These edges, assumed now to have a c c u r a t e  l~~ng th , can he used for

registration exactly as discussed in Se ct i o n  4 . 2 .

A s p e c i f i c  case is t reated here but  the  genera l  cot - i c e-pt  should be obv ious

from this examp le. Abstract straight edges can be- formed by us ing  an in t er s e ’ct iort

- 

. point as the vector t ai l  and a h igh  cu rva tu re  point as the vector lie-ad . Fi gure  3 1

shows the  mod e - I  of the airp lane under this new sch eme . There a r e  ti i n t e r s ec t i on

poin t s  ( 4 — w i n g — f u s e l a g e  i n t e r s e c t ion s  ~ri-t d 2 t~t i l — t u s e h a g e -  i n t e r s e c t i o n s )  attd 5 p o i n t s

cit  b ight c u r v a t u r e  (2 wing  t i p s ,  2 t a i l  t i ps , and t h e  nose) v i e - i d  j u g  10 a b s t r a c t  ed ge - a .

Compar e Figures 31 aneh 30.
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The straight edge content of a second 512x5l2 area of the airfield image

is shown in Figure 34. Points of intersection were gotten from this data

and combined with high curvature points extracted by another algorithm to get

the set of abs trac t image edges plotted in Figure 35. Note the confusion

created by the presence of incomp lete structures from 2 airplanes. The cluster-

ing succeeded , nevertheless , in detecting a transformation T that mapped 31

abs trac t image edges onto 16 abs trac t model edges. Figure 36 gives a plo t

of onl y those edge elements from Figure 35 tha t matched edge elements of the

model. Note that the 31 abstract edge elements represent only 16 true edges .

There is a duplication of abstrac t edges because several edge detections along

straigh t edges caused dup lica tion of intersection po in ts as is eviden t in Figure ~- 

-

35. Merg ing copies of the same intersection would have been an improvement but

was fel t to be unnecessary .

4.4.3 Experiments in object detection

The procedures illustrated in Sections 4 . 4 . 1  and 4.4.2 were tested on several

windows of the AFB image (Figure 11). Since the a irp lanes were known to be of

rough size 256x256 p ixels , tes ting a set o f overlapp ing 5l2x5l2 p ixel windows -y as

guaranteed to consider all relevant areas. 1 windows were required to cover the

entire pla ne parking area : two of these w indows in fac t con ta ined no p lanes and

two windows contained all or part of two planes. The nose and wing tips of each

plane were iden ti f ied by a huma n and a “correc t” reference transformation was deter—

mined . Actuall y tite transformation was computed in 3 ways so tha t a measurement

error could be established . Table 3 contains a summary of the detection experi-

ments. The centers of the windows are listed in Column 1 while the human computed
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reg istratjot transformation , relative Ic the  window cen t e r s , is give-n in Column 2 .

For examp le if all points of tite window centered at (256 ,15 16) were shiified by

x ’=x—256,y ’=y—l536 thten a transformation of (0=330° ,xs=—55 ,ys=69) would ali gn

airp lane #4 w ith the model In Fi gure-  30.

Resu l t s  of au toma t i c  ob jec t  d e t e c t i on  v ia  reg i s t r a t i o n  a r e  g iv e - l i  it t  Columns 3

and 4 of Table 3. The parameters  of possible-  r e g i s t r a t i o n  t r a n s f o r m a t i o n s  a r e

giveti at the left of Columns 3 and 4 and the quality of match ach ieved is evaluated

at  the r ight of Columns 3 and 4. For example , the best poss ib le  detec t ion  of air—

t i l ane  #4 in sub—window 6 using s t r a i g h t  ed ge evidence occurs w i t h  t r an s i or m a tr e i n

(0=332° ,xs=—59 ,ys=66). Under this transforma t ion 18 out  of 70 ed ge- e - lemet t t s  f r o m

the image map onto 9 out of 10 edge elements in the  model  w i t h  an average ’ m a t c h

value of b i .30  (out of a possible 100) . This  h e u r i s t i c  ave rage ’ match value is in

fact better than that achieved with the human determined t r a n s f o r m a t i o n  w h i i c i t  i s

evaluated in the s ta r red  row of Columns 3 and 4 .  u s  lug a b s t r a c t  ed ge ev ide t t ce - t i m e

strongest cluster in a — space was de tec ted  at (0=332 °  ,xs=— (iI .ys=til) . T h i s  t rans-

fo rma t ion  al igned 52 of 155 abstract image edge-s wit lt 10 of 30 a b s t ra c t  model  ed ges.

The average of t u e  52 match  values was 29.06 ; not grea t hu t  a b i t  h igit er  i h t a t t  t I le ’

average match for tite htuman computed transformation.

A bi nary decision PLAN E versus NO PLANE was not made. This is consistent with

our philosophy ti-tat other information should be i n t eg ra t ed  in to  the f i n a l d e c i s i o n .

Search fo r  unmatched model ed ges to v e r i f y a possible  d e t e c t i o n  is d i s c u s s e d  i n

Section 5 of t it is repor t .  
- 
It can be seen from Table- I , itowever , that no detection

will be falsely dismissed wi t h the curren t stage of processing . Th ere are  some f a l se

alarms appear ing at this  stage —— their removal will he treated i n  Se ’c t i o t t  5.
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It is interesting to note the ambiguities revealed it-i Table 1. For instaitce ,

in subw indow 2 a fa irl y strong detection was made with 0 145°. This is 180° oil ci

the correct rotation and shows tha t the airplane does have some rotational symmetry.

While  f ewer edge elemen ts align with the 1 4 50  rotation the average match value of

the  aligning edges is higher than for the correct transformation. Registration ci

subw indows 3,4 and 5 shows tha t some 90° and 2 /0 0 rotational symmetry a lso  exists.

The most valuable information for removing the amb iguity lies in the- edges ci the -

tail which apparently are the most difficult to extract bottom—up . Top—down te -s t—

1mg f or prev iousl y undetected tail edges is discussed in Sec- l i o n  5.

4 .5  Disc ussion cu regis tra tion resul ts

We In terpre t the resul ts to be hig hl y prom ising and to have demonstrated the

fea tu res o f the  new registration procedure-.

Th e pr ocedure is fa irl y efficient s inc e it uses only ch m e ’ap lv

extracted pr imitive features of imagery . Recall titat on l y  1 2 4x 4

integers were used to represent t h e  GAFB image and onl y 8x4 integers

represented the GAFB map.

The procedure can operate with-i fair amounts of miss ing  i l i f o r m a t i c u n

or irrelevant background . See Figures II )  t o  12 for  examp le.

- The procedure does not require a starting approximati oti to tite

t r ans fo rma t ion  sought . in our experiments  we have assumed o n l y  t h a t

the rotation 0 was confined to [0~ 36O°) and that xs and vs we-re within

half the window size in either d irection. In pa r t i cu l a r  such freedom

enables the procedure to be used for  detection of move-able o b j e c t s — —

objects in aerial imagery or parts on an assembly l i n e .

87

_ _ _- _ _ _ _ _ _ _ _ _



— ~~ r - - ’r ~~ r _________

The cost of the new procedure should be considered in more detail . The chief

cost component is the extraction of the image structures , i.e. the edge elements

or points. Fortunately, hardware can be used for extraction of s t r a i gh t t  edges

[Stockinan 19771. If there are i edge elements f rom time image and in f rom t ite ntap

thea i in pa i r s  are formed fo r  all possib le s t r u c t u r e  cor respondences .  I f  the ed ge

element length is reliable almost all of the i in p a i r s  are  r ej ected immedia te ly

while the remaining few are used to define points it a ~- space.  C l u s t e r in g  is

done on f i in l i t - ic  segments wh ere 0 ~ f — I. Ti-ic c l u s t e r i n g  p rocedure  uses lOxl Ox lO

bi ns so t h e  cost  o f smoot h ing a nd pea k d e t e c t i o n  is c o n s t a n t  c1 whi le  the  cost of

f i l l i n g  the bins  var ies  l inearly w i t h  the number of possible edge correspondences

c 1f im .  C l u s t e r i n g  is typ i c a l l y repeated 3 t imes u n t i l  t ime  bin scale is comparab le  - -

to the  accu racy ob ta inab le .  Thus the to tal  cost is 3(c 1+c - , f inm ) . Sit -tee t~m cait he

con t ro l l ed  to be a small f ixed  number the  t o t a l  cost  can p r a c t i c a l l y be co nce ived

as linear in 1, the number of image edge- e lements.  5in ce  not  a ll of t i te  ed ge d c —

ments  need be used to e s t ab l i sh  reg i s t ra t i cn  soni c s c a t t e r e d  samp l ing  ot  t imem cou ld

b e used and thus  i could  he’ c o n t r o  l i ed  as we’l l .

Regi st r a t i on cut large areas is aided by th e ’  p re -sence of map I e a t u r e ’s ove r w i d e

regions of  the  n iap. O b j e c t  detection ott  the other hand requires se-p a  c i t  c c o m m a  id .-r- -

at ion of l o c a l ly  c o t t l i n e d  sc-ts  of edges . I f  the  c u b I c-c t  f i t s  in a squ a r e  of a i d e  s

we examine all  2ax2s  a r eas  w i t h  endlap  and a i c l e l ap  01 s. T h i s  g u z l r a t m t e e -s t I i ~m t  t ’V~~ t v

o b j e c t w i l l  be enclosed in at least one area . As F i g u r e  ~-u shows more’ titait one

object can he in  one area . Because- many r eg i st r a t  i ct s have to  he - done  t o  d e t e c t

sma l l o b j e c t s , g lobal r e g i s t r a t i o n  elf the genera l  area w i t h - i  a i ) aa t - map i s  so t t h t —

while’ in c ’rt er to delimit what  spec i f  ic arc i ;i s  a re ’ t o  he examine-cl I or wit  i c i i  spec i t  ic

oh cc ts . h ’ l  I t t e ’s are sought on a i r s  t r i ps • and ships are  sough t in water . t or i nat  ~m nc e
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More work needs to be done in testing the use of abstract edges in registration

- 
- of varied terrain , perhaps with little cultural activity, to archived maps. A pilot

experiment was done toward this end . A sheet of graph paper was overlaid on the

feature nap of Harrisburg depicted in Figure 17 and prominent intersection and

ccmrvatu re points were identified by researcher #1. The process was then repeated

by researc h-icr #2 using a different placement of the graph paper , i.e. a different

coorditta te system . Not only were the resulting point features in different coordinate

sy stems , bu t  there were different sets of points i d e n t i f i e d  by the  two researchers .

This situation compares to wha t would likely result from automatic detection in re—

peated coverage . Desp i t e  some d i f f e r e n c e s  in the  selected s t r u c t u r e s  the re  was

enough in common to produce a large clus ter  in parameter space to identif y the cor—

rect transformation between coordinate systems . Hopefull y, this effect can be re-

peated in future experiments matclting aerial imagery to maps.

Further work needs to be done- with transformations of more than 3 parameters.

For aerial imagery scale differences between image and map should certainly be

handled . For images providing perspectives on a 3—D world up to 6 parameters might

be required . Use of 4—D clustering for a full RS&T transformation does not seem to

present a much greater problem than the 3—D case , particularl y if  a hierarchical

approach can be used . However , the simple local structural correspondences currentl y

- . being used are insufficient for determination of 6 parameters with subsequence place-

ment of mass in a b-D a — space.
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5. Verification of structures in imagery

In this section it is assumed that enough information has been extracted

f rom an image so that hypotheses about the remaining image content can be made.

Our interest is restricted to geometric structures in this report. In the yen —

tication of the existence of a particular geometric structure , the rough location

and orientation of the struc ture is known . That is , if the structure exists at

all , the model being used should predict approximatel y where the structure is

with respec t to previously detected struc tures , how big it is , what its shape is,

etc .. For example , If structures resembling the two wings of an airplane have

been detected there are at most two places to search for the tail. Finding a

hypothesized structure greatly increases the conf idence in the model that gener-

ated thehypothesis while failure to detec t the predicted structure has lust the

reverse effect.

Because verification is done with model pred iction locuaed searches can be

per formed . Not only Is the are4 , of Imagery  to he s~’.trched well—confi ned but there

are  also t ight cons t ra in t s  on shape and o r i e n t a t i o n .  Thus faint or hard to detec t

f eatu r e s  C~alI be found more rel iably and mori - ef t Ic tent Iv  in the t op—d own moth’ than

in the bottom-up mode.

Three techniques are described for ver ifi~- .it ion (top—down det cttiou~ of gco—

metri i- structure in imagery. Al! three techniques operate on edge or gradient In—

ormat Ion to detec t boundary segments 04 a i’ertaln shape . In Sec t ton S. I “ce r ta in

shape” 1i~ d e f i n e d  by a func t tonal  model .ind tht’ vt -r I i c a t  ion p a r a d i g m  i s  cu r v e— t  i t t  lug
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with x2 evaluation of the results. Bough detection of parabolic or circular

arcs is discussed in Section 5.2. This approach is essentialL~r template match—

ing where each template is defined by a set of parameters. A practical approach

for verif ying a fixed but arbitrary curve structure is given in Section 5.3.

There a boundary feature is viewed as a set of high gradient points that must

U be found in the image. This is also a template—matching approach but without

parameterization.

5.1 VerIfication of generic shapes via curve—fitt ing - -

The following technique was designed and implemented in l—D for detection

of shape features in waveforms . The system implemented was called WAPSYS, short

for waveform parsing system [Stockman 19771. The treatment will thus he formally

given along those lines. A boundary curve In  a 2—D image is b a s i c a l l y  a l— D e n t i ty

and so the 1—U method i-an be converted to the  1— D case. Methods for conver sion

and the problems encountered  are discussed at  the  end of t h i s  section.

5.1.1 Extracting primitives by curve—fitti ng

We define a waveform as a finite function W= {(x
i
,v j)}.1 1 ,N ; i.e. there are’

-t finite number N ot pairs (x1 1y 1
) and no two pairs have the same first element.

Since x is a t ime or d i s t ance  v a r i a b l e , t h e r e  Is a l inear order  Imposed on the

set of po in t s ,  I . e. x 1 is b e f o r e  x 1 1  and a f t e r  x 1 1 .  ‘I’he t a sk  is to v e r i f y  1t

some subset ( su b int er v al )  of p o i n t s  ((x
l

a .v
I
) . . . ( x

k h v k
) }  has shape M. M is a

- -- 
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shape primitive or morph. The set of points on which the search for M is con-

strained is called the constraint interval and is indicated as interval [&,rJ .

The subinterval on which morph M is detected , if it is detected , is called the

match interval. The detector may, in fact , Identify no occurrence, one occur—

ence, or many occurrences of the morph ~~~~~~~~~~~~~~~~ existing on the con-

straint interval. is the parameterization of the morph M and e
j 

is an eval-

uation of Its merit or certainty. The morph M is specified to the detector by

a syntactic name and s~ nantic constraints C which must be satisfied by parameter—

izatlon P. M might be formally defined as a functional form ym~
y (X)

~~
f (X )  to be

f i t  to the data y(x) ,xE[ a ,b] under set of constraints C.

For example , the ‘cap’ morph of Figure 37 could be defined as y (x) ”p 2x2 
+

p1
x+p~ subject to the constraints that y (a)=y (b),c1

<p
2
<c

2
<0 and c

3~~~b—
a<c 4.

The parameterization P= {P0,P1,P2} could naturally be determined by least squares

fitting ym
(x) to y(x) over xc[ a,b]. Figure 37 shows 5 of the morpha used exten—

sively in a pulse wave application detailed in [Stockman 1977]. All 5 morph de-

finitions Imply least squares error estimation of 2 free parameters. Under the

assumption of Gaussian noise distributed as N(O,a2) the variable
b

s = E m~~~~~~~~~
2
~ ”°

2 is x 2 distributed with
x=a

b— a— l degrees of freedom if the values of y (x )  are interpreted as realizations of
2

ym~~~ 
plus noise. By defining e as the probability that x (z,b-.a—l)>s, the merit

or certainty of the f i t  (or morph hypothesis) is nicely bounded in [0 ,1] and may

indeed be interpreted as a probability.
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Classically, all n given points (x11y 1
),x

1
c[& ,rJ must fit and the noise

02 is known. This allows va r i a t ion  only in model. The approach in pol ynom ial

4 fitting is to vary upward the degree in of the model polynomial m
y m~

t)
~~ 

p1x
1

1—0

until the hypothesis H(m), that this model generated the data , can be accepted at

a given conf idence and the hypothesis H(m+1) does not increase significantl y this

conf tdence of f i t  LRa ls t on  19b5 1. The approach here Is to keep the polynomial

form y (x ) fixed in form and to vary the sub in terv al  (a , b lEI. i , ri to find the best

fit(s). The reasons for doing this is that it is desired that the data be repre—

sented by morphs ot  confined_geome t r ic_sh~pe whose parameters might have strong in—

terpretat ion in the problem domain. For instance , In searching for  the nose of a

plane it Is quite signi I icant  If  a smooth symmetric parabolic shape is found as

opposed to two steep ly sloping straight lines forming a sharp peak.

Figure 1$ shows some pulse wave data that was f i t t e d  w i t h  models  f r om  F igu re  
f

11. The morphs UP ,Ml’S ,tt4G , LN • and IIOR ~ere defined and detected b y  using coust r~t j u t s

on the pa rame’t ers t I t  the st ra iglit It tie model. l h e  CAP morph tid RS }I morph a re - inst ~inc  es

ot the cap and r 1gb t shoulder of Figu r e 11 . Cons t raining the text .e —pos i t t  0fl 01 t hes t

- I morphs is in the doma In ol s vut ix wh i ~h w.es discussed in Se ’c ( i o n I .
H

• 5.1..! A curv e—f itting detector

To I t nd the’ opt m u m  I i t  (s)  ot  a g iven  morph on some sub i n t e r va l  I .’ . h i  01 C O t~~

sI ra m t  Interva l ( • r , a I a rge- number o I t i t  s might b.c vc to he t r I ‘tI - II the.’ boun ds

c and i~~ ot b— .~ .t r e s t r i ngent and the I n t e r v a l  , r Is not b i g , the cut i ic inter~’~e I

I 1 —,
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[i,r] can be scanned for all subintervals [a ,bJ satisfying c
3

< b—a < c
4. Such

exhaustive scanning can be enforced by WAPSYS and guarantees that the optimal fit

under the given constraints is found . If the morph width b—a can vary widely or

if the interval [Q ,r] is big, optimality can be sacrificed for efficiency through

a heuristic search alternative. Details of the heuristic search alternative can

be found in [St ockman 1977] or E Stockman 1978] and are ignored here because it is

assumed that for verification the search interval [t ,rJ will be well enough con— 
:

1 

-

strained for exhaustive search. Exhaustive search is faster under strong constraints ,

partly because recursively updateable curve fitting can be done.

With exhaustive search a fair number of fits may be made and several of them

may y ield h i g h  x 2 values. All fits (detections) above a certain threshold are saved

in a ranked list while those below th reshold are discarded . The list of qualifying

detections is passed back to the syntax/semantics module for further analysis. Since

the size of a morph is constrained over a flexible range it will of ten happen tha t

one detection will overlap another or be entirely contained in another. For this

reason pruning is done on the list of detections so that redundant detections are

disca rded . Let each interval of data [a ,b] f i t  by the detector in search of morp h

M be called state [a,b). The conditions for suppressing one detection in the pre-

sence of another are set forth as follows.

Definition 5.1

Let [a ,bJ and [c,d] be two intervals of the real line and

let s([x1,
x
2))—x2—x1 be the length measure for interval [x11x21 .

The overlap or correlation between intervals [a ,b] and [c ,dl is

defined as OVRLAP([a,b],[c,d])—2s([a,b]fl[c,d]Y(s([a,b])+s(Ic,d])).
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Definition 5.2 -

Let interval (L~ I R~ J be f i t  wi th qual i ty E
1 

and [L ~~~~~R .J

be fit with quality E~ in two states of the curve f i t t i n g .

State [L1,R1
] is said to dominate state [L~~R~ 1 if and only if

a)E . > E
1

and b) LL~~ Ri CIL 1I R 11 or

OVRLAP( [L .~~R
1

I 1 [ L~~~R~ ] ) > t  and

s ( [L .~~R~ Dc s( [L i~
R j J ) .

Roughl y speaking , f i t  i dominates f i t  j if i t  has at least as good

a quali ty and covers at least as many points  in the same general

reg ion o f data.

The S morphs described in Figure 37 were implemented as FORTRAN subroutines for use

in several domains. The subroutines CAPFIT ,LINFIT ,RSHFIT ,LSIIFIT , compute the fit -

parameters for a given subinterval of data and also return the sum of the squared

errors .  A driver program (FITTER) controls the choice of subintervals  to be f i t

and interprets the quality of fits by calling routine QCHISQ to make the chi—quared

comparison of fit error to noise. The set of fit constraints C=(c1,c 2,c31 c4
) is

gotten by FITTER via a call to GETCST, which gets them from tabularized input from

the user. FITTER returns when the search is complete. An entry point NXTFIT is

then available to get successively worse fits from the list of FITTER detections .
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y (x ) - p,x
2+p~x~~0 

y ( x ) - p 2x 2+p1x~~0

y~~ a) — y lb) 
• 

Y ,1(a) — Y (b)

::~~~
:
~~~~

<

~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
:~
>::::

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

a cap (b) Cup

y5
(x ) - p

2
X

2
+P

1
X+P

0 
y (x) • p2x2+p1z+p0

y (a)  • y~ (b) — 0

‘
~~

< 
~‘2

< 
~2’ 0 •\ c 1. p 2 c 2

< 0 •/
c3 < b — a < c 4 

c3 < b — a < c 4 f
(c) righr shoulder (d) left shoulder

(e) straight line

• Figure 37.Ftve morpha define d by constrained f i t s  of model to
data y(x), xe (a ,b4( f .rI.
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Figure 38. Carotid pulse wave sample segmented i n t o  primitive shape features .
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5.1.3 Training and testing curve fitting detectors

While general morp hs such as the ‘cap ’ or the ‘line ’ might  be app licable

in several d i f f e r e n t  problem domains , it is unlikely that the constraints would

be defined in the same way in each domain. These constraints could be defined

frost a pr iori considerations or could be “learned” from data samples. WAPSYS

can be used to def ine morp h cons train ts by fitting training data under no con-

st raints  and recording the parameterizations that result. The set of parameteri—

zations for  each named morph can then be converted to constraints for use in

automatic analysis.

WAPSYS was used to learn the cons tra in ts necessary for  au tomatic pars ing of

carot id pulse waves. 14 morphs were identified in this applica tion and all were

expressible in terms of constraints on generic features as shown in Figure 27

Eight hours was spent by the author examining print plots of 20 samp le pulse waves .

Aided only by a ruler , all the data was segmented ,producing f or each sample a list

of tr iples <M .,a .,b .> where M . was a 3 character morph name and [a ,b .] was the
1 1 1 1 1 1

inte rval of data on which the morp h was declared to exist. 459 morphs were iden—

tified in this manner for the 20 waveforms . A training routine was written which

called the fitting routine appropriate for each morph specified and forced it to

f it the specified data interval . The fit was forced in the sense that the noise

tolerance was varied upward until either a limit was reached or a fit of quality

above 0.5 was achieved . (The noise limit was useful for detecting human errors in

creation of the training items——7 or 8 errors were detected in this manner). The

pa rameters af a successful f i t  were contributed to a running s ta t is t ical  summary

which was the final output of training .

.1
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The s t a t i s t i c a l  summary conta ined , f o r  each morp h , the  lcwest , h i g h e s t ,

and mean value f o r  each of 3 va r i ab l e s  and the  s tandard  dev i a t i on .  The va r iab les

were i n t e rva l  w i d t h  b—a , noise o~~, and c u r v a t u r e  f o r  pa rabo l i c  morphs or slope for

l inear  ones. 3 i t e r a t i o n s  of t r a i n i n g  were r equ i r ed  to remove a l l  human e r ro r s  in

the -4 59 t r a i - i i n g  i t ems .  The summary values  f rom t r a i n i n g  were  then  used to con—

~ t r u c t  a t a b l e  of cons t r a i n t s  to be used in a u t o mat i c  d e t e c t i o n  by t he  FITTER algo-

r i t h m . A testing module was written for WAPSYS to drive the  FI TTER al g o r i t h m  in an

a t t e m p t  t~~~ a u t o ma t i c a l l y  i d e n t i f y the  same morphs  t ha t  the human user  d i d  in con—

s tr u c t i n g  the  l i s t  of training items . The t e s t i n g  r o u t i n e  reads each t r a i n i n g  i tem

<~~1 . , a , b . - , comput e s  an enlarged c o n s t r a i n t  i n t e rva l  [~~~,rj f r o m  La ,b .1 and calls
1 1 1 

~J 
~} 

1

the FITTER to detect morp h M . on the interva l fc .,r .]. The l i s t  of success fu l  f i t s

( i f  a ny )  is then scanned to f i n d  tha t  f i t  which c o r r e l a t e s  best  w i t h  t r a i n i n g  i t em .

A repor t  of t he  f i t s  achieved fo r  each t r a i n i n g  i t em is g iven  as a f i n a l  summary of

how wel 1 the  morphs de tec ted  co r re l a t ed  w i t h  t he  t r a i n i n g  i t ems .  The c o n s t r a i n t

i n t e r v a l  fo r  each t r a i n i n g  item is computed as —m ax( l , a . — 2 ( b . — a , + l ) z  )
1 1 1 i 1

r .~’min(n ,b . + 2(b.—a .+ i ) z .)
1 i i i 2

where n is the total number of points in the waveform and and z .1 are independcnt

samples from the unit normal distribution N(O,l). The correlation between two fits

wa~ given in Definition I. Since many fits can be detected in testing , the best

cor re l a t ing  f i t  is used to con t r ibu te  to the corre la t ion summary . Resul t s  of test-

ing should indicate whether or not the models used for detection can or cannot suc-

ceed in a given application. Failure in the training and testing cycle indicates

the n eed to define a different set of primitives . In the carotid pulse wave appli-

cation the results of training and testing were very good. These results and the

results of fur ther analysis of a larger set of waveforms is discussed next.
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5.1.4 Results and discussion of carotid pulse wave analys is

Table 4 shows the performance of the fitting algorithm in testing on the

20 samples used for training. Almost 9000 fits were tried and 3600 detections

- - I were made. In 186 of 449 cases the human selected fit interval was detected

-
- r

_ automatically. The best correlating match averaged 0.944 meaning that there was —

• little disagreement between man and machine . A large number of the fits tried

and successf ully made were due to straight line morphs. Since a straight line is

uniform any subinterval of a large segment would have the same parameters and

hence be detected . Search for parabolic morphs was more focused and fewer de-

tections were made.

Since the results of testing on the training set were quite satisfactory ,

the tuned WAPSYS was then applied to 158 waveforms that were not prev iously con-

sidered . Syntax and semantics coded in a PRR were also employed . Performance on

the test samples was not as good as on the training samples. There were unforseen

struc tural variations and there was fluctuation in the noise.

As is commonly reported , the noise charac ter i s t ics  of the data were not those

assumed by the model! Not only did the noise vary from one waveform to the next but

it also varied wi th in  the same waveform . A low noise allowance would cause morphs to

be missed in noisy waveforms while a high allowance would cause sloppy detections to

dominate f ine  ones in clean data . Another problem existing is model bia~ where , for

example, the user creates a linear morph to visually fit logarithmic data. Clearl y

the model noise will not be Gaussian.
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Figure  38 shows a s y n t a c t i c  labeling of 2 consecu t ive cycles of the  same

pulse wave. Note the competetion between the straight line morph HOR and the

parabolic CAP for  representation of the data in the in te rva l  [110 ,120] . Note

al so  that  in te rva l  [77 , 1031 is represented by a cap and a l ine while interval

[168 , 190] is represented by a l i ne  and a r i g h t  shoulder .  Th i s  Is somewhat alarm-

ing , shouldn ’ t t he  human bod y be behaving the same way du r ing  both these i n te rv a ls ?

Table 5 suppor t s  t h e  c l a i m  that higher level knowledge can be used to make -

lower level  d e t e c t i o n  more e f f i c i e n t .  in comparing to t a l  a n a l y s t s  ( d e t e ct i o n  +

syntax  + semantics) of 158 wave f orms  w i t h  de t ec to r s  testing (no syn tax  or seman t i c s )

on 21) d i i  I cr ent  t r a i n i n g  w a v e t o  nsa I t  is apparen t  tha t the m t  ~rac t ion of h ighe r

level  processes En t h e  det e ct io i i  process  can pay (o r  i ts el f  in terms of computation

t imes. The sy n t a c t i c  and semantic modules oh WAP SYS were ~Is described In Sec t ion 1 .

P e r f o r m a n c e  of t he  detec t [on module of WAPSYS was e x c e l l e n t  on the 20 t r a i n i n g

samp I es. Per !  orntanc e degraded on the  t e s t  set some morp hs on some of the  wave! orms

were bad l y  I it and some o I flit ’ w a v e f o r m s  were not parsed . lii many of t hiei-i e cases

t a i Lu r e  ~ .is t he  des i rod outcome . Apparent l y our  I I ugu 1st i c model f o r  one r eg ion  o

t he dat .~ was inadequate and no easy f ixes a rc  e v i d en t  -

flue t o  tnt rt ’qut ’ut fa  [lu res  in the mod e l  lug and coinput ci’ t imes  Longer than real

t [me a svs t  em such as WAPSIS may be l1I . Idequat  e f o r  monl o ng of sen sot  s hut  may be

qu I t o  good t or r e~; e.i rc h or of her l u t e S  r.t c t Ev e o I l  — l ine operation. Graphics sue Ii as

in F ig u r e  !~~ ar c  e a s i l y .iv .i I lab lo  to t h e  user and t h e  anal ys is  read l i v conununicated

due to the ling ui stic descr I pt Ion obtained . Approva l of the automa t Ic an a lvs  is saves

he u ser I [me . Analyst’s unacceptable to t he  user can be e.us I ly  . : ih I ust ed due t o  the

coniflon I t  flgu 1st Ic model be IWet ’n man and macit ! no.

1 .10
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5.1.5 Pe r fo rmance  of curve f i t t i n g  in 2--fl

E x t r a c t i o n  of p r i m i t i v e s  v ia  curve fitting in 2 —D was b r i e f  iv  d i s c uss e d  In

Sect Ion 3 .4  w i t h  respec t to the  de tec  l ion of ~u n  a i r p l a n e  w i n g . A more dot a  l i e d

example Is given here which shows how the 1—l i curve I I I t  ers ot WAI’ SYS were gotten

to work on boundary  curves  f r o m  2 —fl  i ma g e ry .

Im agery  c o n t a i n i n g  a p arabo l i c  boundary  cu rve  is  sitown i n  F I gurt ’ ~~) 
- h’I t e

hypo thes i s  to be v e r i f i e d  Is I lt at  t he  curve  runs  f r o m  po i i t t  ( 1 8 , 4 9)  to point (30 ,1~
)

of t lie image . In t hi is cas i’ the  hype t lies is was generated by liii’ ant hor and not ~ a

PRR model as would be the  case w i t  Ii t o t a l ly  au t om a L I . - processIng - The hypotht•s i s

is used to es tabl ish  a new c o o r d i n a t e  system as shown In  Figure i~J . The image grad—

:1 tent  is then  samp Led a long p r o f i l e s  generated a long cons t au t  x c o o r d i n a t e s  i i i  ( ti e

new coo rd inat e  sys tem . From cacti p rof  i le the highest above threshold gradient n ia gul I —

tude Is selec ted as tilt! best point on the  poss lb it’ hounda rv cu rve  and t h e  cut I r e  po I l it

set W= ((x
1,y 1

) }i= 1,N is passed to the  c u r v e — f i t t e r .  F I g u r e  - i t )  shows t h e  po l i t t s  st - I t - c t —

ed on the grad tent  p r o f i l e  f rom t h e  image of Figure I~) - Si nc .’ out Iv one p o i n t  (x . ,‘

is selec ted on the 1—tb prof  I lc~ W is i t s e l f  a fume I ion as Is  a wav et  erni . Kxlt~ us t i  ye

search of W f o r  a pa r abo l i c  CAP ( F I g u r e  37) is shown tn  ~‘i gtirt’ 41. A l l  -i pt1ss i b l e

intervals of 20 or more po in t s  are t r i ed . Most f i t s  l a , b l  a re failu res (\ ‘i)) eVen

thoug it  the poin ts  do l ie  along a parabola because of t he  c on s t r a i n t  tha t ‘i
n 

( a ) = Y ( b)

A good f i t  is achieved on [3 , 2 2 ]  and is later suppressed by a d o m i n a t i n g  f i t  on 1 1 , 2 11.

The value of that  f i t  is 1.00 via comparison wi iii a g Iveut noise  a t  l iuw anc e. The I i  t ted

curve runs from points (58,54) to (32,54) in t h e image and cor r e l a te s  (L S44 w i t h  t h e

orig inal hypothesis vector (58,49)~ (30 ,49).
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A PRR model was actually used to generate hypotheses for CAP detection ii~u

looking for airp lane wings as discussed in Section 3.4. That experiment exposed

a major  flaw In the point sampling technique . Because only one point was selected

on a profile the globally best set of points was usually missed . This is evident

in Figure  40 where a smoother set of points  can be chosen by man once the global

structure is seen. in the airp lane wing this phenomena was particularly acute

where the parabolic tip joined the straight side•

Clearly a truly 2—D approach is required but there are more nuissances in

2—D . Cooper [1976] discusses true 2—D detec t ion and isolates 3 problem steps.

P1) Given a f i t  on n points in the plane, the algorithm must choose

the next point for possible extension of the fitted curve . (This

is not in general easy to do and there is interac tion with P3.)

P2) Once the next candidate point is chosen the parameters of the

fit must be updated . (Not too hard , usually efficient recursive

updating is possible for practical models.)

P3) By using the likelyhood value for the fit (or its derivative)

It must be decided If encompassing the new point is a good

alternative. (This so called stopping rule is a major problem

because it involves the interaction of models at a joint.
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5.2 Hough detection/verification of other curvea .

)
Stereotyped curve structures such as segments of ellipses, parabolas,

hyperbolas, and circles can be detected using the Bough transform. Because it

is essentially template matching , Hough detection will be robust when a large

number of points  lie on the curve segment. Because an en t i re  set of parameter—

ized temp lates are used at once variation in the curve from an a priori shape

is permit ted  and a best set of parameters  can be chosen.

I - :

The parametr ic  forms

2 2x + a x y + by + c x + d y + e = 0

or a x 2
+ bxy + y + c x + dy + e ~~~~0

can be used to specify any of the forms — — ci rc les , el l ipse , parabola , or h yper-

bola tRees 1963). Estimating five parameters, however , will be expensive and frail

even with the Bough technique. Small segments of all the above mentioned curves

might  be approximated by a circular arc reduc ing the number of parameters  to on l y  3.

In their work on the recognition of manufactured parts Tsu]i and Matsumoto (1978)

were successful in detecting elliptical curve segments by us ing  a h i e r a r c h i c a l  ap —

- 
- proach combining Hough detection with curve fitting . In a first stage 1 c e n t e r  p a r a—

meters are detected using the Hough t r a n s f o r m,  Given a chosen center a second Hough

detection stage determines a third parameter. All points cons istent with the 3 para—

meters chosen In the first two stages are then fit with a full 5 parameter elliptical

model to  de te rmine  t he  final detection decision . Finall y the actual extent el the

curve must he extracted from the set of all points on the full elliptical temp late .
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5.2.1  Hough circle detec t ion

-i 2 2 2
A circle (x_x

~
) ÷ r is specified by the three parameters

(x ,y,r). K imme et al [1975] hove presented a p rac t i ca l  method fo r  hiough c i r c l e

detect ion which includes  use of g rad ien t  i n f o r m a t i o n  fo r  sharpen ing  t h e -  transform

and u l t i m a t e  ex t rac t i o n  of points  on the detected curve. A hlough ci r cl e detection

al g o r i t h m  is presented below . The effective parameter space is highly L instrained

by the v e r i f i c a t i o n  hypo thes i s .  H igh  gradient points are then  selected only  f r o m

It a restricted region. Each possible circle Is represented by one accumulator or b i n

wh ich esSentially defines a temp late or mask laid on the image . Figure 42 sh-uows

1 such temp lates. For each selected high gradient point it is recorded which Itypo—

t h e t i c a t  c i r c l e s  are supported by t u e  point  ev idence .  I f  th ie  p o i n t  ev idence  i s

con s i s t e n t  w i t h  the  h y p o t h e t i ca l  c i r c l e  the  a p p r o p ri a t e  b i n  is  incremented . For

examp le, the point ev idence (x , y , d) in Figure 42 suppor t s  t ite e x i s t en ce  o~ c i r c l e

~x 3
,y

3
,r
3
) but not circles (x 1,v 1

,r
1
) or (x 1,y 1

,r ,).

Begin Hough c ir c i t  detection

1nitia li~ ation

Selec t a set S cit b ig ht !“ adi  ent points i ron a t e r  t.u in  art-a

of the image . S ((x - , v - ,d - 
) I • i= I •N where d - is t h e  d i  r e t C i on

l~~~~~ 1 1

cii  the g r a di e n t  at (x.,y.)

C— I

- -~. -
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Es tabl ish an empty set of accwnu lat( l r a rr a ys  f o r  the
d iscretjzed (x ,v ,r)—parame ter space where r is the

radius of a circle with center at (x,y). (TIte~ van —I

a t i o n  of parameters x , v and r are  high ly c o nst r a in e d
- 

- 

by the  hypo thes i s  being v e r i fi e d . )

I ) t s t r j h u t  Ion of local evidence

For each point (x 11 v ,d )  In S do b lock  A

For each possible cente r  (x , v )  c o m p a t i b l e ’ w i t h
(x , y ) and d i rec ti on d do block B- -4 

1 1  i

- , 

‘ ICompute r = ((x~x ) + (v —v ) )i c  
~~ c

D i s t r i b u t e  mass to (x , v , r )  in setc
of ,iccumui~t tors

k;

end block B

F’
- end block A

ii
- . De tec tion  of global  s t ru ctu re

Smooth the  accumula tor  a r r ay .  Detect  above th reshold- 

accumulator  a rr ay  peaks .

end Bough circle  detec t ion
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Figure ~2. Three templates used in circular Hough detection.
(The parameter iza t ions  are (x
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Figure 43. Use of convex polygonal mask to delimit
points on hypothetical curve segment.
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5.2.2 Selection of point evidence

In order to detect segments (arcs) of a mathematical curve (circle , line,

- 
1 etc.) it will be necessary to restrict the template used to some subset of its

original coverage. This is perhaps best done, not by changing the parameter—

ization, but by masking the region from which points are selected . For an ex-

ample consider Figure 43. Verification of the existence of a circular arc in

the shaded region is desired . The shaded region is determined by the circular

(actually ring—shaped) template intersected with two half p lanes h 1 and h 2 .

- 
- Points selected as evidence can easily be confined to any convex polygon of n

sides by application of n linear inequalities (half p lane tests) . Any accumu—

lated evidence for global s t ruc ture  is then guaranteed to be dense in a r e s t r i c t—

ed region rather than being disperse in a complete template.

5.3 Veri f icat ion of particular boundary curves

t
When searching the data for  a pa r t i cu la r ly  shaped boundary or linear f ea tu re

ne i ther  c u r v e — f i t t i n g  nor Hough de tec t ion  are appropr ia te .  Not onl y m i g h t  there

be too many parameters for robust detection but also there is no need to bear the

greater expense relative to the practical alternative given beLow. Here we are

ta lk ing about ve r i f i ca t ion  of fea tures  whos e shape is precisely known such as the

path of a stream or the wing of a certain airplane.
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5.3.1 A practical verification t echnI que f o r  p a r t i c u l a r  curves

As a first example consider  th te  v e r i f i c a t i o n  of the~ exis tenc e of Sherma n

Creek in imagery of Harrisburg, Penna . (refer to FIgure 17 ) - it is easy to

s tore  the path 01 the  s t ream as an ordered set  of p o i n t s  In sont e c o o r d i n a t e

system as is done In cartographic data bases. Given a regist  i- a t  ion of Imagery

con t a i n i n g  the creek to the  c a r t o g r a p h i c - c o o r d i n a t e  sys tem , I t  Is easy to trans—

fo rm the po in ts  o I the  mapped t~ e.t Lu r e  to the po t n t  s ( p i x e l  s~ of t h e  image where

t h e  f eat u r e  should be found . h)ut ’ to n o i s e , dist ortion , approx imation i n  t he

reg i s t rat  Ion t r a n s f o r m a t i o n , and a c t u a l  c hange in the  s t ream , It  Is u n l i k e ly  tha t

the  f eat u r e  po in t s  w i l l  be found exact lv wher e  t i t e y  are  pred ic -ted  Lu be. Thus

some t o ler an t - e must be used In the  ver 11 1 cat Ion and th ie  ver II  Ic - i  lion result should

be an eva lua t ion o t~ he -w f a r  the detec t ed I L’il tore  pci i i’t H dev i at ~el from t hief r pre—

die ted posit ion. A root —mean—square’ value’ Is one measure c i t  t tie ma te  hi . t o t

P p p p 1 he the  feature point set in  map coo t-d I nat es and let T be1 m ci Ii

the trans I ormat Ion registering tL e image- i-v to I i t t ’  nia p coo rd i na e svs t ent - Le t  q be

t he  best de tec t Ion of p o i n t  p I n  t h e ’  neighborhood of I (p ) in the image. Then onern It

measure c i t  the vt ’r i i i  i - a t  ion of  p o i n t  sot P i s

F _ - _ I
D ( P )  ( (‘I’ 

~
u
in

) t fl~ 
I / N )

wht e- Fe’ it 
2 

- 
• ~ I - ;  I h ie squared  d i s t a nc e  be twee’n I itt ’ two image ~ o I u t  s - - ‘- - - i c i l y ~l Id

ufa rrow et a I I u ~ 7 7 1 use sue it a ye- F i i i  c at  ion measure , bu t  I hi t -v a t  so d i d it i i  I —c I t  flt~ i i ng

en t he p.urami’t er set  a i n  circler  to  get  a be t  tt -r re-gi st l i t  i t - s  I’~~ -

1 i-~
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As a second example, consider the verification of the nose of an a i rp lane —

a lt e r  r e g i s t r a t i o n  wi th  a model according to the  procedures of Se - t i o n  4 .  Points

to be tested on the nose are appended to the model as a list P = I p 1,. . - , p )  de—

f i n i n g  the  boundary curve . Once T is determined as in Sec t ion  4 , T can be used

to defi ne’ where the curve should be in t he  image. Ttte image is searched along a

norma l to the curve at point T ( p ) for the  point  q of h i g h e s t  g rad ien t  m a g n i t u d e  —

and compatible gradient direction . The match value e-(p) can then be eva lua ted .

Figure - c-.  shows the  nose of the p lane in image AFB I .  16 mapped points  T (p m
)

(c - i r c l e d )  d e f in i n g  a nose are t r ans fo rmed  in to  the image space and t h e  g rad ien ts

are examined along profiles normal to the predicted boundary curve. Points q of

the detected boundary curve are selected on these profiles . In the case shown in

F!gure - c - .  D (P )  = 0.3 pixels.  The RMS distance between predic ted  and detected posi—

t i o t , s  can be compared to a tolerance and converted to a match value in the  range

10,1).

e (P) = max i 0 ,1—~~~~~~)

f it e  meth iod cit searching along normals to the predIcted curve  to  detec t t e a tu r e

points has been used by Perkins [1977j in  a pa r t s  i n spec t i on  a p p l i c a t i o n .

5. 3.2 Continuation of the airp lane detection experiment

An experiment in airplane detection using straight edge evidence was described

in Section 4. Results of that experiment we’re reported In Column 3 of Table 3 and

showed that not all model edges were detected . Several ambiguities existed due to

considerable rotational symmetry at 90°,l80°~ and 270 0 off of the true airplane
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position. In particular for plane Number 1 there were strong responses at both

0=145° and 0=329°. In a second phase of the plane detection experiment model

edges that were not detected in the original bottom—up feature detection were

ve r i f i ed  top—down under the possible reg is t ra t ion  t ransformat ions .  For the  case

in point in Table 4 . 3  the t rans format ion  (0 . 329 ° ,x s=—l0 8 ,y s ’46 )  exp lained onl y 8

of the 10 model edges with image edge evidence while the transformation (0=145° ,

xs l33 ,ys —36) accounted fo r  onl y 6 of 10 model edges. It was expected tha t yen —

f i ca t ion  would s t rong ly enhance the object  de tec t ion results  and e l iminate  ambigu—

itles . In particular verification of the tail of the plane , whose edges were often

m issed by pr imary detection , would eliminate ambiguities caused by rotational symmetry .

The experimental procedure was as follows. The results of registration (in

4 Column 3 of Table 3 ) were written out to a file for input to the verification.

Along with each set of possible registration parameters a was recorded exactly wh ich

model edges were not exp la ined by the pr imary detections and the transformation T .

This output was then used in the verification phase to perf orm fo cused searches in

the imagery for previously undetected edges. The previously derived match values

for each T were then adjusted according to the verification evidence.

5.3.3 Results of verification of airplane detections

Table 6 contains a sut~~ary of the results of verification of the initial

airp lane de tect ions listed in Table 3. In every case the verification process

was able to significantly increase the confidence in the detection decision. In

subvindows 1 and 7, where no planes were present , no new positive evidence was

gathered . In fact failure to find any additional edge evidence resulted In large
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- .  drops in match weight, to 3.4 and 11.1 respectively on a scale of 100. For the

five subwindows which contained planes the match conf idence went up for the cor-

rect detection and went down for the incorrect alternative detection. In each

case all 10 model edges were found for the correc t detection while exactly 7 edges

were found for the alternatives. The 3 edges of the tail were no t found in all

the alternative detections. It should be noted how important the tail is in counter—

ing the rotational symmetry of the plane and in d if f e ren tiating an airp lane from an

intersection of roads. Additional verification of points on the nose, engines , wing I -~

and tail tips would give further confidence to the detection decision. Match weights

for correct matches of primary detections were in the range of 40 to 60 out of a

possible 100 , pr imarily because the Hough de tected edge elements either undershot or

oversho t the true endpoin ts of the edge. Match weights for verified edges were rough-

ly in the same range due to slight misalignment of pred icted positions and detected

positions on the edge. Rough detections could be cleaned up to remove the first

“problem” and the alignment T could be adjusted to remove the second . Although the

code for performing such adjustments was actually at hand , it was dec ided not to com-

plicate the experiments by using it. The results obtained so far are conclusive enough

to demonstrate the viability of both the registration and verification .
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6. Conclusions

This report studied the use of models in image analysis . Models are

essentially structured a priori information which can be used to interpret

data m a  manner consistent with global real world knowledge. Potential models

are evoked by features extracted by primitive bottom—up processing . Features

studied in this research were all derivable from boundary curve segments and

included straight edge segments, circular or parabolic edge segments , and points

of high curvature on boundary segments. Two types of models were considered .

One type of model was the formal Problem Reduc t ion Representation (PRR) or Con—

— text Free Crammar (CFC). The second type t-ct model, was the icon ic model , w h i c h

corresponded to a cartographic data base, in w h i c h  the form of p ar t i c u l a r l y  shaped

geographic features was encoded . Regardless of the  type  el model being used ,

primitive features are used to al l ig n  a hypo the t i c a l  model w i t h  raw image d a t a .

All further image analys is  is then made by verif icat ion (or  denia fl ot lwpotheses

generated (top—down) from the model. Verific ation el shape features in t h e  intagerv

was viewed as either curve—fitting under e-e u st t - a i n t c;  or t e m p lat e  1 i c e I l l  m at ch i n g .

The study attempted to draw conc lusions about an entir e system by studying

i ts  several possible p a r t s .  Many exper iments  were pe r fo rmed  ansi a grea t deal  e t

l i t e r a t u r e  was rev iewed . As a r e su l t  of this study the tel  lowing cettclus ions have

been reached .
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Totally bottom—up synthesis of an image interpretation is at best

inefficient and at worst logically impossible. To form an inter-

pretation that is to be useful is to integrate an instance of data

with a large amount of stored knowledge. During this process it is

possible that some of the physical evidence will be ignored or even

contradicted .

Representing real world knowledge, particularl y for use by a computer ,

is a difficult task with much current research activity. Use of gen—

eral shape models such as PRR or CFC has shown some promise but  o f t en

turns out difficult in practice. In the current study the use of

particular icons, I.e. maps , appeared to be much more practical.

Current  au tomat ic  low level f e a t u r e  d e t e c t i o n  t echn i ques e~~if l  suppor t

complex analysis when features are registers- si to an iconic (geograp h ic/

cartographi c) data base. The registration process  must c on s i d er  t t i & -

feature set is errorful and par ti a l  , ve t  be able to ar r  iv5 ’ at  cor rec t

dec isions . A clustering method for arriving at correc t globa l inter-

pretations from errorful and partial local evidence WdS developed dur-

ing the per iod of study.

The clustering technique for making globa l decisions from imperts-ct.

evidence has advantages over sequential sy n t a c t i c  procedure-s and

iterative relaxat ion procedures because multi ple competing globa l
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t ivp otheses  can be s imul taneously wei ghed . In c o r r e c t  or ambiguous

local structure can not propagate because a l l  ev idenc e is consider-

ed in p ar a f l s-1 ( i . e .  order i n d e p e n d e n t) .

W h i l -  t he  several heur 1st ic s used in t Ii is st  u e lv  for oval ua t ion of

cs~~pet tug interpretat ions seemed to  work in  p r act  i c e , the determin—

at ion et con f idenc e in a hyp o t h e s i s  f r o m  combined evidenc e r e m a i n s

a stick y problem in theory and in practis- e. in  this stud y only shape

t e a t u r e s  were used , but  in a p r a c t i c a l  sy s t em shape i n fo r ma t i o n  w i l l

he used w i t h  say color and non— imagery d e r i ved  i n t e l l i g e n c e  d a t a .

Much more work and thought is needed to s tud y t h e - p rob lem of making

decisions on combined evidence.

The most promising future direc t ion for r e con n a i s s a n ce Image ana lvs  is

appears t o  be a long the l ine of map—guided image ana [vs is - :‘ huge re-

source ot icon ic real wor ld  knowled ge a l r eady  e x i s t s  in s . t r t  e g t ~~p h i c

da t a  h .ises. This study showed how tha t resource might be used in auto-

matic or semiautomatic image analysis. Further work in  t h i s  a rea  is

likely to advance the encoding of geographic da ta  bases t o  eiiIi ~i uce ’ the

automatic image analysis function .
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