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RO J EC T SUMMARY

the uve a l l  n - i l  of t h i ’ . p ro I i c t  h
~

s been t o  f u r t h e r  i n v e s t  i q a t i s q r n- ~ I

p r o c e s s i o n  and pat urn r u c o j i l i t iO n t e c h n iques as to ho~-j they app l y in  the non—

du st ruct i vu eva I uat ion of m a terial s for c l a s s  i f y i ng ul t r .i on IC pul Se

w a v e f o r n w . Computer programs wer e  deve loped to imp I ce nt a I q r r  it hms to 
~unur at~~~

pow e r spec t rum , c e pst r u m , and a u t o — c o r r e l a t i o n  w a v e f o r m s  f r o m  the u l t r a s o n i c

pulse echo waveforms. These a Iqor i t hms have a f i rm Si . I s t  I en 1 foundat ion

also have properties associa ted w i t h  them that a llow t h y Fast Fouri e r Tr~ ’e.Hrn

to be u t i l i z e d  in an efficient manner . A l s o , s t a t i s t i c a l features ~- u i e  ex tr a cted

from the waveforms. The features were then input to pat tern recoqn i t ion tel

ni ques in order to clas s i fy the data into sppropr i ate materi a l  defects. Thu

procedure out l i n e d  ,ibo
~

c w a s il 4 ) le mented w i t h  
~~ 

u l t r a s o n i c  p ulse echo wa ve f o  r r s

obt ained from f la t—bot ti ~e holes of ci qht d i FFe r nL d i a i m u t ’ r s .

A recognition accuracy (1 ~T3, has been at t a r
~cd L i i  t h y f l a t — b o t t o e  ho les

are classified into two catr~jories u s ing only one f e l i ce f rom the o r i q i n a l

ultrasonic pu lse  echo w aveforn is  r e f l e c t e d  from the f l a t — E a t  turn ho les .  Thu

resu l t s  are ach ieved  when the one f e a t u r e  is  e i t h e r  the nna >~
i n i i r n  anrp l I t ide , he

root—mean — squa re value , or the varianc e of the wavefw r~. An unexp ec ted  c u l t

was a lso  o b . e r v e d  when a t ime s e r i e s  m e t h oj  as applied to the portions of tile

u l t r a s o n i c  pu l se  echo n- .uve for ms that  we re  r e f le c t
~

- n f r ee  t ine ha c k w a l l s  i n s t e a d

o f the f l a t — b o t t o m  ho le s .  For  t h i s  procedure an 83
~ 

N C o ( J I1 i t o n  r a t e  was a c h i c v c l l .

T h is  i n d ic a t e s  tha t d i s c r i r n i n e t e r y  i n f o rma t i on  is a l e  c o n i t a i n e - 5 1 in t h e  h
~

c kn-i i l  I

echo .

SIGNAL PROCESSING ALGORITH M

T he s i g n a l p roce ss ing  a l qo r i  thins co in  , i de ren i  ar I h u n  i t i  t o  (~~ n )( r j t (  t h e

power spec t  rum , Ce ps t rum , an d a u t o — c o r r e l a t i a n i . Just  i f i c a  ion for nh- am e n i t t ’
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su g t e s t e d  i s  based on s t a t i s t i c a l  e s t i m a t i o n  theory .  The Fis t F o u r i e r  T r a n i s f o r n i n

(FFT) provides an e f f i c i e n t  means of  com pu t inq the pokier spec t r u m , ce p
~~

tru nn , and

a u t o - c o r r e l a t i o n .

The per I odog ram , ‘N 
(w) , i s most often used in es t i m at i ng t lie pon-le r spec t run .

For a rea l f i nite-length sequence x(n), n = 0, 1 , . . . ,  N-I , the Fourier

t r a n s f o r m  i s

• N- i
~~~~X ( j )  = ~t x ( n ) e

n 0

and ~the per iodogram is defined as

I 
N 

(w )  = X ( j  m i )

The periodogra m is a biased estin na tor of the power spec trur nn . It is also a fact

that the p e r i o d o g r a m  is  not a c o n s i s t e n t  e s t i m a t o r  and therefore can he exniicted

to f I tic t ua t e about the t rue ponn e r spec t rn ri [ 13 ]

• Two smoothed spectrum -,t in , n tor , ba sun] on Dart l e t t s procedure [13] ansi

Wel ch’ s method [21] arc p r o p o s e d .  In the Wel ch method a data sequence x (n),

n = 0, 1 , . . . , N — i , is d i v i d e d into K seqn lent s r f I t ‘ u imnplc s each so tha t N = Kfl.

The K modified periodoqr ams ire h - f i n e d  is

M — 1 - 2

~1
E ni )cn ni)e~~

” t 1 
, i = 1 , 2 , . . . ,  K

n O

~i he r e

1 
M l  

2
~ 

w ( n)
n=O

m in I

x . ( n )  = x ( n  + i l l  — H), n = 0 , 1 , . . . , M - 1 , I 1 , 2, - . , it .

3
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The spectr al est inn ate is defined as the average  of these itur~i f i e~
] f ) e r i o J c n J r a n s ,

P( , n ) = 

1=1

Sonne of the commonl y used w indows are known as the Rec tan gu la r , B a r t l e t t ,

Hann inq, Hamming , and B lackman w indows  [13].  If the ~-iIndow w(n) i s  chos en so

tha t  w ( n )  = 1 , n = 0 , 1 , . . . , li—i , ( t ha t  is , t he R e c t a n g u l a r  w i n d o w )  the

above s p e c t r a l e s t i m a t e  P ( , )  becomes the e s t i m a t e  based on Bartlett ’ s procedure.

Both B a r t l e t t ’ s procedure and Welch’ s m ethod y ield con sistent e s t i m a t o r s ,

althou gh both are biased .

The FF1 algorithm can be used to advantage in comput i n j  the powe r spectrum

by any of the above methods.

The Discrete Fourier Transform (OFT) is defin ed to he [13]

N - i

X(k) = ~ x ( n ) e
_ j ? d

~~
1
~~~~ , k = 0 , 1 , . • - , N-i ,

0-

for the sequence x (n ) , n = 0 , 1 , . . . , N— I , and the I nyc. c c -  Di scret c- Fnun ic r

T r a n s f o r m  i s  g i v e n  by

u—i
x ( n )  

N 
k=O 

X ( k ) e J 2
~~~~~

N
.

Computa t iona l ly e f f i c i e n t  al qor I th i ns t n at  exp l o i  I both t he 5 / ~ 
inma t ry and p - r  iod i c i t y

of the sequence e ~ 
2’,I n n, 

~ 
t o  compute t he DEl are  known ac L[T a lqo r it ni i .  [ 13 ,  10 , 1 

~
].

The per I odoq ran, can I c -  conimpu t d a t  e i n  I 1 ~ sp e I f r  n i n - n c  i s  I 7 I in - s

nnnnput ing / ( h )  n m - m g  t i n  I FT ii Ic io r i  t u t u  i n n , ]  t lien ( o i m t ] i n t  l u g

~ 
(k)  = 

~~
. X (k) 

2 
k = 0 , 1 , . , ..  N— I

4 14
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The averaged per iodogr unu-~ 
use,] for c m  n t  l e t  t ‘ s pro cn- cl u rn or We I cm ‘ s net hod

can be compu teJ in the fol low i ng w a y .  F i r s t  c o i - np u t

X . (k) 
~ 

x, (n)w(n)e J 2n
~~

h/M
, k 0 , 1 , . . . ,  N -i

- for each section u s i n g  an FF1 al g ori thm. Next x (k) 2 i s c , nn i i n n m t , j  for - n h

section. These terms nnnay then he added together for the Ft sei t i l n is and t i n , -  n - s u Its

di vided by KIIU to yield P(2-k/M) , P = 0 , 1 , . . • , M — l .

The cepstr um [12] is defined as the inverse Fourier transform el ti e -

logari thm of the power spectrum . It is useful in d e tectin g p e r i o d i c i t i e s  i r the

log spectrum .

The auto—correlation is usuall y found as the i n v e rs e  EFT of the p0.-en spectrum .

This procedure is fas t , but the a u t o — c o r r e l a t i o n  est imat e can best be found by

us ing the FFT in comput ing

I 
N—n n— 1

c (ci ) = 
~~

- x (n) / (n-tin) , m = 0 , 1 , . . . , I I -

where M < N [13]. This estimator is a syn: ip to tica l l y unbi a sed.

FEATURE E X T R A C T I O N

Given a set of discrete tim e waveforms , the power spectrum , cep st nu lr . and

auto-correlation waveforms can be obtained for each. In order to c l assif y this

set of waveforms into categorie s with comnnion characteristics , discriminatory

features must be extracted from these waveforms.

• T he f e a t u r e s  co n nn pu i t -d  f m nnn n the wmveforn nns ,ir- s i t  s t  ic a I in n-it t i r e .  They

i n , -  known us the linear, , v
~
1rian(: e , nn na x iuuun in n , ro o t —un ne a n— , t n n r i’ , s k rm-j n ie’e, , ant ]

P u r t o s  i s .
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Suppose a waveforuni is denoted by g(y) and the p r o b a b i l i t y  density function

f ( y )  i s  g i ven by

f(y) = 

~~ 

6(y y
1
) + ~ r S (y -y ~~~) + . . . + 

~~~ 
nS (y y~ ).

With this infornn a t ion the features can be computed as

= E[g (Y)] = f  ct (y)f(y)d y = 
~ 

9(y
1
),

2 
= E [{g(Y)-p}

2
] = 

~ i~~i 
[g(y .)-p]

2
,

= max [q(y
1
)]

N

r .rn .s. = {E[g
2
(Y)]}i = [I 

~

SK = 
E[~ g 

(
~

) -
~ ~~ = 

1 
~ ~~ 

(y

a Nm 3 i 1  
-

and

KR = 
E[ {g(Y)-m i ’] = 

N i
4 

i~~i 

[g(y.)- i]
4
,

where ti denotes  t h e  mean , c
2 

denotes t he v a r i a n c e , g ( y )  denotes the m a x i n u m n .

r .m.s. denotes the root-mean-square , SK denotes the skewness , and KR denotes the

k u r t o s i s  [19].

The next section describes how t hese  f e a t u r e s  nniay be used to classif y t he

wave fo rms .

PATTERN RECOGNITION

Automated interpretat ion of ultr a sonic pulse echo w av e f o r m s  can he f o rn -nu l , i ’ ed

as a c l a s s i f i c a t i o n  prob lem in w h i c h  i t i s  d e s i r e d  to d e c i d e  u n to  w h i c h  o f T

ca teqor ies  denoted by C
1 

, C T , each test block belongs. The nu u ’neric al

6
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result s front preprocessing time wavefor inus for each test block can be rep nn ’ -
~ente I

by a point In nn—d inn ne nsion a l space as s u m i n g  that r e- u I N, c o n s i s t  of m u tn neas n i r ci’ue n t s

or features.

A patt ern is an nn-tup l e wh ere each connuponent represents a measurement or

feature. A pattern is denoted by the vector Y where Y = (y
1 

, y).

Let R
nn 

denote the set of all  m —tup l es (y
1 

, y~ ) whose connnponents

are real numbers. R~
1 

is called rn-space , arid each n n-tup le in R
m

is said to be a point or vector in rn-space.

The top i c of class if icat ion is usLi a 1 l y included under the nnnore gener al to~’i c

of pattern recognition . Several good survey papers [5,7, 10 ,20] and recentl y

published books [1 ,3, 18] have been written d escribing pattern recogn ition i

techn i ques. -

U

In most pattern recognition problems the only information av a i l a b l e  consists

of a “training ’’ set of L patterns whose true cl a ssific a tion s arr~ known. The L

patterns denoted by ‘
~
‘
~~ 

~L 
are called trainin g sar p ic’s. The t r u i n i n c m

samp les from each category are assumed to be ind epend~ ru ’ rm nm I I t e n m t  ic ,m l l y d i ,

tributed according to sonne unknown density function . T t ’~ tr a inin g sa’iples nrc

used to construct decision rules which arc implemented by d i s c r i’n i ru , nr , t f i c t i o n s .

Th.ese functions are defined to be rea l— va] ued functions of the p at te rn V used i n

classif y ing pattern V as a member of one of tIne I cat egories. Tim e di scr i m i n a n t

funct ions yield a decisi on rule which specifies U n i t  p attern Y is c l a ssified as

being a menn iber of th at class which has the lar gest di s crinninant function v a lue .

Ini trust ~si t t e r m ma curjri 1 t mi n i i n rub I d un ’ , I I t l I i Pu n -i n n , I]  Uni t t lw n rud e ’ n I y i i n ’ t

p r o b a b i l i t y  d i s t r i b u t i o n s  of the 1 categories or c l as - , c’ - . Therefore , t i n , ’ d i s —

c r i m i n a n t  f u n c t i o n s  must  he determ i ned on the basis of tin ’ L t r a i n i n g  saun ip les .

~1
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The c l a s s  i f  i cat  ion r esu l  t s ohta i  ned fro nt the t r a i n  i m g sa nnup l , ’ - s lmou I d be rH-i t u--I

to the per for m ance of t he  d e c i s i o n  rule on fu tur u -,au n u p l e s . Q u i t e  oft c-n the error

rate obtained is l ower  t h a n  t i n  (rut u-u tu r rat ,- of t Ire c l t ’ . ’, i f i e r .

One nn e t hod quite elle n mm _ _ cc ] t o  e s t  m m d l ,  t he  t r i m - error rate (if a cla s s i f i e r

is to divide the ori ginal L sa t ul, - , into m t - ’ i g m n  set and a test set. The de ’si yn

set is then used as t h e tr a i n n i r n u t  ‘ e l  i n n ’ ] ( fn
~’ u n ’ - - im l t i n q  d i ’ , c n  i n r n i n , m n t  f u n c t i o n s  are

then tes ted on the t. e s t s i t  - Orn- p n i h  l u - n m t i i t  In t hi S a pproach  I s I hat t lie va 1 ue of

L may be sma l 1 and a better cla’,s if icr c o t  ld be des i gn - n hy us inq a l l  of the

samp l e s .

Based on a f i x e d  sa unnple s i z e  Kana I and Cha nd rasek a ra n  [6] recommend us i rig the

‘ I cay i nq — on e—ou t ’ ’ method in des i gn i ng a c l a s s  i f  lea t ion 
~~~~ 

te r u r and eva 1 n i t  l u n g  I ts

per formance.  In time leavin g-one-out met lmod a classifier i s  des i gned based on

L- 1 samp les  and then t e s  ted  on the one reunioved sni’mn l e - T h i s  procedure i s  repeal  m d

for each of the L trainin g samp les. A problem associated w ith t h i s  approach is

that it may be too t m e  cons unn ri ng.

Foley [2] usin g both experimental and theoretica l results , inmd i cat s that the

r a t i o  of the number of samp les per c l a s s  to the nunu iher of 1 - a tures should be at

l e a s t  t h ree  to obtain good e s t i m a t e s  of the o p t imum error rate. That is ,

L
c > 3 ,  (i)

m

where L rep resen ts  the number of sampl es  per c l a s s .

Me i sc 1 [8] po in t s  out that  the mit u
~ 

- ‘d in equa t i n n  (1) s hon I d i n  s n  se nse hi

the  ‘ ‘ i n r t r i r n s i c  cl j m nn eris ior ia l i t y mn . T h i
~ 

un u e, mnn e t h a t l u . ’ ‘ u - i  c ’ t  ni f r - , n t u , n ’ ’ — ’ ~ ‘
, I , re u l  I

conta in t in i ly  r e l e v a n t  in lon - a t  ion. Fe
~~

t u m r - e  s m - I,.’,. I n;n sc lne- u is ’ ’ ~ [/ , 8 , 1 3] ml iii

used in rr’ i u n c i n q  rn— sp ace to  one tha t  c o u n t a i n s  on l’.- d mse m ul d i s c r i n l n i r -n t n r y  i n I ’ r a a t en .

Kanal [7] discusses other i n v e s t i ; t t i o n s  i n t o  d i n n r n
~~

io n n I i t y ,  s l i m - p h  s i 7 ’ , and

error  c ’ ; t i f l u a t ion .

8
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When a c l a s s i f i e r ’ s per formance c a n n o t  be g e n e r a l i z e d  to f u t u r e  unknot-i n

sar n iples the classifier is said to be ov c ’rt r ai n ed or ov e rfi ttec i . This situatio n

occurs mos t frequent iy when the number of saopIe ’~ per c l a s s  is  srua l I compared

to the nunsber of features.

Percept ron Al gorithm

A c l a s s  of nnnachin es developed as a model of machine learning ,mnd decisi on

nnnaking has been c a l l ed a perc ep t ron and has  p layed air import ant role in the

deve lopment of p a t t e r n  r ecogn i t i on  t h e o r y  [1 ,16 ,17].

T he bas i c  percept ron al gor i thm is a s imp le sc hnen ine for t im e i t e r a t i v e  d e t e r —

nn ina t  ion of the w e igh t  vec to r  W used to d e f i n e  the hyperp lane d ( V )  W
~ Y = 0,

which is a I inca r di scr I ci i m a n  t func t ion. An out Ii nc of the percept  ron a 1 gor i t  he

can be stated as fo- l l ot’s.

G i v e n  two s e t s  of t r a i n i n g  samp les  be lon ig ing to  p at t e r n  c l a s s e s  C
1 

a nd C 2,

respec t  i ye 1 y , let the in i i a I we i g u t  vector W
1 

be clno~
u - n ar] I t ra r I I y. Them

the (k-i-i )st approxinu n a t ion i s  g iven by:

1 . If the kth member of the trainin g sequence 
~k 

i s  c l a s s i f i e d  co r rec t l y

leave the wei ght vector W
k 

unch anged. That is ,

W
k+l 

= W
k 

i f  W
k

Y
k
>O and Y

k
C

l

~~~~ = W
k 

i f  W
k

V
k
<O and

2. O t he r w i s e , t he we igh t  vec to r  is  changed by

= W
k
+cY

k 
i f  W

k
V
k
< 0 and

or

W~ —cY
1 

i f  W
k
• 
~

‘
k 

0 arid V
1 

C
2

w here c I 5 a pos it I ye co r rec t  i on i ncremen t , p u s s  i b i  y dc’petnd I nq upon P.

The al gori thnn n is sa id to have converged t i l ien ,m l I of the tra i n i n g  s,mninp les - ‘

are classified correctly. It can be shot-in th a t if tine t o  classes are 1 in m ear l y

9
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separab le  then the perc ept ron a Igor i thr um convered’s In a finn i t , ’  n um n i hn - n of

i t e r a t  ions [1 , 1 1 , 18]. The c o r t e c t  ion increment c nay n u -  sn’ I~~c t ed  in - - - v t - n a 1

ways a l  though in p ra c t i c e  a va lue  of c = 1 works  qu i t u ~ n~e t l .

L inmear P r e d i c t i o n

Linear predictio n i s  becoming i ncre as in g ly i r rm por tar u t in si g nal proces-

s ing because of the accuracy i-ii t i n which i t  f o recas t s  t ime s e r i e s  data and the

speed o f computa t ion  of i t s  c o e ff l c i e n t s .  The l i n e a r  p r e d i c t o r  c o e f f i c i e n t s

and the auto —correlation va l ues can be used as features in classif y ing c-inve -

forms. This technique has been p a r t i c u l a r l y success fu l in speech r e c o g n i t i o n

[ 4 ] . 
-

L inear p r e d i c t i o n  requ i res  the w avc io rnn  to he s t a t i o n a r y .  By d i v i d i n r u t

the wavefornn into a sufficient number of wirndows , each wi ndon-, can lie assu r ed to

be s t a t ionary .  Over each w indow the wave fo rm can be modeled as an a u t o r e g r e s s i v e

process o f order p - (AR(p)  p r o c e s s ) ;  tha t  i s , i t Is assu un iec l that each samp led

va l ue Z
1 

can be rep resen ted  by t he pas t p v a l u e s , p lus a zn’ro rnean noise t n - r n

Z “~~~ Z + I Z  + . . . +
~~- Z  + a .

I I t— 1 2 t—2 p t—p t

The waveform is thus desc r ibed  over each w i n d o w  by the paran ine ters I
1

T he leas t  sguares est  i nnate of t lmese ternus cart be o b t a i n e d  by solvin g the Y u l e -

Wa lker equat ions

= 
.~~~ ~ i 1 j u ~~~ 

k = 1 , 2, 
~ 

p

by rep lac ing  the t m .  a u t o — c o r r e l a t i o n  c o e f f i c i e n t s  
~ 

hy c 1, . lbs-i c ca l cul a ted

u - s t  i u n u ; i t u : s  [14] . The le a s t  s q r i a r u ’ s  i s I  n i , u t r :  i o f  = 
~

‘ I ’ 7 ’ ’
~~~~

’ ’ ) i s -m

max imum log I ike l i lmood e s t i m a t e  of the pdl r a nn le te r  and a d i ’ t a n c - u m n d - a s n n n - ~nf the

f orm

P P
log ( 

~ 
I ). 

~
. c - 

- c~~
!)  (2)

k=1 1 = 1 i-k

- 

lQ

II 
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wa s cons idered , s ince t h i s  d i s t a n c e  nn reas u t ’ l i ve  e x c e l  I c - r u t  r u - t i l l s  m l  ‘,p c l i

r u ’ mug n r  I t ion [Li]. ( T h i s  express ion does m n o t r ep rese n t  a I rue ‘ s t  r ic . and th ins

i t  i s  a c t u a l l y  a s i u nn i l a r i t y  nne ,is ure i n s t e a d  of a d i s t - i n m n  m s e u . u r e )  , The

nrc t ine c ’ , t i n m n a t e d  line& pred i c to r  c o e f f i c i e n t s  n,f the cm - I - - r u - n - ce m r  t r a i n i n g

sann up le mb-n i Ic the c
k 

are t he a u t o — c o r r e l - ’ t  ion c o e f f i c i e n t s  of the unknown or

t es t  samp l e .  Time t o t a l  d i s t a r n c e  between a t e s t  sa nnp le and a I r ainu in q sim n ’np le I s

the ~
im o f (2) over al l  w i n d o w s  of the samp le .  Ttu e t e s t  - r n :gnlc is the n c l assified

as being a m ember of  t i n ’ - ,,n:n., - c l ass  as (h
~ 

t ra in ing  sli p IL ’ n- - h i  ch g iv e s  the

nn ini nnu nn n d i s t a n c e  to the un u~ r nDn - i un t m-s t sanip l u .  li -nc t I~m cl a’-,si f i e ü t  i orn t ecbnni q u u e

used for t h i s  procedure is  the f lea r e s t  lie I g inbor dec i 5 on ri Ic [I]

R E S U L T S

The A ir Force M a t u ’r i a l s  Labora to ry  i n m i t i a t e d  a prog ram to du te rnn in e  i f  an

- 
adva nced s i g n a l  pro cessing system could c lassif - / the u l t r a s o n i c  p u l s e  echo ale-

forms from fla t—bottom h oles. This stud y e~ -m nined for ty—nine sar-:p les obt a irned

f rom a lum inum a r e a — a u n p l i t u d e  t e s t  b locks and th ree d i f f e r e n t  t r a n sd uc e rs  [9].

S i x t e e n  t e s t  b locks  we re  f n b r i c a t e d  f rom two d i ]  f c ’ ren t  s e t s  of 7075 T6

a luminum a l l o y . Each of t- he two sets contained ei ght t e s t  b l ocks  -,- :h ich had flat-

bottom ho le s i z e s  rang ing in d i u u u e t e r  fro m 1/6 14 to 8/61-i inch es in iuu cre m ents of

1/ 6 1 4- i n c h .

th e three transd ucers used in t h i s  study were a l l  5 fl ’li- t r a n s d u c e r s  i- . I t h

d i ameters  of  0.5, 0.75, and 1.0 inch.

— The received ultrasonic pulse echo :,nvcforuns were sampled at 100 MHz and the

resu l t  ing d ig i t  iz ed  t irne w r nve fo m n u ns w e re  o ht a i  it ’d. The forty—nine samples fuu n th-

e i gI n t cat egor in ’ - , we u- iii vi i ’ (I i nn i  U - n t n - u i nu in u u 1  - a l  t u nil a I ‘I i ru g i - I n u n s  t i r u n t  of

31 and 18 sanun g l u ” , I u - - pee l  iv ” t  
~~
. I I n ’  c l - m s- , d i i c i  nm ion d - n i  In u . I~~

s .  i s  ‘ i i y ’ - m n

in Tab le  I.

Ii

Ik 
~~~~~ 

‘- .  -. 
~
‘ 

- 

-~~~ - 

- - 

-
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—
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TABLE I

DISTRIBUTION OF THE TRAINING AND TESTING SET FOR

THE FLAT-BOTTOM HOLE DATA

f 

____________________________________________________________________ _________________________________________________________________________

Class Number of Unj n i
~

u r  of
(Hole Sizes in 6Lith ’ s)  T r a i n i ng  Samp les  T~~,t i n q _ Samp le ’

14 2

2 4 2

-

- 

3 - 
2 2

Li 
- 

14 2

5 11 2

6 4 2

7 13 3

8 
— 

5 
_ _  3

___________________ 

TOTAL 31 
_______ 

18

• Before appl y ing the sir iui,i I p roces s inm q a l qo r i t i i r nus  and f e a t u r e  e x t r a c t i o n

techn i ques i t  is  of interest to consider  the re l
~
st io m ms Iu i p Pin-tn-ieee tin e nuun ib er of

samp l es available for process inr ; and time nuu inber of features used for cl assification .

The bas i c  p e r c ep t r o n  a l g o r i t h m  d e s c r i b e d  ear l  i c r  is  f u s sed on tim e two c l a s s

prob lem , a l though i t  i s  ea s i l y extended to the n n ul ti c la ss s i t u a t i o n  [18].

For the I c l ass  pro ble mnn the idea is  to cPi ’ te ru u n i ne 1 1 irue ~nr discr iumi inaum t funct l oins

d
1 ~~

) d
1

(Y) , with thin pro p erty t i -nat if V - C 1 ,  then

d . (Y ) > d
k

( V )  for a l l  k 
~ 

I. 
~

3)

Win -n a l l  of he t r a i n i n g  sa unnp l u nn  aru ’ c l , i - J l  m d  cn n i c ct l y by (3) t u e  T c i , n- ~si-s

a r e  s a id  to be l i n e a r l y  separab le .

It is n-j e l l  known [11] that  i f  L r n  4- 1 then there e x i s t s  a l i nea r  d i s c r i m i na n t

function which effects the se- n e dichotomization as spn,- c i fied by the t \ - un cla ss

12 

5 —
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Iss i
~~nrnne nt of the L p o i n t s .  T h i s  s i t u a t  ion m I m u n n o r n ’ , t r , , r u - s  t I n ‘ u v ’ n t r I u u i nuq n u t

occur w hen L < inn + 1 s i nce  a sepa ra to r  dcr u ’s e x i s t  t h n , i t  u - j i l l  li ~~h rot u u’’ ui, ’ - t Imu -

sam nnp 1 es c o r r e c t l y ,  a I though I t nnay not he t ire opt i r m a 1 c I as -
~ i f  i . Tin I - - fact

unuay a I so be d erin j nu s t  ra ted  by the use of the pe reel) t ron 1 I go it b ur n [18]

F roni Table I i t  can be seen tb - n at the t n-jo sunna I l es t ci iI 5 ’ u .’~ con (a inn a total

~.
ut 4 and 6 samp les , m ‘‘peel iv el y. This i unn p l ies th at L ha a vil u j e of 10. The

arguun nent above indicat es that inn must have a value less than 9 to be sure that

- 
-
. 

these two clas ses are not forced to be lin earl y s e p a r a b l e .  When the same

argument is app l i e d  t o o n l y the training sam nnp les , It is see n tha t  inn n ust ha ’e a

va l ue less  than 5 in order to avoid the forced linear 
~n t u , u i a b I  l i l y .  Hence , the

nunnher of features ext racted from tb -n e i -/ive b ri m s that ar : to be used for c I a —

sificat ion nnust be less than 5. This number is s t i l l  un arg inal sinc e the ratio

o f the number of t r a i n i n g  samp les  per c l a s s , wh i ch  v a r i e s  from 2 to 5, to the

nuunnber of features is less th arn 1.25 for each c l a s s  when inn i s  equa l to 4. This

r a t i o  should  be m uch high er .rc indicated- earl icr of the p e rfo n - n- ian ce of a cla s—

s if ie r  is to be g e n e r a l i z e d  to unknown sa nnnp le s .

The overa l  I prob lem can be r e f c u r r - u i u l a t e d  in to a n:ore ‘

-

- n t  I sfactory problem

in terms of tim e r e la t  i onsh I p he t n- ic- e n the tnur r n b cn r of ’uiunnp 1 - ‘s unm’ i thi n ’ nu nurhe r cu P

f ea tu res .  In order to accompl i sh  t h i s  tt-io sep a ra te  cases  n-
~c ’ re cons idered to

reduce th is  to a t n-n o-class problcu-n. First , c l a s ses 1 , 2, 3, and Li can h i-

grouped toget her as a s i u r p l e  ca tego ry  and c l a s s e s  5, 6, 7, and 8 cm also be

groupe d together  as a s i r u q l e  c a t e g o r y .  Second , c h a s es 1 , 2 , and 3 can be con-

s idered as one ca tegory  and c l a s
~~es 1+ , u~ , 6 , 7, an d 8 can ui ’ co m ns id e re d  as a

secon d c a t e g o r y .

In app l y ing the s i qn,, I p roce s s ing  n lgor i thu u is  to  L i , - r i  I n - e t c ’  u l t ra s o n i c

pu l se  echo wavefor m - , and classif y i n g  tine san u np l es based c-n t in , ’ e s t  m a c t e d  f e a t u r e s .

13 
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i t  was found that ti -ne ce ps t  runt and t fu e a u t o — c n u r r e l a t  ion m - s i v ’ l  t u n i c s  c o r u t a  i mu~ d

i t t le d I scr i ru m i na to ry  i n n  fomnnna t i 0mm . Tfr e Ic bore , (he i o l I owl u r n d I - e u  
~s ion ml 1 I

c e n t e r  on the or i g inal wave fo rms  and the power spect runn u wavefu mrmn s.

Fi gure 1 shows one of the r e f l e c t e d  u l t r a s o n i c  pu lse  echo n-j a v efor : i s  from

a t e s t  b lock  w i t h  a hole diameter of 8/6 1m inches.  A p lo t  of the pertinent pulse

echo de fec t  da ta  is shown in F igure  2. T h i s  is  actuall y a u n n agnified picture

o f  the f i r s t  p o r t i o n  o f  the wavefor n u shown in F i g u r e  1. F i t u i r e s  3— 7 shon-i (lie

power  s p e c t r u m  o f  Figure 2 based on the d i f f e r e n t  a l gor i t H ms d i s c u s s e d  ear l  i u - r .

I t  s hould be apparent from Fi gures 3 and Li t hat B a r t l e t t n
s p m - ocedure w i t h  one

w indow y i e l d s  the per iodogr a unu.  Fi gure 8 e x h i b i t s  a p lot  of the pu lse  echo data

that t r ave led past  t he d e f e c t  and was r e f l e c t e d  by the sur r uuj umd inq  b a c ki - ja ll.

A c t u a l l y ,  t h i s  is a mag ni f i e d  p ict cre of the second port ion of t 1 me wavc ’ fu c  r i

shown in Fi gure 1. Fi gures 9- 12 show the t u e - / e r  spectr um of F l m m m u r e  8 based 0mm

Bar t le t t ’ s procedure and We lch ’ s met hod .

It  should be noted that  each of the h g  pul ‘ m e c-c iuo c m , n v e f u rm

.

’, - m ere  c o r r e c t e d ,

before any process ing was perfor nnued , for t he t h r e e  i n ns t ru min e n ts  i t  t I n i ~s of

s e n s i t i v i t y ,  attenuation , and da un n p ing. These se t tiru qu - u -re var - l e t  as t i r e  dat a

were recorde d [ 9 ] .  The c o r r e c t e d  n- iavefo mumi s w i l l  he r e f e r r e d  to as t ic- o r i g ina l

wave forms in the f o l l o w ing d i s c u s s i o n .

Tab le  I I  show s the d i s t r i b ut i o n  of t r a i n  in g sam p les -n e d test imm g sarupl es for

case 1 in wh ich  c l a s s e s  1 , 2 , 3, and Li are grouped t o g e t h - r  as one catec nory  and

c lasses  5, 6 , 7,  and 8 are grouped toget f ner  as a second c a t e g o r y .  T a b l e  I I I

ex h i b i t s  the same in fo rmat ion  for case 2 in wh i c h  ca te nory  nine is com posed of

c i  us ’ ne s 1 , 2 , mm m d - 3 aur d c at  -q n n / I W O  i s co mrn po - , u -n l o f  u I n c r - s  ‘I , 5 , (, , / , ate 1 8.

T he c l as s  I f i c a t  ion prob h ’m: u f u i r  bo th  of t l i -  -u ’ u - u -  c’ - i ’ ’ -  n m - - t i n  b’ mon o

rea l i s t i c  in ternns of the c m l  icr  d i s c u
~ s i nru s on t i ne r u - I a L i u m m - iu i ps l i , - t n - j u - ni ti n , -

number o f sannp les  and t he m u - ‘r o f fu ni(
~ m u ’ - ,. Boil: c u ~u.’5 un b~ th ou m

~
i:t ci i-

1 14
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I nn - - - ,ir,, Id l i - ru m p rob o ur - i-mine rc- the tin r c __ a Inc I d s a r e  eq im a I t n - n 14 ~/614 and 3. 5/614 i fl u_ i he 5

fo r  
~~~

_ in - ’ I and cas e  2 , rc -s pe ct  i vel y.

TABLE I I

TWO C A T E G O R I E S  OF FLAT -BOTTOM HOLE DATA

(CASE 1)

Number o f 
— 

Nu unuber of

Categor y Tra in ing  Sa mples T e s t i n g  Sanup k-c

- 

- 
1 114 8

2 17 10

TOTAL 
- 

3 1 18

TA BL E I I I

TWO CAT EGO R IES  OF FLAT-BOTTOM HO L E DAT A

(CASE 2)

Nun her of IJi .u ’ n I,er of

Ca t e g o r y  Tra i ning San np les Test eq Sannrp les

-

‘ 
1 10 6

2 
- 

21 12

TOTAL 31 18

For C,mse 1 , hot Ii I Inc m m n 1 axi n nn nm nn an ump I 1 1 r~ I u - a nn ul n • m ’ m. —, . f e - i t  n m ’ s  o f t, inu-

or ig  i rn
~~

l u _ ’ _ u m n v e f c r r n u ’ , wi ’ re  found to c o r n - c t ly c l- i - - ’- i i  ~ 
n
~ 

u u i  I I n- ’ 1Ig ‘ am rmp les. TI n t -

Ne a r e s t  Neighbor dcci  s ion m u l e  y i e l de d I he ‘ -u n’ ’  u - n i  It s r i -  I ruq mu n a
~ 

in - r i - n  nu ur ; m 1 i t  c t ’ i u -

mean , v a r i a n c e , an d r . m . s .  as f e a t u r e s .  The i n n - n u n  of the p u - i c -  r s i n  ct runn c u r n c c t  I - ,’
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• c l a s s  i i i  ed 1n5 sa ru lp 1 es using We lch ’  S m nu ct (rod u-
~ i th t i /ru i’_u l n~~knc’i , Wh -n Bar t i c ,- t t ‘ s

procedure w i t h  two windows was use d to c a l c u l a t e  the Inciso r spc- ctrum , the r. n ’ , s .

cor rec t ly c l a s s i f i e d  145 samp les.

For Case 2 , the u n _ m a x i m u m  amplitude , r . m m n . s .  and varianc us - of the o ri l ; ir nal

wavefornn were found to i n d i v i d u a l l y c l a s s i f y 148 of the 149 s i t i n l u I e s  c o r m r - c t l y.

The same results were obtained when these three ie atur c- s iie re colI c-c t i v e l y used

in 3—space. The Nearest Neighbor rule correctl y classified /37 ~
nn nm p l i.- s u s i n cj

mnnax imum amp l i tude , mean , v a r i a n c e , a nd r . m . s as f c_ - - i  t u nes .  Tine nrean of tine p 0 m m

spec t rum correc t l y  c l a s s i f i e d  48 samp les us ing two windows for both Bartlett ’s

proced ure and We l c h u s method .

The results above were based on the portion of the waveform that was

r eflected from the flat—bottom holes. A l s o , the perceptron al yo n ithun was used

to obta in l i near  d i s c n i m i n a n t  func t ions  when no c l a s s i f i c a t i o n  procedure was

num en tioned. The features skewness and kurtosis were found to contain no dis-

criminatory i nformation when used for any of the waveforms.

For Case 2 , another portion of the ori g i nal waveforms was also ana l yzed.

When the portions of the pulse echo waveforms that traveled past the defect an-n d

were r e f l e c ted by the su r r o u n d i n g  b a c k w a l l  were an a l yzed by the linear pred i ction

techni que , 43 sa m p les were correctly classified. For this procedure p had a

val ue of 10 and 6 windows were used . Also , the nurnnber of t r a i n i n g  sampl es 

-

-ia s

24 and the nunnber of testing samples was 25.

- 

C O N C L U S I O N S

I t has been shown ti - nat w i t h  a smnna I I samp le si ze m a t  te rm _ u  recoqrn i t  ion and

‘ _ i m l l m _ .nl I r u e u L u m s ” i n n ’ I  tu n u:Iimn i n i ni
~- - , u - n u n  i n ’  l u - r d  n i  i n - i  i v ’ I - /  i n n  C l u — i  I y im n t t ml I m ’ n c l nm mr u

1) 1 1 se echo w_ 1vcfc_urr u1~
; for t l uc  nom nth- -

~
t r u c t  i ve  c

~
v n  I ru n t b u n  u ,f mr u .l t u t  i a l - - . Ti mni nph -

size should be larg er thoug h i n o r d e r  t o m n i1-m k e the r e s u l t s  s t a t i s t i c a l l y  s i g n i —

fican t. One way that  t h i s  could he ach ieved  would be to shoot each t e s t  b lock

several times w i t h  each transducer.

• 28
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The techniques and procedures discu ’,sed in this report can be used to

process ott -ncr I-nondestructive eva l uation data. Th- fati gue-cr~o k data that

was to be processed has never been received . Ti-ne computer proq ran i ’ that were

• used have been delivered to the Nondestructive Eva luation Branch (AFML/LLP)

at Wright-Patterson Air Force Base.

The author of this report and the project m nnom i ltor took a trip  to the

Rome Air Development Center (RADC) at Griff i ss Air Force Base to vi s i t  with

personnel concerning the use of RADC ’ s i nteractive pattern recognition f a c i l i t y

OLPARS. This faci l i ty has excellent waveform processing , feature extraction ,

and pattern recognition techniques available. It allows the researcher n-iho

understands the physicaf problems to in sert his knowled ge i nt o t he s o l u ti on b y

in teraction at a CRT displa y. Another trip was taken to Wright-Patterson Air

Force Bas e and the fac i l i t i e s  at RADC were discussed with the per sonnel of

AFML/LLP . It was pointed out to them tha t they could u t i l i z e  the faci 1 i ty with

a CRT via telephone lines.

• Thi s project has enabl ed the princi p a l  i nves t i gator to concentrate in an

area i n w h i c h  he i s  very  i nterested. It has also served as a research area for

one M.S. report (in progress). A pap er is being planned to be submitted to the

1978 IEE E SoutheastCo m -r to be field in A tlant a , Georg i a , i n A p r i l  1978. Furth ern-norc ,

- 

- it has inspired a general intere st in the areas of pat~ u~rn r ecog n i t ion  a nd d i g i ta l

s i gnal processing in numerous faculty arnd graduate stud ents in the Electrical

and Computer Enginee r in g Department at Clennnson Universi ty. For all  of the above

reasons , we are gra teful to the Air Force Office of S cienti f ic Research for nna kinq

this projec t possible.
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