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ABSTRACT 

Given recen t advances In Image p r o c e s s i n g and 
a n a l y s i s t e c h n i q u e s , I t seems t h a t I t shou ld b e 
w i t h i n the s t a t e o f the a r t t o pe r fo rm au toma t i c 
a n a l y s i s o f I n d u s t r i a l r a d i o g r a p h s t o l o c a t e 
d e f e c t s in manufac tu red I t e m s . However, human 
i n s p e c t o r s a re r o u t i n e l y a b l e t o d e t e c t c e r t a i n 
s u b t l e d e f e c t s t h a t a re beyond our c u r r e n t c a p a b i l 
l t l e s i n Image p r o c e s s i n g . T h i s paper d e s c r i b e s a 
s p e c i f i c r a d i o g r a p h i c i n s p e c t i o n prob lem ( a n a l y s i s 
o f the f i l l e r i n a n a r t i l l e r y s h e l l ) , i n d i c a t i n g 
t h e d i f f i c u l t i e s t h a t a r i s e i n t r y i n g t o d e t e c t 
s u b t l e f l a w s , and e s p e c i a l l y f l a w s c l o s e t o 
m a t e r i a l b o u n d a r i e s . The r e l a t i o n s h i p s between 
human p e r c e p t i o n and the computer a l g o r i t h m s a re 
i n d i c a t e d , and unexpected d i f f e r e n c e s a re p o i n t e d 
ou t ( f o r example, t he boundary de te rm ined by the 
human obse rve r d i f f e r s f rom the boundary p o s i t i o n 
de te rm ined by most a l g o r i t h m s u s i n g a change of 
i n t e n s i t y c r i t e r i a ) . 

INTRODUCTION 

There a re v a r i o u s methods o f i n s p e c t i n g 
o b j e c t s whose I n t e r i o r s cannot be seen d i r e c t l y , 
such as u l t r a s o n i c sens ing o r x - r a y r a d i o g r a p h y . 
Such methods are used in med ic ine [ 1 , 7 ] and in 
i n d u s t r y . I n i n d u s t r i a l i n s p e c t i o n , the images 
r e s u l t i n g f rom these techn iques are i n s p e c t e d t o 
l o c a t e v o i d s , c r a c k s , f o r e i g n body i n c l u s i o n s , 
s e p a r a t i o n s , e t c . A l t h o u g h one might expect t h a t 
such i n s p e c t i o n c o u l d be r e a d i l y automated u s i n g 
p r e s e n t - d a y image a n a l y s i s methods, t h e r e a re 
c e r t a i n c l asses o f d e f e c t s t h a t , though r e a d i l y 
seen by human i n s p e c t o r s , de f y a u t o m a t i o n . The 
paper w i l l focus o n the r e s u l t s o b t a i n e d i n one 
p a r t i c u l a r s t u d y , the i n s p e c t i o n o f a r t i l l e r y s h e l l 
r ad i og raphs such as shown in F i g . 1 [ 2 , 3 ] . 

I n the a r t i l l e r y s h e l l I n s p e c t i o n p rob lem, w e 
a re concerned w i t h the d e t e c t i o n o f d e f e c t s i n the 
e x p l o s i v e m a t e r i a l used t o f i l l t h e s h e l l . Th i s 
m a t e r i a l i s poured i n t o the s t e e l s h e l l a n d , a s i t 
s o l i d i f i e s v a r i o u s d e f e c t s can a r i s e : 

The o r i g i n a l r a d i o g r a p h i n s p e c t i o n s t u d y , AXIS, 
was per formed by the Lockheed Palo A l t o Research 
L a b o r a t o r y f o r the U.S. Army Advanced Research and 
Development Command. The p resen t paper r e p r e s e n t s 
Independent work c a r r i e d ou t by the a u t h o r s . 

* c racks deve lop i n the f i l l e r 

* a i r bubbles c l i n g t o the i n t e r i o r o f the 
s h e l l , caus ing vo ids 

* the f i l l e r may not f l o w i n t o narrow 
p o r t i o n s o f the s h e l l , l e a v i n g vo ids 

* the f i l l e r separa tes f rom the base of the 
s h e l l a s i t hardens 

* f o r e i g n bod ies may have f a l l e n i n t o the 
f i l l e r m a t e r i a l a s i t was poured 

Both gross and s u b t l e d e f e c t s must be found d e s p i t e 
changes i n r a d i o g r a p h i c f i l m d e n s i t y due to the 
c y l i n d r i c a l shape o f the s h e l l and v a r i a t i o n s i n 
imag ing geomet ry . Th is i s a n o n - t r i v i a l problem 
s i n c e the i n t e n s i t y d i f f e r e n c e between a d e f e c t 
and i t s su r round ings is o f t e n of the same o rde r as 
the geometry-caused i n t e n s i t y d i f f e r e n c e s between 
p i x e l s . I n a d d i t i o n , one must dea l w i t h problems 
caused by i n t e r n a l p h y s i c a l s t r u c t u r e s , * * and 
no i se t h a t a r i s e s i n the r a d i o g r a p h i n g and computer 
scann ing p rocesses . 

PROBLEMS AND PROCESSING STRATEGIES USED 

We w i l l f i r s t d i scuss f l aws i n open r e g i o n s , 
a problem t h a t can be d e a l t w i t h u s i n g p resen t -day 
p r o c e s s i n g t e c h n i q u e s . Then we w i l l d e s c r i b e the 
prob lem o f f i n d i n g b o u n d a r i e s , showing t h a t the 
boundary found by the human observe r d i f f e r s f rom 
t h a t found by the usua l computer-based boundary 
f i n d i n g a l g o r i t h m s . F i n a l l y , w e w i l l i n d i c a t e two 
problems c u r r e n t l y d e a l t w i t h i n o n l y a l i m i t e d 
manner by p r e s e n t - d a y t e c h n i q u e s : f l a w s on a 
boundary , and f l a w s in narrow r e g i o n s hav ing 
boundar ies ve r y c l o s e by . 

A. Flaws in Open Regions 

F i g . 2 shows an i n t e n s i t y p l o t of a s e c t i o n 
(normal to the symmetry a x i s ) o f the r a d i o g r a p h o f 
a s h e l l . Note t h a t because the s h e l l I s c y l i n d r i ­
c a l , w e o b t a i n a n i n t e n s i t y curve t h a t i s p a r a b o l i c 
in n a t u r e . Flaws show up as p e r t u r b a t i o n s t h a t 
" r i d e " o n t h i s t r e n d l i n e . A f l a w t h a t occurs i n 
the " o p e n " , away f rom a boundary , can be d e a l t w i th 
u s i n g c u r r e n t image p rocess i ng t e c h n i q u e s . The 
i n t e n s i t y t r e n d can be removed by f i t t i n g a 

**The prob lem o f d e f e c t s on or near i n t e r n a l 
s t r u c t u r e a l s o a r i s e s i n med ica l r a d i o g r a p h y , 
e . g . , tumors and l e s i o n s sometimes o v e r l a p the r i b 
cage [ 4 ] . 
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polynomial to the i n tens i t y curve and subtract ing 
the f i t t e d curve from the actual i n tens i t y curve. 
Residual perturbat ions that remain a f te r " f i e l d 
f l a t t e n i n g " include the flaws that are to be 
detected. 

Some cautions must be observed: 

* some way of ignoring large defects must be 
used to avoid the inf luence of the defect 
on the curve f i t . 

* the polynomial curve must not have i t s end 
points too close to a boundary, otherwise 
the steep in tens i t y gradient w i l l a f fec t 
the f i t . 

The problem of the e f fec t on the f i t due to large 
defects can be handled by tes t ing points against 
the f i t obtained in the previous row to i den t i f y 
and el iminate from the c u r v e - f i t t i n g procedure any 
deviant po in ts . Another approach can be based on 
the RANSAC paradigm [ 5 ] , in which random sets of 
points are used to obtain t r i a l curves which are 
then tested for v a l i d i t y as models of the back­
ground i n t e n s i t y . Once the trend has been removed, 
low pass f i l t e r i n g fol lowed by appropriate thresh­
olding (sometimes var iab le over the image) can be 
used to el iminate iso la ted noise p ixels while 
re ta in ing the candidate defect p i xe l s . A f i n a l 
decision can be made by performing a connected 
component analysis on the candidate defect p ixels 
followed by size and shape analysis of the i n d i v i ­
dual c lusters of contiguous defect p i xe l s . 

Figure 3 shows the resu l ts obtained by 
processing a test image in accordance wi th the 
above approach. 

B. Finding Boundaries 

The she l l boundaries are t yp i ca l l y found 
(using computer based techniques) by examining the 
in tens i t y curve for the maximum slope change . As 
w i l l be explained below, th i s , method of f ind ing the 
boundary w i l l produce a d i f f e ren t resul t than that 
obtained by the human v isual system. 

An informal series of experiments were carr ied 
out to determine where the human observer sees a 
boundary in the she l l inspect ion problem. F ig . 4 
shows global and local i n tens i t y p ro f i l es normal to 
both the base and side wal l boundaries of the 
s h e l l ; arrows indicate where the human observer 
sees the boundary. In sp i te of the minor va r i a ­
t ions from case to case, the basic pat tern is one 
where the in tens i t y gradient in the explosive 
charge region near the boundary is e i ther constant 
or s l i g h t l y increasing, fol lowed by a rather sharp 
decrease or even gradient sign reversal as the 
she l l casing region is entered. However, the 
v isual boundary does not occur at the i n tens i t y 
gradient breakpoint, but rather is o f fset by a 
distance of at least 2-4 p ixels before the break­
point ( i n the d i rec t i on of the explosive charge). 

A number of our experiments demonstrated that 
d i f f e ren t human observers w i l l , w i th remarkable 
consistency (and in spi te of the var ia t ions in 
boundary p r o f i l e shape), pos i t ion a cursor w i th in 
one p ixe l on e i ther side of t he i r averaged response. 
Therefore, the boundary o f fse t phenomenon is not 

due to experimental error In po in t ing to the 
v isua l boundary. 

Though the object ive was to devise algorithms 
which dupl icated human performance, it would be 
in te res t ing to know where the physical boundary 
appeared In the Imagery. Unfortunately, t h i s 
informat ion was not provided wi th the radiographs, 
nor could It be easi ly determined due to 
uncontrol led var ia t ions In the r e l a t i ve pos i t ion ing 
of the x-ray source, s h e l l , and f i l m . 

C. Finding Defects on Boundaries 

As indicated previously, because a i r bubbles 
can form on the boundary wal l as the f i l l e r is 
poured, voids in the f i l l e r w i l l occur there. 
This type of defect eludes present day processing 
techniques because the s l i gh t change In Image 
density r ides on an extremely steep In tens i t y 
gradient due to the existence of the boundary. As 
explained e a r l i e r , f i t t i n g a polynomial to such 
steep gradients causes poor f i t elsewhere on the 
curve. One approach that we have t r i e d la to 
enhance the s ignal caused by the flaw by averaging 
along the f law. In the case of a boundary 
separat ion, t h i s d i rec t ion is known because the 
f law fol lows the boundary. Therefore, the 
i n tens i t y is averaged w i th in ' l a ye rs ' pa ra l l e l to 
the boundary, as shown in F ig . 5. Averaging is 
car r ied out over a sector having a width comparable 
to the length of t yp i ca l separation f laws. This 
process is conceptually s imi la r to a curved moving 
window average whose height is one p i xe l and whose 
width is the sector w id th . In th i s sense, the 
operation is analogous to a low-pass f i l t e r i n g 
operat ion. The measured average i n tens i t i es are 
f i t t e d using a least-square, second degree 
polynomial. Points in the region where the 
separation can occur are not used in der iv ing the 
polynomial approximation; th is prevents flaws from 
in f luenc ing the f i t . The resul tant curve for an 
image wi th boundary separation is shown as the 
dashed l i ne In F ig . 6. A s ign i f i can t deviat ion 
between the actual and the f i t t e d data signals 
the presence of a boundary separat ion. 

We are able to detect some of the more 
prominent boundary defects wi th the above approach 
(especia l ly when the defect is not f lush against 
the boundary), but th is non-adaptive averaging 
technique cannot come close to matching human 
performance. It would appear that part of the 
'magic' of human v is ion is in knowing how to f i nd 
the appropriate averaging windows in sp i te of the 
immense number of possible a l te rna t i ves . 

D. Finding Defects in Narrow Regions 
Certain shel ls have an in te rna l geometry that 

forms narrow regions of f i l l e r surrounded by 
boundary, as shown in F ig . 7. The procedure 
described above for separations cannot then be used 
since there is i nsu f f i c i en t room to construct a 
g r id pa ra l l e l to the boundaries. There are too few 
points for In tens i ty trend removal, and window 
operations cannot be carr ied out due to the space 
r e s t r i c t i o n s . 
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RELATION TO HUMAN VISUAL PERCEPTION 

Many i n s p e c t i o n problems I n v o l v e the d e t e c t i o n 
o f an anomaly — someth ing t h a t i s ' d i f f e r e n t ' f r om 
i t s background based o n i n t e n s i t y l e v e l , shape, 
t e x t u r e , o r p a t t e r n . The human p e r c e p t u a l system 
seems to be a b l e to ana l yze i n t e n s i t y g r a d i e n t s and 
can recogn i ze t he c h a r a c t e r s t i s t i c s o f the 
background i n o rde r t o c a r r y o u t t he i n s p e c t i o n 
t a s k ve ry e f f e c t i v e l y . S p e c i f i c a l l y , i n t he s h e l l 
I n s p e c t i o n p rob lem, what s tands ou t d r a m a t i c a l l y t o 
t he human eye as a d e f e c t o f t e n t u r n s out to have 
no l a r g e r an I n t e n s i t y g r a d i e n t t han t h a t o f the 
i n t e n s i t y g r a d i e n t due t o t he geometry o f the 
s h e l l . Thus , the eye i s a b l e t o d e t e c t and 
suppress the g l o b a l i n t e n s i t y t r e n d due t o 
geometry. S p o t - t y p e d e f e c t s 160 m i l s i n d i a m e t e r * 
and c racks of 30-40 m i l s h a v i n g a l e n g t h of 1/2 
i n c h can b e r e a d i l y d e a l t w i t h , d e s p i t e t he f a c t 
t h a t they r e p r e s e n t l e s s t han an 8 l e v e l I n t e n s i t y 
d i f f e r e n c e f rom the l o c a l background i n a n x - r a y 
f i l m w i t h d e n s i t y t h a t ranges f rom the l i g h t e s t t o 
d a r k e s t r eg ions i n the r a t i o o f 1 :20,000 ( i . e . , 
20,000 i n t e n s i t y l e v e l s ) . 

i n o r d e r t o hand le s e p a r a t i o n s between t h e 
s h e l l w a l l and the f i l l e r , t he human I n s p e c t o r must 
be p r o f i c i e n t a t knowing what a boundary is and in 
b e i n g ab le t o f i n d i t . Wh i le exac t s t a t i s t i c s a re 
no t a v a i l a b l e , i t appears t h a t human I n s p e c t o r s can 
d e t e c t a base s e p a r a t i o n d e f e c t hav ing a w i d t h of 
o n l y 5 m i l s i f t he l e n g t h exceeds 1/4 to 1/2 i n c h . 

I n examin ing the q u e s t i o n as to why the v i s u a l 
boundary i s o f f s e t f rom the g r a d i e n t boundary , t h e 
d a t a shown in F i g . 8 may o f f e r an e x p l a n a t i o n . I f 
the eye sees a g r a d i e n t wh ich is averaged over some 
I n t e r v a l exceed ing t h a t due t o t he d i f f e r e n c e i n 
i n t e n s i t i e s between a d j a c e n t p i x e l s , t hen the eye 
w i l l no t see a s tep f u n c t i o n change in s l ope a t a 
t r u e b r e a k - p o i n t (betwen two r e g i o n s hav ing 
u n i f o r m , but d i s t i n c t i n t e n s i t y g r a d i e n t s ) , but 
w i l l see a smooth t r a n s i t i o n w i t h the maxima and 
minima o c c u r l n g d i s p l a c e d f rom the b r e a k - p o i n t by a 
few p i x e l s , as i s the case i n F i g . 8 . Here , 
exper imen ts show t h a t the eye p laces the boundary 
a t the l o c a l maxima a d j a c e n t t o the b r e a k - p o i n t , 
even though t h e r e i s a n o t h e r , s l i g h t l y h i g h e r 
g r a d i e n t maximum f u r t h e r i n t o the e x p l o s i v e charge 
r e g i o n . 

Other p o s s i b l e e x p l a n a t i o n s f o r the v i s u a l 
boundary o f f s e t phenomenon a re r e l a t e d to the 
v i s u a l b roaden ing o f the g r a d i e n t t r a n s i t i o n r e g i o n 
due to a Mach band e f f e c t ( 6 ) , and to t he 
c o n t e x t u a l i n f o r m a t i o n the eye uses I n l o c a t i n g t he 
boundary wh ich cannot be cap tu red by the l o c a l 
i n t e n s i t y v a r i a t i o n s . 

I t I s p robab l y the case t h a t the human 
i n s p e c t o r b r i n g s to the prob lem much g e n e r a l 
p e r c e p t u a l knowledge, i . e . , a l i f e t i m e o f exposure 
t o v a r i o u s types o f p h y s i c a l s u r f a c e s . Thus , t h e 
i n t e r n a l boundary o f t he s h e l l has c h a r a c t e r i s t i c s 
t h a t t o the human, a re d i s t i n g u i s h a b l e f rom those 
of a d e f e c t . When faced w i t h the need to dec ide 

To put these measurements I n t o p rope r c o n t e x t , we 
d i g i t i z e d the f i l m over a range o f f rom 2-20 
m i l s / p i x e l . Average f i l m g r a i n d imae te r was.2 
m i l s . 

when t h e r e is a f l a w on the su face o f the boundary , 
t h e human can summon a l l o f h i s p r e v i o u s e x p e r i e n c e 
w i t h s u r f a c e s . Th i s g e n e r a l p e r c e p t u a l e x p e r i e n c e 
i s d i f f i c u l t t o express i n a l g o r i t h m i c f o r m . 

DISCUSSION 

Two p e r v a s i v e problems in scene a n a l y s i s 
a r i s i n g i n a r a d i o g r a p h i c i n s p e c t i o n prob lem have 
been d i s c u s s e d : ( 1 ) f i n d i n g edges or boundar ies , 
and ( 2 ) f i n d i n g o b j e c t s t h a t a re anomalous w i t h 
respec t t o t h e i r s u r r o u n d . 

In an i n d u s t r i a l c o n t e x t , l o c a t i n g edges i s a 
c r i t i c a l f i r s t s t e p f o r a lmos t a l l m e n s u r a t i o n and 
i n s p e c t i o n t a s k s . The e x p e r i m e n t a l r e s u l t s 
p resen ted here demons t ra te a g a i n t h a t a s i m p l e edge 
model us i ng o n l y l o c a l i n f o r m a t i o n i s i nadequa te t o 
d e a l w i t h p r e c i s e d e l i n e a t i o n o f r e a l edges . 
C e r t a i n l y , our computer models do not co r respond in 
these s i t u a t i o n s to those invoked by humans engaged 
i n the same t a s k s . I t would appear t h a t 
' u n d e r s t a n d i n g edges ' i s a task t h a t goes w e l l 
beyond any l o c a l model we m igh t c o n s t r u c t ; a 
s o p h i s t i c a t e d reason ing a b i l i t y u s i n g g l o b a l 
i n f o r m a t i o n I s p robab l y a n e s s e n t i a l i n g r e d i a n t . 

The second p rob lem, f i n d i n g s m a l l i s o l a t e d 
r e g i o n s o f an image wh ich a re anomalous w i t h 
respec t t o t h e i r s u r r o u n d , i s o f t e n more d i f f i c u l t 
f rom a c o m p u t a t i o n a l s t a n d p o i n t t han f rom a 
concep tua l one . The u n d e r l y i n g requ i remen t in many 
v e r s i o n s o f t h i s prob lem i s t h a t o f s e l e c t i n g the 
a p p r o p r i a t e l y shaped r e g i o n of the image to compare 
w i t h I t s n e i g h b o r h o o d . However, when we are 
b locked by boundar ies f rom i n t r o d u c i n g g l o b a l 
compar i sons , as in t he case o f the narrow r e g i o n o f 
thee s h e l l w i t h i n t e r n a l s t r u c t u r e , t h e n we cannot 
app ly the c u r r e n t l y a v a i l a b l e t e c h n i q u e s . 
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