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Summary

T h is  thes is co n ta in s  the  resul ts  of  a s t u d y  co n d u c te d  up o n  the  

a p p l i c a t i o n  of  p a t t e r n  recogn i t io n  t e ch n iq u e s  to the  s ignals  f r o m  a ro t a t i n g  

ed d y  c u r r e n t  p robe  in essen t ia l ly  two  c i rc um stances .  T hese  w e re  ( f i r s t l y )  the  

in sp ec t io n  of  316 f i n n e d  a u s t e n i t i c  s tain less  steel  hea t  e x c h a n g e r  tubes  

d e s t in ed  fo r  an  A d v a n c e d  Gas  Cooled R e a c t o r  us ing  s ingle f r e q u e n c y  eddy 

c u r r e n t s  w i th  a d i f f e r e n t i a l  probe,  a n d  secondly ,  the  in spect ion o f  Inconel  

600 tu b i n g  f o r  Pressur i sed  Water  R e a c t o r  s t eam  gen e ra to r s  w i th  a 

m u l t i p l e x e d  4 f r e q u e n c y  p a n c a k e  probe.

In the  f i r s t  case, an  a u t o m a t i c  de f ec t  d e tec t io n  a l g o r i t h m  has  been dev e lope d  

w h ic h  wi l l  i so la te  an y  d i sce rnab le  ax ia l ly  o r i e n t e d  c r a c k - ty p e  defect .  

V a r io u s  c l ass i f i e rs  (mul t ic lass  l inear ,  k , l  n ea res t  n e ig h b o u r ,  n ea re s t  mean,  

scan cross co r re la t io n ,  a n d  a d a p t i v e  l e a r n in g  n e tw o r k )  h av e  been code d  an d  

tes t ed  on a 3 class sample  set a n d  96.9% co r rec t  c l a s s i f i c a t io n  a c h ie v e d  w i th  

the  two least  eas i ly  s ep a rab le  classes,  whi ls t  the  har mless  t h i r d  class was 

r e m o v e d  w i th  the  seg m en ta t i o n  a lgor i thm .

In the  second case, a new  system was deve loped ,  a n d  38 tubes

c o n t a i n i n g  de fec t s  were  logged to d isk  a n d  scans  f r o m  each

were  p lo t te d  in the  im p ed a n c e  plane ,  an d  ag a in s t  t ime. T h e r e  were  six 

types  of  d e f e c t ,  mostly in 4 d i f f e r e n t  classes o f  depth .  Seven d i f f e r e n t  

s eg m en ta t i o n  met hods  were  dev ised an d  tested  on the scans an d  a f i t t ed  

l i n ea r  th re sho ld  in the  im p e d an c e  p lan e  was fo u n d  to be best for  se ns i t iv i t y  and 

speed o f  o p e r a t i o n  given the  b a c k g ro u n d  (Pi lger)  noise pre sent  in the  tube  

se t , th ough  a n o t h e r  m e thod  w hich  uses a convex  hul l  a lg o r i t h m  is able to 

d i s c r im in a t e  ag a in s t  an y  d e f in a b le  un d es i r a b le  b a c k g ro u n d  signal .  An



a u t o m a t i c a l l y  a n n u l a b l e  m e th o d  o f  g en e r a t i n g  a s u b t r a c t i v e  mix  o f  two channel s  

was  also deve lo pe d  fo r  use w i t h  s imple  m a g n i t u d e — based. th re s h o ld in g  

seg m en ta t i on .  Ad hoc geometric*! a n d  spec t ra l  f e a tu re s e t s  were  tes t ed  on the 

7 class d e f e c t  set w i th  a mul t ic la ss  l i n e a r  an d  a n ea re s t  n e i g h b o u r  c lass i f ier .  

T h e  co r re c t  c l a s s i f i c a t io n  r a t e  a c h ie v ed  was  61.5%, a n d  in v i ew  o f  this,  a n d  in 

an  a t t e m p t  to p r o d u c e  a s i t e - t r a in a b le  sys tem,  some d e v e lo p m e n t  was 

do ne on p a r a m e t r i c a l l y - b a s e d  f e a t u r e  ex t r a c to r s  ( F F T  a n d  F o u r i e r  

Descr ip tors ) ,  a n d  on a class d i s t r i b u t i o n - i n d e p e n d a n t  f e a t u r e  set selector.
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C h a p t e r  1 In t ro duc t ion

1 Chapter 1: Introduction

Th is  c h a p te r  co n ta ins  a genera l  i n t ro d u c t i o n  to n o n d e s t r u c t i v e  test ing  

of  s t eam  g en e r a to r  tu b in g  in pres sur ised  w a te r  n u c l e a r  reactors ,  fo l lowed  by 

a l i t e r a t u r e  r ev ie w  of  a u to m a t i c  e d d y  c u r r e n t  inspec t ion ,  a n d  f i n a l l y  a guide  

to the  o rg a n i s a t i o n  of  this thesis.

1.1 Cracks in Steam Generator Tubing

A n u c l e a r  pow er  s ta t ion  can be sc hema t ic a l ly  r e p re s en t e d  by the  d i a g r a m  in 

f i g . 1.1. T h e  r eac to r  cool ing f lu id ,  the  "p r im a ry  coolant"  is c i r c u l a t ed  a r o u n d  

the  p r i m a r y  c i r c u i t  by the  pu m p  as shown,  f r o m  the  r e ac to r  to a hea t  

e x c h a n g e r  or s team g ene ra to r  w h e re  hea t  is t r a n f e r r e d  to the  "secondary  

coolant"  (wa ter ) ,  w h ich  is then  a l l owed to boi l  a n d  thus  e x p a n d  in volume.  

T h e  ex p a n s io n  o f  the  s team is h ar nes sed  by t u rb in e s  w h ic h  co n v e r t  the  h ea t  to 

e l ec t r i c i t y  because  they  are  co nnect ed  to large  gene ra tors .  For  the  purposes  

o f  th is  i n t r o d u c t i o n ,  the  m a in  po in t  is t h a t  t he re  ar e  two sepa ra te  cool ing 

c i rc ui ts ,  a n d  the  coolants  are  b ro u g h t  in to  close p ro x i m i ty  w i th  each o th e r  only 

w i t h i n  the  h ea t  exchang er ,  wh ere  they  f low  on the  opposi te  sides of  the  th in  

meta l  walls  of  the  tubes  w i th in  th a t  vessel.

D i f f e r e n t  types  of  reac to r  are  usual ly  n am ed  e i th e r  a c co rd in g  to the  p r i m a r y  

coo lan t  or acc o rd in g  to the method of cooling.  For  in s t an ce  in an a d v a n c e d  gas 

cooled re ac to r  (AGR) ,  the coolant  is a gas u n d e r  p re ssure  (carbon  diox ide)  and 

in a pressu r ised  w a te r  reac to r  (PWR), it is p ressur ised  wa ter .  T h e  work  in this 

thes is  is r e l e v a n t  to eddy  c u r r e n t  inspec t ion  o f  tu b in g  gene ra l ly ,  but  

p a r t i c u l a r l y  to t u b in g  used in these two types  o f  re ac to r  because  the  tubes  used

1
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in the  e x p e r i m e n t a l  w ork  were  de s t i n ed  f o r  A G R  h ea t  e x c h a n g e r  tu b in g  

(C h a p t e r  4) or  PWR s team gen e ra to r  (SG) t u b in g  (C h a p t e r  5).

T h e  p r i m a r y  c i r c u i t  in most  re ac to r  types  is r u n  con s id e r ab ly  above 

a t m o s p h e r i c  pre ssure ,  in o rd e r  to increase  the  c a p a c i t y  o f  the  coo lan t  to c a r ry  

h ea t  a w a y  f r o m  the  core. The hea t  is t r a n s f e r r e d  f r o m  the  p r i m a r y  to the 

s e c o n d a ry  coolan t  across an  i n t e r f a c e  w i th in  a hea t  ex changer .  The 

s ec o n d a ry  coolan t  is wa te r ,  w h ich  is a l l owed to boi l  as it exi ts  f r o m  the

h ea t  ex c h a n g e r ,  h av in g  absor bed  co ns ide rab le  t h e rm a l  energy.  T h e  s team 

p r o d u c e d  is used to d r iv e  tu rb ines ,  w h ich  in t u r n  d r iv e  g ene ra to rs  to 

p ro d u c e  e lec t r ic i ty .

A p r a c t i c a l  l ayou t  fo r  a PWR pow e r  s ta t ion  is show n in fig.  1.2. T h i s  p a r t i c u l a r  

a r r a n g e m e n t  o f  4 s t eam gene ra to rs  a r o u n d  one core  is the  West inghouse  "F" 

des ign.  S eco n d a ry  coo lan t  is in jec t ed  in to  the  f e e d w a t e r  in le t  h a l f w a y  up

each  s team  gen e ra to r ,  an d  fa l l s  to the  bot tom,  rises to the  s u r f a c e  a n d  then  

boils a n d  leaves  via the s team out let .  T h e  p re ssu r ize r  v is ib le  in the  d i a g r a m  is a 

d ev ice  w h ich  l imi ts the  p r i m a r y  c i r c u i t  p ressu re  in n o rm a l  o p e ra t ion ,  by 

sp ray co o l in g  the  hot p r im ary  w a te r  w i th  cold water .

E ach  s t eam  g ene ra to r  consists of  a pres sure  vessel (fig.  1.3), typ ica l ly  20 

met re s  tal l ,  co n t a in in g  severa l  th o u san d  in ve r t e d  U-tu be s ,  each typ ica l ly  of 

in t e r n a l  d i a m e t e r  1.5cm, an d  wall  th i ckness  of  ab o u t  1mm. T h e  inv e r t e d  U-

tubes  are  ab o u t  12 metres h igh,  an d  b raced  aga ins t  an y  l a te ra l  m ovemen t

p e r io d ic a l ly  up thei r  length by 10 cm. th ick  tube  su p p o r t  plates,  p a r t i c u l a r l y  to 

p r e v e n t  v ib r a t i o n  of  the tubes  due  to the t u r b u l e n t  passage o f  large 

a m o u n t s  o f  sec o n d ary  cool ing water.
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Both ends  o f  the  U- tubes  ar e  sea led  in to  a m a t r ix  o f  holes in a th ick  sheet  at  

th e  b o t to m  ca l led  the  tubeshee t ,  a r r a n g e d  so t h a t  all  o f  the  in lets  a r e  on one 

side a n d  the  out le ts  on the  o ther ,  w h ic h  m ak es  co n n ec t io n  to the  rest  of  

p r i m a r y  c i r c u i t  s imple r  t h a n  w i th  a n y  o th e r  a r r a n g e m e n t  of  tube  ends . Both 

the  vessel  wall  a n d  the  tube  sheet  ar e  20 cm. th ick .  Access to the  tube  ends  

f o r  in spec t ion  is v ia  a m a n w a y  on e i th e r  side o f  the  large  bore  p r i m a r y  f l u id  

co n n ec t io n s  a t  the  bo t tom  of  the  s t eam  g en e ra to r  (f ig.  1.3). T h e r e  are  also 

p e r io d  access holes up the  s ide of  the  vessel,  to a l l ow vi sual  in spec t ion  o f  the 

tu be  b u n d le  ex te r ior s  in the  v i c in i ty  o f  the  tu be  su p p o r t  plates.

U n d e r  service  co ndi t ions ,  the  most  t ro ub lesom e co m p o n en t  f o r  leakages  has 

been the  s team gen e ra to r  (Mundis  a n d  D eY oung ,1983), w h ich  co n ta ins  the  only 

i n t e r f a c e  bet w een  the  h igh  p re ssure  p r i m a r y  c i r c u i t  a n d  the  lower  pressure  

s e c o n d a ry  w a te r / s t e a m  ci rcui t .  D ue to the  a m o u n t  o f  t u b i n g  in it,  the  s team 

g e n e ra t o r  accoun t s  fo r  over  50% of  the  en t i r e  s u r f a c e  a rea  o f  the  h igh 

p re ssu re  p r i m a r y  c i r cu i t  (see figs.  1.2 & 1.3(a) a n d  (b)), the  r e m a i n d e r  being 

ac c o u n t e d  f o r  by the  th i ck  walls  of  the  p r i m a r y  p re ssu re  vessel a n d  large  bore  

pipes ,  w h e re  a l t hough  the  ex t e r n a l  p re ssure  is a tm o s p h e r i c  a n d  the  pressure  

d i f f e r e n t i a l  greater ,  grow th  o f  m i l l im e t r i c  cr acks  is less t ro ub les om e because  of 

the  d i f f e r e n c e  in re la t ive  scale bet w een  the  cr acks  a n d  the  wall  thickness .  

T h u s  it is in the  th in  wa l led  s team gen e ra to r  tu b in g  t h a t  the  d e f ec t s  t h a t  are  of  

great es t  conc ern  occur.

1.2 The Necessi ty for In Service Inspection

In a s team gene ra to r  in a PWR, the  p r i m a r y  coolan t  f lows th r o u g h  U-tub es  

s u r r o u n d e d  by the sec ondary  coo lant  (see figs. 1.1 & 1.3(a)&(b)). T h e  s team

3



C h a p t e r  1 In t ro d u c t io n

g en e ra to r s  in Sizewell  HB" (Layf ie ld ,1987) ,  when  it is bui l t ,  will  ru n  wi th  

i n t e r n a l  a n d  e x t e r n a l  w a te r  pres sures  o f  2250 a n d  1100 psi re spect ively  

(G la s s tone  a n d  Sesonske,1981),  f i g u re s  t h a t  are  typ ica l  f o r  PWR steam 

g en e ra to r s  m a n u f a c t u r e d  by West inghouse  ( the most  p ro l i f i c  des igne r  an d  

m a n u f a c t u r e r ) .  In  such a des ign,  ea ch  o f  the  s t eam gen e ra to r s  has  a mass f low 

ra te  o f  5 tonn es  o f  w a te r  per  second w h ic h  re p re sen t s  1.25ms’1 a long  each of 

the  5600 tubes  in each s t eam gene ra to r .  T h e  p r i m a r y  w a te r  en ter s  the  hot  leg of 

t he  U -t ubes  a t  325°C a n d  leaves  the  cold leg a t  275°C.

T h e  occ u r re n ce  of  an y  c rack  t h r o u g h  w h ich  the  p re ssu re  in e i t h e r  c i rc u i t

m ig h t  be d i s s ipa ted  mus t  be p re v en ted ,  b u t  especia l ly  so in the  case of  the

p r i m a r y  c i rcui t .  T h e  PWR design  in p a r t i c u l a r  is such th a t  loss of  pre ssu re  by 

f a i l u r e  o f  an y  one of  the  p r i m a r y  co m ponen t s  u n d e r  service  con d i t i o n s  must  

be impossible .  T h e  reason f o r  th is  is p a r t l y  t h a t  s ince  the  core  o f  a PWR is 

ve ry  co m p ac t  (m uch  more  so t h a n  an  A G R  core),  t h a t  the  he a t  r em ova l  w oul d  

be so m u c h  i m p a i r e d  by a loss o f  coo lant  pr es sure  t h a t  core o v e r h e a t in g  w oul d  

occur.  T h e  o th e r  reason is t h a t  the  p r i m a r y  w a te r ,  a l t h o u g h  a t  a pres sure  

w h ic h  is not  p a r t i c u l a r l y  h igh  or  d a n g e ro u s  in i t se l f  (a t  2250 psi, not  much  

h ig h e r  t h a n  t h a t  o f  the  h y d r a u l i c s  in a JCB ro ads id e  d igger) ,  is also 

s u p e r h e a t e d  a n d  so is still  l i qu id  at  325°C solely bec ause  of  the  pressure  

u n d e r  w h ich  it is held.  I f  a c rack  were  to p r o p a g a t e  so t h a t  it f i n a l l y

b re ach e d  a tube  wall ,  the  coo lant  w oul d  ex p a n d  explos ively  th ro u g h  the  c rack

as the  w a te r  t u r n e d  to s team,  poss ibly causing  some of  the  s u r r o u n d i n g  tubes  to 

bu ck le  or bur s t  as well.

T h e r e  is no a l t e r n a t iv e  to us ing th in  wa l l ed  tubing:  a large  a m o u n t  of  t ub ing  

a long wi th  s u f f i c i e n t  pres sure  in o r d e r  to p re v en t  the  coolan t  f r o m  boi l ing  is
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r e q u i r e d  in o rd e r  to ach ie v e  a h igh en o u g h  hea t  f lu x .  Lea ks  t en d  to occur  in

the  tu b in g ,  r a t h e r  t h a n  in the  t h ick  sec t ion pa r ts  o f  the  c i rc u i t ,  bec ause  of  the

th inness  o f  the  tube  walls.

T h u s  i t  is t h a t  the  d e tec t io n  of  de f e c t s  is essent i a l  because  it  is imposs ible 

to g u a r a n t e e  t h a t  de f e c t s  wi ll  no t  occ u r  as a resul t  o f  d e f ic ien ces  in the  tube  

m a n u f a c t u r e  or in the  des ign i tself .

N o n d e s t r u c t iv e  tes t ing  is r e q u i r e d  because  the  p l a n t  is too ex pens iv e  to be 

d i s ca r d ed  a f t e r  a sa fe  l i fe ,  a n d  even i f  it  was,  it  w o u ld  sti l l  nee d to be 

in spected  be f o re  going in to  service  f o r  the  f i r s t  t ime. Birkle (1976) gives the  

s t a n d a r d s  to w h ich  PWR steam g en e ra to r s  ha v e  to be tes ted.

1.3 Possible Types of  Defect

T h e r e  a re  bas ica l ly  6 types  o f  defect :

(i) axial  and circumferential  cracks.

C ra cks  occur  a lmost  en t i r e ly  a l igned  a long  these  two o r i en ta t i o n s  

because  of  the  d o m i n a n t  modes  o f  d e f o r m a t i o n  in tubes.  C racks  tend  to be 

a lm os t  closed,  t h a t  is the  two s ides  mesh,  because  when  the  tubes  are  

in spected  they  are  not  sub jec t  to the  forces  p re sen t  whi l e  the  re ac to r  is 

ru n n in g .  C racks  are  ty p ica l ly  a f e w  mm. long a n d  need to be of  the  orde r  

of  0 .2mm deep to be de tec ted  by an y  method.  T h ey  may occu r  due  to

res idua l  stress f r o m  the  m a n u f a c t u r i n g  process,  especia l ly  at  tin; top of

the  i n v e r t e d - U  in the  tube ,  w h e re  it has been ben t  th ro u g h  180°; or 

w he re  the  tube  d i a m e t e r  has  been en la r g ed  by explos ive  seal ing of  the  tube
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ends  in to  the  tu b e  sheet  a t  the  b o t to m  of  the  s t eam gene ra to r .

(i i)  small  volume pits or holes,  or clusters of pits.

T hese  ty p ica l ly  o r ig in a t e  f r o m  ac id ic  a t t a c k  of  inc lus ions  in t u b in g  th a t  

o c c u r r e d  d u r i n g  the  m a n u f a c t u r i n g  process.

(i i i)  Thinning.

U n i f o r m  tu b e  wal l  t h i n n i n g  is d u e  w e a r  ca used by v i b r a t i o n  o f  tubes  w i th in  

sect ion o f  t u b i n g  co n s t r a in e d  by the  tu be  su p p o r t  plates.  T h e  v ib r a t i o n  

can be set up  e i t h e r  by the  t u r b u l e n t  f l ow  o f  the  p r i m a r y  coo lant  

th ro u g h  the  s t eam g e n e ra to r  t u b in g  or by the  sec o n d a ry  coo lant  swi r l i ng  

a r o u n d  the  t u b i n g  b u nd les  as it boils.

(iv) intergranular stress corrosion cracking (IGSCC).

Stress d u e  to t h e r m a l  e f f ec t s  a n d  the  t u r b u l e n t  passage o f  co o lan t  can 

cause  a pa t ch  o f  tube  wal l  to d i sp lay  m y r i a d  c racks  because  t h a t  a r ea  was 

c o n t a m i n a t e d  w i th  grease d u r i n g  the  m a n u f a c t u r i n g  process,  an d  the  

com pos i t ion  o f  the  g ra in  b o u n d a r ie s  im p a i r e d  to the  e x t e n t  t h a t  wh en 

su b seq u en t  ac id  w a sh in g  t akes  place ,  cracks  p r o p a g a t e  a long a large  n u m b e r  

o f  the  g ra in  b o u n d a r ie s  w i th in  a smal l  area.

(v) intergranular attack (IGA).

G r a i n  b o u n d a r y  di ssolu t ion due to ac id  a t t a c k  by chemic al s  presen t  in 

the  coo lant  wa te r ,  especia l ly  w here  they p rec ip a te  out  a t  tube  f i x i n g  points  

an d  may  lie in a s ed im en t  o f  corros ion  by p ro duc ts  f o r  m on ths  or even 

years ,  unt i l  t'iC next  ro u t in e  c l ean ing  an d  inspec t ion  o f  the  s team 

gen e ra to r  f r o m  the  secondary  side.

(vi) Denting
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T u b e  wall  d i s to r t io n  d u e  to d e n t i n g  also occurs  as a resul t  o f  cor ros ion 

by p rodu c ts ,  b u t  here  to the  ex t e n t  t h a t  the  tube  is compressed  and

d e f o rm ed .

Some de f ec t s  a r e  show n  s c h em a t ic a l ly  in fig.  1.3(b). T h e  tube  su p p o r t  plates,  

w h ich  exis t  to b ra ce  the  b und les  o f  tubes  aga ins t  the  h ig h , t u r b u l e n t  f lo w  ra tes  

w i t h i n  the  s t eam g en e ra to r ,  a re  co m m o n ly  the  site of  de f ec t s  such as f r e t t i n g  

(also k n o w n  as e l l ip t ic a l  t h i n n in g )  d u e  to f lo w in d u c e d  tu be  v ib r a t i o n ,  an d  

d e n t in g  d u e  to the  b u i l d u p  a n d  swel l ing  o f  deposi ts  o f  cor ros ion by -p ro d u c t s

( f ig  1.3) f r o m  o th e r  p a r t s  of  the  sec o n d a ry  c i rc ui t ,  in the  gaps  b e tw e en  the

tubes  a n d  the  plates.  T h e r e  a re  also some r a r e r  d e fec t s  such as laps,

c a n d le f l a m e s  a n d  scallops w h ic h  have  not  be in c lu d ed  in th is  s tudy.

T h e  m e th o d  o f  sea l ing the  tubes  to the  tu bes hee t  used in a lot  o f  exis t ing  

des igns  (by explos ive  ex p a n s io n  o f  the  t u b in g  to f i t  the  hole)  t ends  to encoura ge  

local  cor ros ion  d u e  to s ludge b u i ld -u p  and ,  f r o m  w h ich  c racks  emerge 

because  o f  the  h igh  re s id ua l  stresses,  a n d  w here  leaks  wi ll  ev e n tu a l ly  occur  

i f  the  d e fec t s  go u n de tec ted .  T h e  " tube  roll" shown  in fig. 1.4 r e fe r s  to the  

s u d d en  expans io n  of  d i a m e t e r  a t  this po in t

It was  not un t i l  m a n y  PW R’s were  in service  t h a t  m a n u f a c t u r e r s

rea l ised  th a t  f a i l u r e  to ex p a n d  the  t u b in g  over  the  en t i r e  th ickn es s  of  the 

tubeshee t  le f t  a crevice  (see fig. 1.4) w hi ch  w ou ld  fi l l  w i th  chemic al ly

aggress ive s ludge,  le ad ing  to the  fo r m a t i o n  of  sec o n d ary  s ide corros ion

p h e n o m en a  such as i n t e r g r a n u l a r  a t t ack ,  a n d  i n t e r g r a n u l a r  stress 

cor ros ion cr acking.  F u r t h e r  a t t e n t i o n  to types  o f  d e f e c t  is pa id  in

C h ap te r s  4 a n d  5.
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1.4 De tect ion of  De fects

In the  case o f  PWR steam gene ra to rs ,  s a f e ty  f r o m  losses o f  pressu re  can only 

be as su red  by pr e- service  an d  2 y ea r l y  in-  service  inspec t ions ,  in o rd e r  to plug 

b ad ly  co r r o d ed  or  c r ack e d  tubes ,  thus  p re -em p t in g  the  loss o f  p r i m a r y  coo lant  

th r o u g h  them.  It  is t h e r e f o r e  a necess i ty  to detec t  a n y  d e g r a d a t i o n  of  the  tube  

walls,  a n d  to be able  to do this  w i th  c e r t a in ty .  For  in s tance ,  in o rd e r  to be 

g r a n te d  a si te o p e ra t i n g  l icence fo r  Sizewell  "B", the  CEGB has  u n d e r t a k e n  

to en su re  t h a t  all  d ef ec t s  o f  a n y  consequence,  i n c lu d in g  those  in the  tube  

sheet  region (w here  they  are  p a r t i c u l a r l y  d i f f i c u l t  to de tec t )  shal l  be 

d e m o n s t r a b ly  detec t able .

Tomlinson(1985)  exp la ins  the  r e q u i r e m e n t s  m ade  of  the  CEG B by the  N uc le a r  

In s ta l l a t ions  In spec to ra te  more  fu l l y  in a pap e r  d e m o n s t r a t i n g  the  cap ab i l i t y  

to s a t i s fy  t h em  w i th  ed d y  c u r r e n t  tes t ing,  in w h ich  the  e x p e r i m e n t a l  work  

was  p e r f o r m e d  by the  a u t h o r ’s i n d u s t r i a l  sup erv isor  (Dr.  P.T.E.  Rober ts ) .  The  

tu b e  set  a n d  e q u i p m e n t  used to do th is  ex p e r im e n ta l  w o rk  were  also used for  

the  w o rk  o f  C h a p t e r  5.

In  a s team gene ra to r ,  as fig.  1.3 shows, access to the i n n e r  s u r f a c e  o f  long tubes  

fo r  inspec t ion  is ve ry  l im i ted  an d  large ly  d ic t a te s  the  choice  of  n o n d e s t ru c t iv e  

test  method .  T h e  c a n d id a t e  m e thods  are  re v ie wed  below.

1.4.1 U l t ra son ics

U l t r a so n ic  tes t ing,  the  most  obv ious  a l t e r n a t iv e  to ed d y  c u r r e n t  tes t ing ,  is best 

su i t ed  fo r  f i n d i n g  the  ra nge  a n d  b ea r in g  of  r e f l ec t ive  d i s co n t in u i t i e s  bu r i ed  

deep in th ick  sections  o f  meta l  or in welds,  e.g. in the  main  p re ssure  vessel
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wal l  o f  a s t eam  g en e ra to r  (Thomson and Thom son ,1985). D e fec t  de tec t io n  

w i t h  u l t r a so n ics  is u sual ly  based e i t h e r  upon  pulse  t ime o f  f l i gh t  

m eas u r em en t s  or upon  spec t ra l  ana lys is  o f  the  r e f l e c t ed  sound.

T h e  beams f r o m  u l t r a so n ic  probes  a r e  too w ide  a n d  so do not  have  the  

necessa ry  re solu t ion  to d e t e r m in e  the  shape  (a nd  henc e  the  type)  o f  defects ,  

especia l ly  w h e n  o f  ap p r o x im a te ly  the  same size as the  r e q u i r e d  m i n u m u m

detec t a b l e  size (0.2mm i.e. 20% t h r o u g h  wall).  It is com m only  bel ieved

imposs ible  to d i s t ig u i sh  b e tw een  the  re f l e c t io n  f r o m  a d e f e c t  a n d  the  f a r  side 

wal l  r e f l e c t i o n  in th in  w a l led  tu b ing ,  because  the  r e f l e c t e d  pulse f r o n t  r e tu r n s  

to a pulse  echo t r a n s d u c e r  (which  f u n c t i o n s  as the  t r a n s m i t t e r  a n d  then  the

re ce iver )  b e fo re  the  em m i te d  pulse has  f in i sh ed ,  a n d  in a d d i t i o n ,  it is not

poss ib le to s ep a ra te  in t ime the  r e f l ec t ions  f r o m  a s u r f a c e  b r e a k i n g  d e f e c t  an d  

the  s u r f a c e  i t se lf ,  d u e  to the  shor t  t ime d i f f e r e n c e  b e tw e en  the  echoes ( - 120  

nan o seco n d s  f o r  a 0.2 mm. c rack )  a n d  the  l eng th  o f  the  pulse 

(microseconds)(Spinks ,1987) .  R ecen t ly ,  Broere et al (1987) a n n o u n c e d  a 

sys tem ca p ab le  of  o p e r a t i n g  w i th  s u f f i c i e n t ly  shor t  pulses ,  a n d  o f  ch a l l e ng in g  

the su p e r io r i t y  o f  r o t a t i n g  ed d y  c u r r e n t  probes  in the  tube  sheet  region,  but

the  sys tem has still  to be m ade  av a i l a b le  more  genera l ly .  In a d d i t i o n ,  the  de fect s

are  o f t en  v i r t u a l l y  c o inc iden ta l  w i th  the  w a t e r / m e t a l  i n t e r f a c e  at  the  out s ide

of  the  tubes ,  w h ich  will  re f l ec t  the  soun d much  more  s t rong ly  a n d  so te nd  to

mask the  de f ec t  signal.  F u r t h e r m o r e ,  us ing u l t ra son ics  r equ ir e s  a l iquid  

co u p lan t  to acou st i ca l ly  match  the p iezoelect r ic  re sona to r  to the  meta l  tube  

wall .  Th i s  means  e i th e r  t r an s p o r t i n g  the coup lan t  wi th  the  probe,  or p ush ing  the 

p robe th ro u g h  a tube  fu l l  o f  couplant .  Propu ls ion  of  a probe a long smal l bore 

t u b in g  whi ls t  co n ta in in g  the  co u p lan t  between  the pro be  t ip an d  the  tube  wall  

w ould  be d i f f i c u l t ,  p a r t i c u la r ly  i f the probe t ip  has  to be ro ta te d ;  and

9
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p u s h in g  a re aso n ab ly  t igh t  f i t t i n g  p ro be  t h r o u g h  a t u b e  fu l l  o f  co u p l a n t  (whic h  

is a t  leas t  as viscous  as l ight  oil) is not  cons is ten t  w i th  r a p id  inspect ion.

Never thel es s ,  F u r l a n  et  al (1982) have  d e m o n s t r a t e d  an  in t e r n a l  probe wi th  

a r o t a t i n g  u l t r a so n ic  re f l e c to r  to sweep the  beam,  a n d  Tom linson(1985)  has 

e x p e r i m e n t e d  w i t h  the  du a l  e f f ec t s  o f  IG A  on u l t r a s o u n d :  veloc i ty  r e d u c t io n

(m ea s u ra b le  by t ime o f  f l igh t )  a n d  a t t e n u a t i o n  increase .  Tem ple  has  ana lysed 

the  e f f e c t  of  the  degree  o f  gr a in  b o u n d a r y  a t t a c k ,  the  g ra in  shape a n d  the 

presence  o f  w a te r  be tw e en  the  gra ins ,  on  the  dec rease  in u l t ra son ic  

veloci ty  t h r o u g h  IGA.

1.4.2 O ld e r  Metho ds

T h e  most  w ide ly  used me thods  in N D T  (M agnet ic  P a r t i c l e  I l lu m in a t io n ,  

M ag n e t i c  Dye P e n e t r a t io n  a n d  X - r a y  R a d i o g r a p h y )  r e q u i r e  d i r ec t  v isual  

inspec t ion  of  the  s u r f a c e  o f  the  test  p iece  a n d  ar e  th u s  not  su i t ab le  f o r  use in 

th is  ap p l i ca t i o n  due to the  innacc es s ib l i ty  o f  the  tu b e  s u r f a c e  both  

i n t e r n a l l y  an d  e x t e rn a l ly  (because of  the  smal l  d i a m e t e r  a n d  long length  of  

the  tubes ,  an d  the i r  close p ack in g  in bundles) .

1.4.3 Methods  U n d e r  Development

A l th o u g h  s team gen e ra to r  defect s  are  of  a p r e d o m i n a n t l y  non- ID -su rf ace  

b r e a k in g  n a tu re ,  an in t e rn a l  v ideo inspec t ion  pro be  has  been deve loped (Hall ,  

M ec k s t r o th  & O r p h a n , 1981). It consists of  a c irc le  o f  opt ica l  f i b re s  ends,  an d  

3-D g ra p h ic a l  d ispl ay  so f tw are .

10
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S eco n d a ry  side inspec t ion w i th  f i b r e  op t i c  endoscopes  has  been p e r f o r m e d  by 

H i n t o n  a n d  C h a g n o n  (1981) bu t  is d i f f i c u l t  in p ra c t i c e  due  to t ip  s teer ing 

p ro b lem s  a n d  the  very  local ised i l l u m in a t io n  associa ted  wi th  f i b r e  opt ic 

bundles .  T h e  close pa c k in g  o f  the  tubes  in to  t u b in g  b u nd les  makes  100% 

O D  wal l  inspect ion impossible:  in f a c t  all  t h a t  has  been d e m o n s t r a t e d  is a

b u n d l e  ex t e r io r  inspect ion,  r a th e r  t h a n  in d i v id u a l  tube  inspect ion.  Thus ,  

a l t h o u g h  th is  is obviously  useful  f o r  d e t e r m in i n g  the  ex t en t  of  s ludge bu i ld  

up,  it  is not  su i t ab le  fo r  d e f e c t  de tec t io n  d u e  to the  smal l  size o f  the  de fect s  

an d  the  poor  v is ib il i ty .

1.4.4 Eddy  C u r r e n t  Tes t ing

E d d y  c u r r e n t  tes t ing  is the  only  m e thod  ce r t i f i e d  f o r  o p e r a t i o n a l  use w hich  

can  o p e r a t e  a long  such long n a r r o w  tubes ,  a n d  has  been deve lo ped  to a 

s u f f i c i e n t  level  f o r  use ou t s ide  a lab o ra to ry .  It  has  been in ro u t in e  use in less 

cr i t i ca l  rod,  wire ,  tu b in g  a n d  n o n-c on ta c t  h a r d n es s  inspect ion  tasks s ince the 

1960’s, a n d  thus  its c a p ab i l i t i t i e s  a n d  l im i ta t ions  a re  well  d e f i n e d  (Van 

D ru nen  an d  Cecco,1984).  It gua r an t ee s  100% v o lu m e t r i c  inspect ion of  the 

tube  wal l  (not  jus t  the  inspec t ion s ide  surface) ,  a n d  it can do this  qui ckly ,  

typ ica l ly  w i th  a probe speed of  0.5ms-1. Th is  ab i l i ty  to complete ly  inspect  

tu b ing ,  f r o m  the  ins ide  t h r o u g h  to the  outs ide ,  is i m p o r t a n t  s ince most  of  the 

d ef ec t s  in s team gen e ra to r  tubes  p ro p a g a t e  f ro m  the  ou ts ide  to w ard s  the 

ins ide,  an d  thus  do not  b re ak  the  s u r f a c e  on the  in spec t ion  side unt i l  the 

m o m en t  o f  ru p tu re .
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1.4.5 M eth o d  of O p e ra t i o n

E d d y  c u r r e n t s  are  cu r re n t s  i n d u c e d  in a co n d u c to r  by an  a d j a c e n t  coil,  

c a r r y i n g  an  a l t e r n a t in g  c u r ren t ,  d u e  to the  m ag n e t i c  f i e ld  associa ted  wi th  

the  coi l cu r re n t .  T h e  in d u c e d  c i r c u l a t i n g  c u r r e n t s  m im ic  those in the  coil in 

geo m e t r y  (see fig.  1.5 a n d  also sec t ion 2.3 on b obb in  a n d  p a n c a k e  probes),  bu t  

ac t  so as to in d u ce  in the  coil a s u b s id ia ry  vol tage  w h i c h  a l te rs  the  net  c u r r e n t  

f l o w i n g  by vec to r i a l  ph as or  add i t ion .  T h e  phase  a n d  m a g n i t u d e  o f  the  net  

c u r r e n t ,  an d  t h e r e f o r e  o f  the  coi l ’s im p ed an ce ,  v a r y  in response  to 

d i s t u rb a n c e s  o f  the  f lo w of  the  ed d y  cu r re n t s ,  f o r  ex a m p le  w h en  a de f ec t  in 

a tu b e  wa l l  is t rave rsed.

Most  i n s t r u m e n t s  at  presen t  ava i l a b le  d i sp lay  the  coil in s t an t an e o u s  

i m p e d a n c e  as a dot  upo n an  osci lloscope w i th  a s to rage  f ac i l i t y .  De fe c t s  an d  

o th e r  p h e n o m e n a  a p p e a r  as closed f igu re s  r e p re s en t in g  the  locus o f  values 

o f  the  tes t coil  im pedance ,  w i th  the  or ig in  r e p re s en t in g  the  coil  im p ed a n c e  

wh i l s t  in a nul led  condi t ion .  These  loci can be used by an  e x p e r i en ce d  o pe r a to r  

to ch a ra c te r i s e  p a r t i c u l a r  types  of  defect .  In o lder  e q u ip m e n t ,  the  signal  

was p re sen ted  as two som ew ha t  more  co n v e n t io n a l  osci l loscope t races ,  one 

each f o r  the  res is tance  an d  r eac tan ce ,  re p re sen t in g  th e i r  v a r i a t i o n  w i th  t ime.

1.5 P re s e n t  P ra c t i c e

At  pr e sen t  when  a s team g ene ra to r  in a n u c lea r  power  p lan t  has a rou t ine  

inspec t ion  (whi ch is re q u i r e d  eve ry  2 years),  its c o n t r i b u t i o n  to i ' .c gr id  must 

e i t h e r  be re p la ced  by a fossil  f u e l - b u r n i n g  po wer  s ta t ion ,  or lost a l together .  

For  a typ ica l  600Mw PWR sta t i on  w i th  Westinghouse  model  F s team
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g en e ra to r s  (s imi la r  to the  type  i n t e n d e d  fo r  the  Sizewell  "B" reactor) ,  hav in g  

one s t eam  gen e ra to r  o f  the  f o u r  not  in use costs about^600,000 per  day.

T h a t  p a r t  o f  the  p r i m a ry  c i r cu i t  w i t h i n  the  s team g e n e ra to r  i.e. the  i n v e r t e d  U- 

tu bes  a n d  the  in le t  a n d  ou t l e t  ch a n n e l s  mus t  be d r a in e d .  Water  wash ing  

u n d e r  p re ssure  then  removes  a n y  p r e c i p i t a t e  or o b s t ru c t io n s  a d h e r i n g  to the  

tu b e  walls,  in o rd e r  t h a t  the  pro be m ay  be d r iv e n  a long  as q u i c k ly  as possible.  

T h e  p ro be  had  to be in ser ted  by h a n d  in to  the  end  o f  ea ch  tube ,  a job  re su l t ing  

in h igh  r a d i a t io n  exposure .  R a d i a t i o n  levels in the  s team  g en e r a to r  are  too 

h igh  fo r  the  leng thy  probe pu l l in g  process to be do ne  by h an d ,  so a 

r e m o te ly -con t ro l l ed  probe m a n i p u l a t o r  robot  is in s t a l le d  in the  c h a m b e r  in to 

w h ic h  the  p r i m a r y  coolant  nozzle  is co nnec ted  ( the  "water  box") the 

t h ro u g h  the  lower  m a n w a y  (see fig.  1.3(a)). Th is  task  even t h o u g h  done  by a 

t e c h n i c i a n  in a pr ot ec t ive  sui t ,  hea v i ly  shi e l ded  a ga in s t  r a d i a t i o n  still  

resu l ts  in a cons ider ab le  dose o f  r a d i a t i o n  (p r io r  to the  d e v e lo p m e n t  of  the  

" f i nge r-w a lke r"  probe inser t ion  robot ,  the  en t i r e  job  was  done  m an u a l ly ,  

re su l t ing  in even hi ghe r  levels of  r a d i a t io n  ex po sure  (Layf ie ld ,1987)).

T h e  robo t  al lows the probe to be remote ly  in ser ted  in sequence  a long the  tube  

ends  in the  tu be  plate,  an d  blas ted  t h r o u g h  each of  the  tubes  in t u r n  wi th  

compressed  a ir ,  r e t r ac ted  th ro u g h  each in a more  co n t ro l l ed  m a n n e r ,  whi ls t  

the  s ignal  is taped.  The cable is g r ipped  between two p inch  ro llers in o rd e r  to 

meter  its pos it ion wi th  respect  to tube  su ppor t  p la tes  w i t h i n  the  s team 

gene ra to r ,  and which cause large signals.  Thi s  gives a re g u la r  check on the 

progress  of  the v robe d u r in g  the pu l l ing  opera t ion .  S w i tc h ing  to an d  f r o m  a 

mixed  s ignal  (see section 2.5) al lows im pro ved  d e f e c t  d e tec t io n  in the  v i c in i ty  

of  the  masking  ef fe c ts  due  to these same s uppor t  p lates  an d  tube  sheets.
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Before  a n y  s t eam gen e ra to r  goes in to  service ,  an  ed d y  c u r r e n t  in spect ion of  

all  o f  the  tubes  is p e r fo rm ed .  These  tubes  wi ll  have  a l r e a d y  have  been tes ted 

by the  t u b in g  m a n u f a c t u r e r .  Subseq uen t ly ,  w h en  a PWR steam gen e ra to r  

f i r s t  begins  to be inspec te d  "in service"  a f t e r  it has  been r u n n i n g  fo r  some 

2 years ,  only  35% of  the  tubes  are  tes ted  ( this  is on ly  t ru e  in E u ro p e  De 

La Pint iere(1982) :  in the  US A only  33% a re  tes ted  (Combust ion

Eng inee r in g ,  1983)). Those  tubes  t h a t  are  in spected  are  d i s t r i b u t e d  evenly  across 

the  vessel cross sec tion,  a n d  the  subset  of  tubes  inspected  is a d i f f e r e n t  one

on each occas ion.  Th is  o f  course  r e q u i r e d  a tube  en d  n u m b e r i n g  sys tem an d

c a r e f u l  re mote  pro be  m a n i p u l a t i o n  us ing closed c i r c u i t  televis ion,  in 

o rd e r  to m ak e  su re  t h a t  the  same tubes  were  m o n i to r e d  fo r  d e g r a d a t i o n  on 

su b se q u e n t  inspections .  When tube  d e g r a d a t i o n  was  f o u n d  to be occ ur i ng 

f a s t e r  t h a n  expected,  a n d  tu b e  r u p t u r i n g  caused  the  s team  g ene ra to rs  in severa l  

PWRs in the  USA to h a v e  to be t ak en  ou t  o f  service  fo r  r e p a i r  (e.g. Surry  

U n i t  2 a n d  San O n o f r e  U n i t  1: see sec tion 2, B r o w n , 1983), some ut i l i t ies

began to p rac t i ce  inspect ion  of  all o f  the  tubes.  Even  w i th  inspect ion  o f  only  

35% of  the  tubing,  the  expense  was cons iderable .  With 100% inspec t ion,  any 

w a y  o f  r e d u c in g  the  t ime spen t  p rob ing  tubes,  e i t h e r  by s im u l t an e o u s  use of  

seve ra l  probes  or by on- l ine  de f ec t  de tec t io n ,  is h igh ly  des i rable .  It w ou ld  be 

especia l ly  des i r ab le  to be able  to p e r f o r m  the  s ignal  ana lys i s  so t h a t  it d i d  not 

s low do w n  the  p ro b ing  process,  an d  to p lug b ad ly  d e f e c t i v e  tubes  d u r i n g  one 

a n d  the  same out -o f- servi ce  per iod.

In the  pas t,  two sepa ra te  sessions were  necessary  fo r  an ISI: one to do the

inspec t ion a n d  an o th e r ,  severa l  m ont hs  later ,  a f t e r  all  o f  the  tapes  reco rd ed

d u r i n g  the  f i r s t  "outage" have  been an a ly sed  m a n u a l l y  o f f - l i n e  (because  the 

p robe t ravel s  so fa s t  an d  also because  an  op e r a to r  wi ll  usua l ly  look a t  a the
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r e co rd e d  s ignal  f r o m  a d e f ec t  seve ra l  t imes  bef o re  d e c id in g  to have  the  tube  

plugged) .  H a v in g  two s ep a ra te  outages  i nvo lved  in t ro d u c e s  the  poss ib i l i ty  of  

e r ro rs  d u e  to e i t h e r  tube  labe l l ing  er ro rs  or er ro rs  in f i l in g  the  tapes.  On 

occas ions  the  w ro n g  tu be  has  been p lugged (Russel l  & R i c h a r d s o n , 1983).

1.6 Why A u to m a t io n  is Desi r able  T h e  prob lem s of  v a r i a t io n s  in op e r a to r  

c o n c e n t r a t i o n  a n d  ju d g e m e n t  w h en  w a tc h in g  a d i sp lay  on an  osci l loscope in 

o r d e r  to an a ly se  severa l  t h o u s an d  tubes  ar e  obvious.  T h u s  the  reasons  fo r  

i n t e re s t  in a u t o m a t i n g  the  inspec t ion  o f  s t eam g e n e ra to r  t u b in g  are:

( i)  to p r e v e n t  missed de fec ts

(i i)  to be able  to ana lyse  t u b in g  at  the  same speed as the  the  p ro be  can 

t r a v e l  t h r o u g h  it, ( p r e f e r a b l y  c o n c u r r e n t ly  w i th  the  p ro be d r a w i n g  

o p e ra t i o n )

(i i i)  to f u l l y  exp lo i t  the  i n f o r m a t i o n  av a i l ab le  especia l ly  w h en  us ing a h igh 

d e f i n i t i o n  r o t a t i o n a l  scan probe a n d / o r  m u l t i f r e q u e n c y  exc i ta t ion .

(iv) to a t t a i n  object ive ,  re p ea t ab l e  an d  cons is ten t  d e tec t io n  an d  c l as s i f i ca t io n  

o f  def ec ts ,  both  by type  a n d  by dep th ,  even w h e n  those d e fec t s  co incide  

w i th  o th e r  th ings  w h ic h  p ro d u ce  m u ch  large r  signals,  such as tubeshee ts  

or dents .

(v) to have  a re co rd  of  the  s ignals  f r o m  def ec ts  r e co rde d  w h ich  w h e re  the 

t imewise  segments  of  s ignal  not  o f  in te re s t  have been r emov ed in o rd e r  to 

compress  the  s torage  r e q u i r ed  to m anage ab le  propor t ions .

T h e  d i f f i c u l t y  ex p e r ien ced  by oper a t o rs  in d i s c r i m i n a t i n g  m an u a l ly  

b e tw e en  iga a n d  tu be  wall  t h i n n in g  due to f r e t t i n g  has  been a m a jo r  m ot iv a t in g  

f a c t o r  in the  de v e lo p m e n t  of  a u t o m a t i c  detec t  c l as s i f i ca t io n  by type.  Thi s  is 

bec ause  the  two p h en o m e n a  yield  s ignals  w hich  a p p e a r  to be v i r tu a l ly
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id en t i ca l ,  a n d  it  has  been t h o u g h t  f o r  some t ime t h a t  i f  these  d e fec t s  can be 

to ld  a p a r t  f r o m  th e i r  ed d y  c u r r e n t  s ignal  loci a t  all,  th en  it  wi ll  only  be by 

the  use o f  a compu te r .  T h e  im p o r t a n c e  o f  resolving this  prob lem  lies in the 

f a c t  t h a t  the  iga is m u ch  more  of  a p rob lem  th a n  t h i n n i n g  due to the  gr ea te r  

l ike l ih ood  of  the  o r ig in a t io n  o f  c racks  f r o m  dissolved g ra in  bo u n d ar ie s ,  an d  

also because  it is more  d i f f i c u l t  to assess the  d e p th  o f  p en e t r a t i o n  

t h ro u g h  wall .

1.7 Meaning of  A u to m at ic  Signa l  Analys is

F ro m  the  h u m a n  point  of  v iew,  the  f i r s t  s ignal  ana lys i s  task  r e q u i r e d  is the 

s eg m en ta t i o n  of  the  s i g n i f i c a n t  po r t i ons  of  the  s ignal  f r o m  the  i n s ig n i f i c a n t

par ts .  T h i s  is then  fo l low ed  by the  second task,  c lass i f i ca t ion:  a re v ie w of

each the  "s ign i f icant"  sec tions  o f  s ignal ,  in o rd e r  to d e t e r m in e  the  type  an d  

d e p th  o f  the  d e f e c t  in d i c a t e d  by the  signal ,  based up on  the  shape,  size

a n d  slope o f  the  assoc ia ted  locus in the  im pedance  plane.

F ro m  the  po in t  o f  v iew of  system ca tegor is a t ion ,  t he re  are  in f a c t  t h re e  types,  

c o r re sp o n d in g  to the  th ree  d i s t inc t  phases in s ignal  analys i s  as p er ce ived  by 

most au thor s .  These  are:

(i) a u t o m a t i c  logging systems

(ii) a u to m a t i c  de f ec t  de tec t ion sys tems

(ii i) a u to m a t i c  c l as s i f i ca t io n  systems.

1.8 A u to m at ic  Tube Logging Systems

More pape rs  have been pub l i shed  abou t  sys tems which f i t  in to  this  f i rs t  ca tegory
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t h a n  on e i t h e r  o f  the  o thers.  These  systems do not  rea l ly  p e r f o r m  s ignal  analys is,

t h o u g h  the  t i t le  o f  the  pape rs  f r e q u e n t l y  imply  the  opposi te.  T h e y  are

in c lu d e d  he re  because  th e i r  t i t les a n d  k eyw ord s  cause  t h em  to a p p e a r  in 

l i t e r a t u r e  searches  f o r  p a t t e r n  r e c o g n i t io n / s ig n a l  ana lys is  w i t h i n  eddy  

c u r r e n t  tes t ing  , a n d  because  s ignal  logging seems to be per ce ived  as 

eq u i v a l e n t  to s ignal  process ing w i t h i n  N D T  l i te ra tu re .

T h e  E lec t r ic i t i e  de  F r a n c e ’s Estel le system desc r i bed  by B a u m a i r e  and 

Meugrey(1987) is typ ica l  of  an  e x p a n d in g  class o f  sys tem w h ich  uses a PC 

A T  or s im i l a r  s p ec i f ic a t ion  des ktop co m p u te r  to log the  ed d y  c u r r e n t  s ignals 

to d isk ,  p e r f o r m  r u d i m e t a r y  process ing a n d  then  u p lo ad  the  tu be  d a t a  fi les 

to a m u ch  more  p o w e r f u l  c o m p u te r  w he re  more  p o w e r f u l  s ignal

process ing  t echn iques  m ay  be p e r f r o m e d  o f f - l in e  (e.g. F F T  spec t ra l  ana lys is  

based f i l te r ing) .  In the  case o f  the  Estel le system,  the  host  is an  IBM 3083, 

a n d  the  sys tem is p a r t i c u l a r l y  fo r  r e co rd in g  the  v e ry  large  a m o u n t s  of  d a t a  

(Megabytes  per  tube)  gen e ra t e d  by the  inspec t ion o f  tu b e  rolls w i th  a ro t a t i n g  

probe. O t h e r  sys tems w h ich  have been deve lope d  re cen t ly  in c lu d e  one by

C o m bus t ion  E n g in ee r in g  (McMil lan,  1987) us ing an  HP9836 a n d  55 Mbytes  of  

d isk  space,  a p o r t a c a b in  based one by Laborel ec  (Dobbeni ,1987)  an d  the 

CF2000 by F r a m a t o m e  (Poule t  an d  Grozel l ier ,1987)  us ing an  HP2000 to log a 

ro t a t i n g  probe to an  opt i ca l  disk.  P h y ic a l ly  smal ler  ( luggable )  systems have 

also been deve loped wi th  less d a t a  s to rage  ca pac i ty  b u t  not neces sar i ly  less 

process ing speed or sophi s t ic a t ion,  such as the F a i l u r e  An a lys is  Associates  

S m a r t e d d y  (Texas  I n s t ru m en t s  PC r u n n i n g  MS-DOS w i th  1 f l o p p y  disk),  

Ze t e c ’s MIZ-18 (H o u se rm an  et  al ,1983) us ing a 68020-based HP200 series 

c o m p u te r  an d  a c a r t r i d g e  d a t a  logger,  an d  L u f t h a n s a ’a PC-based 

A rc h im e d es  (Schur ,1987) fo r  bol thole  inspec t ion  fo r  the  A i rb u s  300.
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1.9 A u to m a t i c  S eg m en ta t io n

A u t o m a t i c  seg m en ta t i o n  is des i ra b le  because  o f  the  in c reas in g  use o f  ro ta t in g  

probes ,  a n d  the  increase  in the  a m o u n t  o f  s ignal  to be an a ly sed  in 

co m p ar i so n  to b o b b in  probes .  U n t i l  recen t ly ,  a lm os t  al l  p u b l i sh ed  w o r k  on 

seg m en ta t i o n  has  been d i r ec t ed  t o w ar d s  b obb in  probes ,  w i th  the  excep t ion  of 

w o rk  done  by Macleod (1982).

In most  ex is t ing  w o rk  upon d e f ec t  de tec t io n  or  "segmenta t ion"  is do ne  by 

r e f e r e n c e  to the  a m p l i t u d e  or m a g n i t u d e  of  a s ignal  or  signals.  An a m p l i tu d e  

th resh o ld  is app l i ed  to the  x or y axes (or bo th)  to de tec t  def ec ts ,  t r e a t in g  each 

axis  in i so la t ion  f r o m  the  o the r ,  or a r ing  is su p e r im p o sed  a r o u n d  the  null  

point .  In  the  most  a d v a n c e d  systems,  s loping l ines b o u n d a r i e s  a re  used.  Systems 

us ing  a m p l i t u d e  a lon e  are  desc r i bed  f i rs t ,  th en  those  w h ic h  m ak e  some use of 

th e  phase  i n f o r m a t i o n  ava i lable .  Work up o n  th is  is desc r ib ed  in c h a p te r s  4 an d  

5.

At  the  C h a lk  R i v e r  N u c le a r  L ab o ra to r i e s  in C a n a d a ,  Wells(1981),  Sharp(1982) ,  

an d  J a r v i s  a n d  Crans ton(198 2)  have  deve loped a s im i l a r  sys tem fo r  

in spec t ion  o f  the  10mm dia.  tube  in C A N D U - t y p e  reactors .  T h e  sys tem

com plet e l y  cont rol s  the  ins er t ion  a n d  w i t h d r a w a l  o f  the  probe,  in to  one

tu be  a f t e r  an o th e r ,  in an  o rd e r ly  sequence.  It was the  f i r s t  to be tested  on- l ine

in a rea l  in -service  inspect ion(1981).  It w o rk ed  as fol lows. D u r i n g  an

a n o m a ly  (or defect ) ,  ie a y-signal  excurs ion  u n a c c o u n t e d  fo r  by the 

p r e p r o g r a m m e d  pos i t ions  of  the  tu bes hee t  an d  tube  su p p o r t  plates ,  the  x and 

y samples  a re  s tored  to tape,  a long w i th  two q u a n t i t i e s  d e r iv e d  f r o m  ana lo gue 

f i l te rs ,  y b a r  ( the  re cen t  s ignal  m ean)  an d  y , the  s ignal  pea k  to peak.  T h e  use
pp

of  y b a r  a l lows d i s c r im in a t io n  ag a in s t  g r a d u a l  cha nges  in s ignal  level (such as
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t h a t  d u e  to pro be  hea t i ng )  w h ich  do not  co n s t i tu te  defect s .  T h e  g ro u p  have  

p u b l i sh ed  complete  s p ec i f ic a t ions  o f  t h e i r  l i b r a r y  o f  s u b ro u t in e s  w h ich  

toge the r  ac compl ish  the  abov e task  (i.e the  in p u t  a n d  o u t p u t  p a r a m e te r s  for  

each ro u t in e ,  a l t h o u g h  they  do not  a c tu a l ly  give the  F o r t r a n  l istings).

In  the  U K ,  Russel l  an d  Rlcha rdso n(1983 )  deve loped an  o f f l i n e  sys tem wi th  the  

a c r o n y m  D A R T  (D a ta  R e d u c i n g  E d d y  C u r r e n t  Tes ter ) (see  also W h i t t l e , 1985), 

w h ich  ca tego r i sed  an y  s ignal  by am p l i tu d e ,  in te rm s  o f  the  n u m b e r  of  

co in c id e n t  1.5mm dia.  holes (be tw een  1 a n d  8) r e q u i r e d  to p ro d u c e  a s im i la r  size 

of  s ignal  (a w id e ly -a p p l ie d  p lugging  c r i t e r io n  is t h a t  a n y  tube  must  be 

p lug ged i f  it c o n ta ins  a d e f ec t  p ro d u c in g  a locus b igger  t h a n  t h a t  of  4 holes).

T h e  size o f  the  locus due  to a de f ec t  is ac tu a l ly  more  s t rongly  r e la ted  to d e f ec t  

vol um e t h a n  dep th .  It is the  phase  of  the  locus w h ich  var ie s  w i th  dep th .  Since it 

is the  t h r o u g h  wall  d ep th  of  a d e f e c t  t h a t  is most  i m p o r t a n t  in dec id ing  

w h e th e r  or not  to p lug a tube,  the  use o f  an  a m p l i t u d e  c r i t e r io n ,  though  

s im ple r  to im p le m e n t  t h a n  a phase  sens i t ive  c r i t e r io n  is not  the  best 

metho d.  Thes e  m a t t e r s  are  d iscussed in more  de ta i l  in c h a p te r  3.

H ocking(1985)  deve loped an on- l ine  ver s ion wh ich  a l lowed  fa i l e d  tubes  to be 

p lugg ed  on the  spot. The  system can plot the  f r e q u e n c y  of  d e f e c t  occ u rr ence  

a lo ng the  length  of  the  tubes ,  en a b l in g  diagnosis  of  the  cause  of  batches  of 

defects .  Such symptoms might  be th a t  all of  the d e fec t s  lie in a p l ane  wh ich  

coinc ides  w i th  the  top of  a tube  sup po r t  plate,  im p ly ing  a prob lem  local to tha t  

plate.  Also, it can sense the a p p r o ach  of  the e x p a n d e d  t u b e / t u b e  sheet  

sec t ion,  thus  speed ing  the  inspec t ion by p r e v en t in g  the  probe ov er shoo t ing 

the  tu b e -e n d  a n d  s im u ta neous ly  p r e v e n t in g  wear  an d  tear  on the  probe and 

cable.  Sensing the  tube  roll (see fig. 1.4) also a l lows the  probe posi t ion
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m e a s u r in g  e q u i p m e n t  to be re - regi s te red  i f  there  has  been a n y  cab le  s l ippage 

d u e  to obs t ru ct ion .  Samples  f r o m  the  pro be  a re  only  s tored to tape  fo r  

sec t ions  o f  t u b i n g  w he re  the  a m p l i tu d e  th re sho ld  is exceeded .

C o m m erc ia l ly  ava i l ab le ,  po r t ab le  sys tems all  t end  to fa l l  in to  th is  class of  

sys tems w h ic h  use ho r i zon ta l  or ve r t i c a l  l ines,  or  r ec t an g les  in  the  im p ed an c e  

plane.  E xam ples  o f  such in s t ru m en t s  a re  the  H o c k in g  AV100,  the  Nor tec  

N D T -19  a n d  N D T - 2 5 L  an d  the  F a i l u r e  An a lys is  Associa tes  Sm ar tE d d y .  

Th i s  re f l ec t s  the  d i f f e r i n g  p r io r i t i es  in the  des ign o f  these in s t ru m en t s ,  i.e. 

t h a t  th ey  mus t  segment  on l ine,  a n d  be as p o r t ab l e  as possible.  Th e 

seg m en ta t i o n  is f r e q u e n t l y  c a r r i e d  ou t  by an a lo g u e  c o m p ar a to r s ,  even 

a l t h o u g h  the  i n s t ru m en t s  co n ta in  mic roproc esso rs  (w h ic h  a re  there  

p r i m a r i l y  to i m i t a t e  a s to rage  C R T  w i t h o u t  the  n o rm a l  w e ig h t  a n d  power  

c o n su m p t io n  penalt ies) .  C e r t a in ly ,  th ey  do not h a v e  the  process ing  t ime 

av a i l a b le  be tw e en  samples  a n d  screen up d a tes  to p e r f o r m  a n y t h i n g  more  

co m p l ica ted  th an  a s imple  com par ison.

Levy, Causs in  an d  Dombret (1982)  a t  V in co t t e  in Belgium w e re  the  f i rs t  to 

desc r ib e  a phase  an d  m a g n i tu d e  based seg m e n ta t i o n  method .  T h e y  have 

super im posed  concen t r i c  w a r n i n g  a n d  re jec t ion  th resh o ld  r ings  in the 

im p ed an c e  p lan e  c en tr ed  upon the  nul l  point .  By s u b d i v i d in g  these r ings  in to  

sectors,  the  au th o r s  use phase  to ca tegor ise  loci as f r o m  i n t e rn a l ly  an d  

ex te r n a l ly  o r ig in a ted  defects ,  an d  the i r  th ro u g h  wall  d ep ths  (and as such,  the 

sys tem might  be re ga rd ed  as not  more  th an  a s egm en ta t i on  system).  T h e  un i t  th a t  

they used ' . l ad  an eddy  c u r r e n t  un i t  w i th  3 d i f f e r e n t i a l  ch anne l s  an d  an 

absolu te  one in o rd e r  to mix out  un d es i r a b le  signals.  When a tube  sheet  or 

suppor t  is enc o u n te red ,  the  s ignal  be ing tested  fo r  a m p l i tu d e  is au to m a t i c a l l y
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s w i t ch ed  to a m ixed version.  T h e  en t i r e  s ignal  s egmen t  w i th  a d e f ec t  is 

s to red  once  the  th re sho ld  is exceeded ,  a long w i th  the  m a g n i t u d e  a n d  phase  at  

the  e x t r e m i t y  o f  the  locus.

As is e x p la in e d  in C h a p t e r  3, the  r e l a t io n s h ip  b e tw e en  phase  a n d  d e p th  is 

compressed  in a w ay  not  easily d esc r ib ab le  by the  m ix in g  of  ch a n n e l s  of 

d i f f e r e n t  exc i t a t i o n  f r e q u e n c y  (Sel ig & Neumaier ,1983) .  F u r t h e r m o r e ,  the 

r e la t io n s h ip  b e tw een  phase  a n d  d ep th  is also d e p e n d e n t  upon  the  type  of

d e f ec t ,  a n d  thus  fo r  a c cu ra te  d e p th  assessment  the  d e f e c t  type  mus t  be 

d e t e r m in e d  be f o re  dec id in g  upo n its dep th .  It  is s u rp r i s in g  t h a t  Levy et  al 

m en t io n  n o th in g  of  this,  or  o f  how th e i r  c a te g o r i sa t io n  sys tem copes w i th  this,  

or  to w h a t  ex t en t  the  ca te gor i sa t ion b o rd e rs  ar e  ch a n g e d  by us ing a mixed  

signal .  Some a t t e n t i o n  is pa id  to th is  m a t t e r  in Sections  2.5 a n d  5.3.

S tep insk i (1 987 )  has  des c r i bed  a seg m en ta t i o n  sys tem des igned  to "bolt on" to an  

ex i s t ing  sys tem, w h ich  uses a microp rocesso r  to c o m p ar e  each sam p le ’s pos i t ion  

ag a in s t  the  b o u n d a r ie s  of  a user  ad ju s t a b l e  re c tang le  w h ich  is c o n t r a i n e d  to 

hav e  w i th  one co r n e r  a l igned  w i th  the  nul l  po int ,  a n d  also w i th  two  r ad i i  

w h ic h  e m a n a t e  f r o m  the  nul l  po int ,  d e f i n i n g  a sector .  The  sys tem ’s main  

i n n o v a t i v e  f e a t u r e  is th a t  it opera t es  in rea l  t ime.  It can  process (i.e.

d ig i ta l l y  f i l t e r  a n d  test  aga ins t  the  threshold) ,  500 samples  per  second.  Th e

co m par i son  involves  a n u m b e r  of  m u l t i p l i c a t io n  ope r a t i o n s  to test  fo r  y >

mx w h ich  have only  become feas ib le  in s t and -a lo ne  sys tems a t  these sam pl ing 

ra tes  in rea l  t ime s ince the  a d v e n t  of  microprocessors  w i th  bu i l t - in  mu l t i p ly  

in s t ruct ions .

T h e  Zetec  MIZ-18 ( H o u s e m a n ,1983,1987)has the  most  a d v a n c e d  

seg m e n ta t i o n  me thods  of  an y  com m erc ia l ly  av a i l ab le  sys tem,  being  ca pab le  of
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su p e r im p o s in g  a pa ra l l e log ra m  w i th  a m a jo r  axis  ly ing  a t  a n y  angl e  in the 

im p e d a n c e  plane ,  a n d  of  q u a l i f y i n g  th is w i th  the  m a x i m u m  ra te  o f  ch a n g e  of  

s ignal  ( the  f u r th e s t  d i s t an ce  bet w een  co nse qu i t ive  samples) .  It  ca n  also use a 

q u a d r a t i c  f i t t e d  to the  s ignal  f r o m  good tu b in g  a t  the  tu b e  roll  sec t ion as the

t hr eshol d ,  because  of  its ab i l i ty  to closely t r a c k  the  pro be  posi t ion  by r e ­

re g is t e r ing  the  posit ion  o f  the  p robe each t ime it  passes the  u p p e r  or lower 

edge o f  a tube  s u ppor t  plate.

A r a t h e r  specia l ised scheme is t h a t  o f  Cleveland,  O ’Brien  an d  Wereley  (1986), 

w h o  have  developed an an o m a ly  de tec to r  fo r  b obb in  p robes  pass ing  t h ro u g h  

s u p p o r t  p lates  w h ich  detec ts  a n y  lack o f  s y m m et ry  a b o u t  the  signal .  T h e y  did  

th is  by tes t ing,  f i rs t ly  on a gross level,  t h a t  there  were  exac t ly  two peaks  in 

the  s ignal  m ag n i tu d e ,  one on the  w ay  in a n d  one on the  w a y  out ,  a n d  secondly  

on a f i n e  level,  by test ing  fo r  a m in im u m  level o f  co r r e l a t i o n  be tw e en  the  

two  lobes in opposi te  d i rec t ions  (due  to the  d i f f e r e n t i a l  probe).

1.10 A u to m a t i c  C lass i f ica t ion Systems

T h e r e  exis t  six o ther  pub l i shed  sets of  work  on a u t o m a t i c  c la ss i f i ca t io n

ap p l i e d  to eddy  c u r r e n t  tes t ing ,  a p a r t  f r o m  the  w ork  by

M ac leod(1982,1982,1983). Most of  the  sys tems are  in t e n d e d  fo r  use wi th  a 

d i f f e r e n t i a l  bob b in  probe,  w i th  the  exc ep t ion of  the  sys tem dev ised by 

Neumaier(1983) .

Hs iung  an d  Cox(1972) were the  f i rs t  to address  the subject .  T h e y  used s imple 

peak  size a n d  w i d th  f ea tu res  ap p l i ed  to the  y s ignal  to d i s c r im in a t e  between 

c i r c u m f e r e n t i a l  in t e r i o r  an d  ex te r io r  ( t er med  in te rn a l  d i a m e te r ( " I D M) an d  outer
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diamete r( "OD")  slots.

Doctor and Harrington(1980) h av e  d i s c r i m i n a t e d  b e tw een  sp a r k  notches ,  

e l l ip t ica l  wastage  an d  t h i n n in g  ( tu be  f r e t t i n g ) ,  a n d  have  been able  to 

co r re la t e  the  f e a tu re s  w i th  the  d e p t h  o f  t h i n n i n g  us ing a set of  adhoc  

fe a tu re s ,  n am ely  geometr ica l  f e a t u r e s  o f  the  im p e d a n c e  p lane  loci;

au to co r re l a t i o n s  wi th  var ious  lags of  the  t ime series,  a n d  moments ;  p a r am e te r s  

o f  the  spec t ra l  peak an d  spec t ra l  moments ;  a n d  some measure s  of  re la t iv e  power  

in the  x a n d  y signals.  C la ss i f i ca t ion  was va r io us ly  by Bayesi an ,  l in ea r  an d  

k -n eares t  ne ig h b o u r  c lass if iers,  a n d  by k- means  c lu s te r i ng  ( these  ar e  all 

e x p la in e d  in C h a p te r  2). A ve ry  s im i l a r  p ap e r  has  also been p u b l i sh ed  by the 

same a u th o r s  up on  the  use of  p a t t e r n  recogn i t io n  to d i s c r im in a t e  bet ween  

ac ous t ic  emissions  f r o m  d e f ec t s  a n d  spu r i ous  sounds  (Doctor and 

H arrington ,1980).

Neumaier (1983), a t  the  In s t i t u t  Dr.  Fo rs te r  in G e r m a n y ,  has  used a 

d i f f e r e n t i a l  ro ta t in g  s u r fa ce  probe,  a n d  has  d i f f e r e n t i a t e d  bet w een  ID

an d  OD notches ,  a n d  be tween  e l l ip t ica l  wasta ge  a n d  smal l d i a m e t e r  (1mm) 

holes.  For  the f i rs t  pa i r ,  he used the  y s ignal  i n t e r p e a k  t ime (w h ich  is a 

measu re  of  the  phase  p ro v id in g  th a t  the  probe wobb le  s ignal  has  been ro ta t ed  

to lie a long the  x-axis  an d  th a t  there  is s u f f i c i e n t  phase  spread;  see sec tion

2.5). For  holes an d  patches  of wastage ,  he used the  n u m b e r  of  peaks  in the 

en t i re  signal  segment  re la t ing  to the defect .  It is not su rp r i s in g  th a t  this 

w ork ed ,  because the n u m b er  of peaks  is jus t  a measure  of  the  ax ia l  length

along the  the  p ro b e ’s hel ica l  pa tn ,  an d  due to the  n a t u r e  o f  wastage  (or

f r e t t i n g )  it will  a lways  be of  gr eat er  ex ten t  th an  a smal l hole.
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S a t i s h  (1983),  a t  Co lo ra do  Sta te  U n i v e r s i t y  (see also U d p a  an d  Lord(1984),  

w o r k i n g  w i th  L o rd ’s 2 -d im ens iona l  f i n i t e  e l em en t  b obb in  probe 

s imula t ion(1981) ,  used F o u r i e r  D e sc r i p to rs  to d i s c r i m i n a t e  b e tw e en  e ight  

classes o f  d e f ec t s  an d  o th e r  ph en o m e n a .  Ida  a n d  U d p a  also a t t e m p t e d  to 

in c o rp o r a t e  F o u r i e r  D esc r ip to r -ba sed  p a t t e r n  r eco g n i t io n  in Z e te c ’s DDA -4  

sys tem,  the  p ro to ty p e  MIZ-18, w h ic h  was  at  t h a t  t ime based up on  a H ewle t t  

P a c k a r d  9836 co m p u te r  ( B r o w n ,1984). A fu l l  d iscuss ion is g iven in c h a p te r  3.

One p a r t i c u l a r  type  o f  n o n l in e a r  c la ss i f i e r  ( t e rm ed  an " A d ap t iv e  L ea rn in g  

Ne tw ork ")  w i th  a f e a t u r e  p r o d u c t  t e rm  p r u n i n g  m ec h a n i s m  has  been r ep ea ted ly  

a d v o c a t e d  in a u t o m a t e d  N D T  by the  s t a f f  of  A d a p t r o n ic s  (see fo r  example  

Mucc ia rd i  an d  Dau(1979),  a f i r m  set up  to m a n u f a c t u r e  c o m p u t e r  sys tems 

d e d i c a t e d  to A L N  ded uc t ion .  T h e  m e th o d  is d i scussed in det a i l  in sec tion 3.7.4.

Cleveland,  O ’Brien  a n d  Wereley  (1986) h av e  used 65 ad -hoc t ime d o m a in  

co r re la t io n ,  geomet r ic  shape a n d  en e rg y  f e a t u r e s  to d i s c r i m i n a t e  b e tw e en  16 

holes o f  20, 40, 60 or 80% t h ro u g h  wall  d ep th s  in 4 d i f f e r e n t  d iameter s ,

each r eco rded  in one o f  17 posi t ions  w i th  respec t  to a tube  sheet.  Th e 

r e q u i r e m e n t s  of  such a large n u m b e r  of  f e a tu r e s  in t erms of  samples  imply  th a t  

th e i r  resul ts  are  ques t ionable .  T h e  r e q u i r em en t s  are  d iscussed in C h a p t e r  3.

1.11 Scope of Thesis

A co l l ab o ra t iv e  projec t  be tween  the  D e p a r t m e n t  of  E lec t r i ca l  E n g in e e r in g  an d  

Elec t ro n ics  at  the  U n iv e r s i t y  of  Glasgow a n d  the  N D E  g ro up  at  Babcock  Pow er  

Resea rc h  C en t re  in R e n f r e w  began in 1980 w i th  a f e as ib i l i ty  s tu d y  on the 

app l i ca t i o n  of  p a t t e r n  r ecogni t ion  to inspec t ion o f  316 s ta inless  steel t ub ing
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w i th  a r o t a t i n g  pr obe (Macleod,1983) fo l lo w in g  suggest ions  in seve ra l  repor ts  

to the  e f f e c t  t h a t  th is  m ig h t  p rove f r u i t f u l  (Davi s ,1979 an d  1980). T h e  a im  

of  th is  re sea rch  a t  its incep t ion  was  to c lass i fy  v a r io u s  types o f  d e fec t s  using 

the  im p ed an c e  p lane  loci f r o m  ex i s t ing  s ingle f r e q u e n c y  e d d y  c u r r e n t  

eq u ip m en t .  A t  the  s t ar t  of  the  p re sen t  a u t h o r ’s re sea rch,  the  a d v e n t  

of  m u l t i f r e q u e n c y  e q u ip m en t ,  a n d  the  increased  d i f f i c u l t y  it b ro u g h t  w i th  it 

in s ignal  com pre hen s ion ,  s t im u la t e d  a s h i f t  t o w ar d s  a m u l t i f r e q u e n c y  re ­

logging o f  the  d e f ec t  set a n d  re des ign o f  the  f e a t u r e  set. In ad d i t i o n ,  

p rev ious ly  unt es ted  types  of  de fec t s  we re  to be m a n u f a c t u r e d  a n d  a means  of 

d i s c r im in a t in g  de fec ts  f r o m  clean tu b in g  devised.  U n f o r t u n a t e l y ,  d e fec t  

d e tec t io n  us ing the  p a r t i c u l a r  m u l t i f r e q u e n c y  e d d y  c u r r e n t  (MFEC) 

e q u i p m e n t  av a i l a b le  was f o u n d  to be imposs ible on s ta inless  steel,  a n d  a 

change  to a d i f f e r e n t  t u b in g  m a te r i a l  ( I n c o n e ^  600 ) took place  a t  a f a i r ly  

a d v a n c e d  stage. Th i s  compl ied  w i th  a c ha nge  in  the  spon sor in g  bodies’ 

f a v o u r e d  m a te r i a l  fo r  s t eam g e n e ra to r  tubing ,  due  to r e p o r t ed  prob lem s 

w i t h  s ta in less  steel tubes  in Westinghouse  PWR steam genera tors .

Th is  thesis t h e r e f o r  desc r ibes  the  ap p l i ca t i o n  o f  p a t t e r n  re cogn i t io n  to s ingle 

f r e q u e n c y  helica l  scan ed d y  c u r r e n t  s ignals  f r o m  th in  w a l led  tu b ing ,  in i t i a l ly  

to i n n e r  wal l  m a n u f a c t u r i n g  de fec t s  in f i n n e d  316 A G R  hea t  e x c h a n g e r  tub ing,  

t h en  la t t er ly ,  a n d  of  g re at  topica l  in teres t ,  to d e f ec t s  on the  ou ts ide  of 

Inconel  600 tubi ng ,  logged us ing a m u l t i p lex ed  4 f r e q u e n c y  e x c i t a t i o n  eddy 

c u r r e n t  system.

C h a p t e r  1 has  ex p la in ed  ho w an d  w h y  ed d y  c u r r e n t s  are  used in N D T ,  why 

ed d y  c u r r e n t  te chn iques  ar e  p a r t i c u l a r l y  necessary  fo r  s team g en e r a to r  tub ing,  

an d  why  a u to m a t i c  inspec t ion is des i ra b le  on econo mic  an d  sa f e ty  grounds .

25



C h a p t e r  1 In t ro duc t ion

T h e  wa ys  in w h ich  the  ed d y  c u r r e n t  s ignals  f r o m  s team  g en e r a to r  t u b in g  can 

be au to m a t i c a l l y  processed to de tec t  a n d  c l as s i fy  d e f ec t s  have  been 

reviewed .  Upda & Singh (1986) hav e  also pub l i sh ed  a r ev ie w  p a p e r  upon  d ig i ta l  

s ignal  analys i s  ap p l i ca t i o n s  th o u g h  it was  co n c e rn ed  w i th  in N D T  in gen e ra l  an d  

thus  was  not  so t h o ro u g h  w i th  respec t  to th is  p a r t i c u l a r  app l i ca t i on .  Systems 

capab le  o f  a u t o m a t i c  logging,  s eg m en ta t i o n  a n d  c l a s s i f i c a t io n  have  been 

ca ta logued  sepa ra te ly ,  s ince f r e q u e n t l y  sys tems do not  p e r f o r m  all o f  these 

func t i ons .  C om m erc ia l ly  ava i l a b le  systems hav e  also been includ ed .

T h e  r e m a i n d e r  of  this thes is  is a r r a n g e d  as fol lows. T h e  p a r t s  o f  the  p a t t e rn  

r ecogni t ion  sys tem are  i n t ro d u c e d  in the  o rd e r  in w h ic h  the  s ignal  proceeds  

th ro u g h  them:  Chapter 2 deals  w i th  the  sensor,  a n d  Chapter 3 w i th  the

preprocessor ,  f e a t u r e  ex t r a c t o r  a n d  c lassi f ier .

Chapter 2 r ev iews ed d y  c u r r e n t  inspect ion in deta i l ,  w i th  p a r t i c u l a r  em phas is  

u pon  t h in  wal l ed  tub ing,  an d  discusses  the  choice  of  pro be  type  an d  

f r eq u en c y .  T h e  de f ic i enc ies  in an a ly t i c a l  an d  n u m er i c a l  s im u la t i o n s  of  the 

i n t e r a c t io n  between  de fec t s  a n d  ed d y  c u r r e n t  d i s t r i b u t io n s  are  shown  to be the 

m a in  reason f o r  ta ck l ing  au t o m a t i c  c l a ss i f i c a t io n  wi th  s ta t i s t ica l  p a t t e r n  

recogn i t io n  r a th e r  th an  by co m par i so n  wi th  synthes ized  p ro to ty p e  signals.

Chapter 3 con ta i ns  a rev iew of  the  p a t t e r n  r ecogni t ion  me thods  used in the 

ex p e r im en ta l  chap ter s ,  4 an d  5, a long wi th  a d esc r i p t i on  of  or ig inal  

ex p e r im en ta l  work  on severa l  topics.  Thi s  re la tes  p a r t i c u la r l y  to work upon 

F o u r i e r  Desc r ip to rs  (a type  i n f o r m a t i o n  p re serv ing  p a r a m e t r i c  fca tures c t ) ,  

up on a non- p a r a m e t r i c a l l y  based class s ep a rab i l i ty  m easure  w hi ch  does not 

impose  the  usual  re s t r ic t ions  upo n the  fo rm  of  the p a t t e r n  point  class 

d i s t r i bu t i ons ,  an d  upon ad a p t i v e  l ea r n in g  n e tw orks  w h ich  have been appl ied
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so f r e q u e n t l y  a n d  e r ro neous ly  by c e r t a in  authors .

C h a p t e r s  4 a n d  5 co n ta in  the  bu lk  o f  the  e x p e r i m e n t a l  results.  The  

f o r m e r  i s a c o n t i n u a t i o n  of  the  w o rk  des c r i bed  by Macleod(1983)  c e n t r i n g  upon 

the  d e v e lo p m e n t  o f  a seg m en ta t i o n  t e c h n iq u e  a n d  up o n  the  a p p l i ca t io n  of  

d i f f e r e n t  f e a t u r e s  a n d  c las s i f ie rs  f r o m  those o r i g in a l ly  appl ied .  T h e  u p per  

l imi t  on the  co r rec t  c l a ss i f i c a t io n  ra tes  is also assessed.

In the  course  of  the  w ork  fo r  C h a p t e r  5, all of  the  s o f t w a r e  h a d  to be 

u p g ra d e d  in o rd e r  to h an d le  the  signals g en e ra t e d  by m u l t i f r e q u e n c y  

inspect ion.  A new set o f  d ef ec t s  have  been logged,  a n d  a new set of  loci now 

co r re spond  to the  d e f e c t  types , w h ic h  are  also now ca te go r i sed  by dep th .  Plots 

of  the  s ignals  by type,  d ep th  an d  f r e q u e n c y  of  p ro be  e x c i t a t i o n  h av e  been 

m ade  a n d  a re  d iscussed.  A s eg m en ta t i o n  m e thod  ca p ab le  o f  d ea l in g  w i th  the  

more  d i f f i c u l t  b a c k g r o u n d  co n d i t ions  has  been deve loped,  a n d  some f e a t u r e  

e x t r a c t i o n  a n d  c l a ss i f i c a t io n  has  been a t t em pted .

C h a p t e r  6 co n ta in s  conc lus ions  d r a w n  f r o m  the  resul ts  as a whole,  a n d  suggests 

the m a n n e r  in w h ich  w ork  shou ld  be con t inued .  T h e  f e a s ib i l i t y  a n d  m e thod  of 

co n s t ru c t i o n  o f  a s t and -a lo ne  a u to m a t i c  inspect ion systems is cons idered,  

a long w i th  speci f ic  suggest ions  fo r  theo re t ic a l  work  th a t  has e i t h e r  been outs ide  

the  scope of  this thesis,  or imposs ible thus  f a r  fo r  p rac t i ca l  reasons.
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C h a p t e r  2 E d d y  C u r r e n t  Tes ting

2 Chapter 2: Eddy Current Tube Testing  

2.1 Introduction

This  c h a p te r  sum m ar i ses  the  p h en o m en a  invo lved  in ed d y  c u r r e n t  tes t ing  an d  

then  expl a i ns  the  fa c to r s  w h ich  i n f lu en c e  the  choice  o f  pro be  a n d  ope r a t in g  

f r e q u e n c y  (or f r equenc ie s )  especial ly  w he re  complete  v o lu m e t r i c  inspect ion of 

t h in  wal l ed  tu b in g  is the  goal.

T h eo r e t i c a l  w o rk  upon ana ly t i c a l  an d  nu m er ic a l  ( f in i t e  e l emen t)  s im u la t i o n  of 

the  b e h a v io u r  o f  ed d y  cu r ren t s  in the  v ic in i ty  of  de fec t s  is r ev ie w ed ,  in orde r  

to show t h a t  a s ta t i s t i ca l  a p p r o ach  to d e t e r m in i n g  the  shape fo r  p a r t i c u l a r  

d e fec t s  is neces sary  because  the  q u a n t i t a t i v e  e f f ec t s  o f  de f e c t  shape  a n d  f ie ld  

shape up on  the  shape of  the  associa ted  im p ed an c e  p lane  loci c a n n o t  yet  be 

ca lcul a t ed .

Work on mix ing ,  the  s u b t r ac t i v e  co m b in a t io n  o f  loci de r iv e d  f r o m  s im u l t aneous  

(m u l t ip lexed )  inspec t ion  at  several  f r eq uen c ie s ,  is also rev ie w ed ,  a n d  some 

o r i g ina l  wor k on the  deve lo pm en t  of  c o m p u ta t i o n a l ly  opt imised  mixes  is 

in t ro duced .

2.2 Basic Pr inciples

E d d y  c u r r e n t  test ing  is p r im ar i ly  a co m p a ra t iv e  method  of  test ing:  an ?,ddy

c u r r e n t  in sn  ument  is f i rs t  of  all c a l i b r a ted  us ing de fec t s  of  k n o w n  dep th  

an d  geometry  in a sec tion of m a te r ia l  ident ica l  to t h a t  abou t  to be tested.  

T h en ,  any ind ica t ions  a p p e a r in g  d u r i n g  tes t ing are  ch a rac te r i s e d  by com par i son
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w i th  the  c a l i b r a t io n  signals.  A l t e r n a t in g  c u r r e n t  in a coil causes  an 

a l t e r n a t i n g  m agne t i c  f ie ld ,  w i th  the  f l u x  l i nk in g  the  coil. I f  the  coil is 

a d j a c e n t  to a conduc to r ,  ed dy  cu r ren t s  a r e  in d u ced  n e a r  to the  su rfa ce .  Th e 

c u r r e n t  f lows in a c i r c u l a r  m anner ,  m im ic k in g  the  c i r c u l a r  cross sec t ion of  the 

coil. T h e  ed d y  c u r ren t s  p roduce  a se c o n d a ry  magne t i c  f i e ld  w h ich  ac ts  so as to 

oppose  a n d  p a r t i a l l y  cancel  the  o r i g ina l  f ie ld ,  thus  m o d i f y i n g  the  o r ig inal  coil 

c u r r e n t  by vec tor ia l  a d d i t i o n  o f  an  in d u ced  cu r ren t .  T h e  probe coil 

im p ed an ce ,  the  r a t io  of  d r iv in g  vo l t age  to c u r r e n t  f l ow ing,  is th e r e fo r e  

d e p e n d e n t  up on  the  in tens i ty  an d  phase  of  the  ed d y  c u r r e n t s  in the 

in spected  meta l  wall .  The  m a g n i t u d e  an d  phase  of  the  ed d y  cu r r e n t s  vary  

w i th  d e p th  in to  the  tube  wall ,  an d  d e p e n d  up on  the  m a te r i a l  th ickness ,  

c o n d u c t i v i t y  a n d  p e r m e a b i l i t y  o f  the  m a te r ia l ,  the  pro be exc i t a t i on  

f r e q u e n c y ,  the  ex t en t  o f  pro be  " l i f t -o ff "  f r o m  the  s u r fa ce ,  an d  the  local ised  

c u r r e n t - d i s r u p t i n g  e f f ec t s  of  defects .  A c rack  is in e f f e c t  a d i s co n t i n u i t y  in 

c o n d u c t i v i t y  w h ic h  causes  the  c u r ren t s  to f low a r o u n d  a n d  u n d e r n e a t h  it.

2.3 T h e  Sk in  D ep th  and P h as e  Lag E f f ec t s

At  an y  given f r e q u e n c y ,  c u r r e n t  decays  expo n e n t i a l l y  ben e a th  the  su rface ,  

a c co rd in g  to the  re la t ionship :

I =1 .e">l/de ' ix/d, (2.1)
X o

w here  I is the c u r r e n t  densi ty  at  de p th  x mm., I is the s u r f a c e  c u r r e n t
X o

dens i ty  ( inspect ion  side),  an d  d is the  skin  dep th  as d e f in e d  below.  The 

term "skin depth" ,  ac tu a l ly  re fer s  to the  dep th  by w hich  the  c u r r e n t  dens i ty  

has fa l le n  to 1/ e  of  its su r face  value,  an d  can be shown to be
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d=50(p/f.^»r) ly,2 mm. (2.2)

wh e re  p is the  m a te r ia l  res is t iv i ty  in mic ro-ohm.cm,  f  the  f r e q u e n c y  in Hz, 

an d  y  the  (d imensionless)  re la t ive  i n c re m en ta l  p e r m e a b i l i t y  . T h u s  w i th  r is ing 

f r e q u e n c y ,  c u r r e n t  increas ing ly  conc en t ra t e s  ne a r  to the  s u r f a c e  of  a condu c to r .

F r o m  e q u a t io n  (2.1), the  n a t u r e  o f  the  skin  e f f e c t  is such t h a t  the 

s u b s u r f a c e  c u r r e n t  phasors  lag the  s u r f a c e  ones. T h e  phase  lag p  is l in ea r  wi th  

inc re as ing  de p th ,  v a ry in g  acco rd ing  to

p(rads . )=x(mm.) /d(mm.)  (2.3)

T h e  coil  im p ed an c e  is p ro p o r t i o n a l  to the  vec tor ia l  sum o f  the  ed d y  c u r ren t s  

f l o w in g  a t  all d ep th s  in the  metal .  It is en t i r e ly  possible t h a t  a smal l

inspec t ion -s ide  s u r f a c e  de f ec t  a n d  a large  s u b s u r f a c e  or o u t e r  su r f a ce  

d e f e c t  wi ll  cause  an  im p ed an ce  ch a n g e  of  the  same m ag n i tu d e .  U n d e r  such 

c i rc um stances ,  d i s c r im in a t io n  between  th em  is only  possible by r e f e r e n c e  to the  

phase  o f  t h e i r  i m p e d an c e  loci.

A l th o u g h  eqns.  2.1-3 are  widely  q uo ted  (Hagemaie r ,1983) ,  they  ar e  only

s t r i c t ly  ap p l i cab le  when  the  i n c iden t  m ag n e t i c  f ie ld  is p l a n a r  i.e. u n i f o r m  and 

par a l l e l  to the  m eta l  surface .  For  a f l a t  p la t e  of  i n f i n i t e  ex tent ,  p r o d u c t io n  of 

such a f ie ld  w ou ld  r e qu ir e  an  i n f i n i t e  sheet  of  c u r re n t .  Fo r  the  inspect ion of 

tub ing,  an  i n f i n i t e l y  long solenoid would  in duce  a m agne t i c  f ie ld  s a t i s fy in g  the 

same re q u i r e m e n t s  a t  the  tube  su rf ace .  In pra ct ice ,  the  f ie ld  f r o m  a 

bobbi n  coil (which  is a f t e r  all a shor t  so lenoid)  is s u f f i c i e n t ly  close to this 

ideal  fo r  the  s t a n d a r d  skin  dep th  eq u a t io n s  to be appl icable .  When these 

eq u a t io n s  are  q uo ted  in EC N D T  l i te ra tu re ,  it is se ldom s ta ted  t h a t  they  app ly

only  fo r  bobbin  coils in tubing.  T h e  nex t  sec tion (2.4) is con c e rn e d  wi th

the  ana logo us  equa t ions  fo r  p ancake  probes,  w he re  the  in d u ce d  f ie ld  at  the
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metal  s u r f a c e  is not  p lanar .

2.4 P ro b e  Geometr ies :  Bobbin vs. S u r f a c e  Probes

Fo r  t u b i n g  inspec t ion  there  are  bas ica l ly  only  two p ra c t i c a l  pro be  geometries :

(a) w i th  tube  an d  probe concen t r i c  (bobb in  probe);

(b) w i th  the  probe axis p e r p e n d i c u l a r  to the  s u r f a c e  an d  the  pro be  t ip in 

co n tac t  w i th  the  meta l  (s u rf ace  or p a n c a k e  probe).

It has  p re v ious ly  been m en t io n ed  th a t  the  skin  d ep th  an d  phase  lag 

express ions  assume t h a t  the  m agne t i c  f ie ld  is p lan a r ,  an d  t h a t  the  co n d u c to r  is 

i n f i n i t e l y  th ick .  For  bobb in  coils w he re  the  coil is u sual ly  not  by an y  means  

"an i n f i n i t e l y  long solenoid",  an d  even in the  case of  th in  wal l ed  t ub ing  

w h e re  the  wall  th ickn ess  is less t h a n  the  3 s t a n d a r d  skin  dep ths  t h a t  it 

sho u ld  t ak e  fo r  the  f ie ld  to dec ay  to a negl ig ib le  in tens i ty ,  eqns.  2.1-3 hold  

a p p r o x im a te ly .  For  s u r f a ce  probes,  the  f i e ld  is not  a t  all p l a n a r  (see figs.  2.1 

a n d  2.2). How ever ,  a s im u la t i on  r e su l t ing  in a c o n t o u r  m ap  o f  complex 

v a lu ed  i m p e d an c e  sens i t iv i ty  (Dodd et  al 1969: see f ig  2.2) has  sh own  t h a t  the 

c u r r e n t  d ens i ty  still  decays  in a b ro a d ly  exp o n e n t i a l  fo rm,  b u t  more  ra p id ly  

t h a n  fo r  the  bo bb in  coil. The dep th  of  p e n e t r a t i o n  is no longer  p u re ly  a 

f u n c t i o n  o f  f r eq u en cy .  The  m a x i m u m  ach ie v a b le  dep th  of  p en e t r a t i o n

d =D /4  (2.4)
m a x  o

w here  D is the mean  coil d iameter (Cecco ,  Van Drunen  and S h a r p , 1983). Thi s
O

is the  d e p th  below w hich  the  c u r r e n t  f l ow  represen ts  less t h a n  1% of  the 

to ta l  c u r r e n t  f lows (see fig. 2.2), an d  holds  regardless  o f  how low a f r e q u e n c y  

is used.  It is ana logous  to a p p r o x im a te ly  3 skin  d ep th s  below the  inspect ion
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s ide  f o r  a bobb in  probe.

T h e  e f f e c t i v e  d i a m e te r  of  the  i n t e r ro g a t in g  f ie ld  is g iven by a n o t h e r  ru le  of 

th u m b (C ecc o  et  al,  1983):

D =D +4d (2.5)
e f t  o

T h e  same a u th o r s  have s t a ted  t h a t  the  f r e q u e n c y  a t  w h ich  the  loci f r om  

d e fec t s  a t  the  i nne r  or out er  su r faces  of  a tube  (usual ly  r e f e r r e d  to as ID 

a n d  OD  de f ec t s  respect ively  in the  l i t e r a tu r e )  are  s ep a ra t ed  in phase  by 90° in 

the  im p e d a n c e  pl ane  is g iven by:

f ^ k p / t 2 kHz (2.6)

w h e re  t is the  tube  wall  th ickness  in mm, an d  k is a c o e f f i c i e n t  d e p e n d a n t  

u p o n  the  r a t io  t / d :  the  r a t io  of  the  tu be  wall  th i ckness  to the  s t a n d a r d

sk in  d e p t h  as d e f in e d  in eqn.  2.2. T yp ica l l y ,  a t  t= 1.1 d , k is 3, an d  fo r  t = 0 .8 d , k 

is 1.6. T h i s  f o r m u l a  is em p i r i ca l l y  d e r iv e d  ( thou gh  based upo n eqns.2.1-3) but  

m akes  a l low ance  fo r  the  d i s t u r b a n c e  o f  the  f i e ld  due  to the  f i n i t e  

d e p th  o f  the  co n d u c to r  (a th in  sheet  in e f f e c t )  an d  the  n o n - p l a n a r i t y  of  the 

m ag n e t i c  f ie ld  associa ted  w i th  a s u r fa ce  probe.

For  Incone l  600 tub ing,  w i th  1.1mm th ick  walls,  eqn.  2.6 p re di c t s  f to be

130kHz.  At  100kHz,  the  phase  sp read  be tw e en  ID Pi lge r  noise an d  a 56% 

th r o u g h  wall  OD c i r c m u fe re n t i a l  notch  is ab o u t  70° (see f ig  5.41). It is not  

u n t i l  the  f r e q u e n c y  reaches  220kHz  t h a t  the  p a r t  of  the  d e f e c t  loci is

p e r p e n d i c u l a r  to the Pi lger locus, an d  it rea l ly  not  unt i l  600 kH z th a t  the 

d e f ec t  locus is p e r p e n d i c u l a r  a long all o f  its length.  T h i s  can be exp la in e d  to

some e x t en t  by the  fa c t  t h a t  all real  d e fec t s  have some dep th ,  so the  phase

sep a ra t i o n  expe cted  tends  to be s o m ew h a t  less th an  would  be ach ie v e d  wi th
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p u re ly  O D  a n d  ID phenom ena .

2.5 P h a s e  S pre ad

At  f  , the  phase  sp read between  p u re ly  ID p h e n o m e n a  (ie those h a v in g  no 

p e n e t r a t i o n  in to  the  wall ) an d  s im i l ar ly  d e f in e d  p u re ly  OD  e f f e c t s  is 90° If ,  

as is o f t en  done,  the  p lane  is ro ta te d  so t h a t  ID e f f ec t s  such as pro be  wobble  

an d  Pi lger  noise (due  to tube  bore  r i f l in g ,  see sec t ion 5.6.1) lie a long the  

pos i t ive  x-axis ,  an d  the OD wall  t h i n n in g  locus lies a long the  n eg a t iv e  going 

y-axis  (see fig.  2.3), then the  r e m a i n in g  2 d i rec t ions ,  -ve going x an d  +ve 

going y are  i n w a r d  d en t in g  an d  wall  t h i c k e n i n g  respect ively .  D en t ing

increases  pro be  to wall  coup l ing  because  of  the  fo rce  ap p l i ed  by the  spr ing

c a r r y i n g  the  probe,  an d  is essent ia l ly  an  ID e f fe c t .  Wall t h i c k e n i n g  is the

opposite:  an  OD  ef fec t .

An ID d e fe c t  locus lies not  exa ct ly  a long the  +ve x-axis ( inc rea s ing l i f t

o f f ) ,  but  s l ight ly  in to  the  f o u r th  q u a d r a n t  to w ar d s  wall  th in n in g .  Th is  is best 

e x p la in e d  by an  example .  At  the  bo t tom  of  an  ID cr ack ,  the  d e f e c t  m ight  be 

t h o u g h t  of  as e i th e r  a local ised t h i n n in g  o f  the  wall  or as l i f t  o f f  o f  the  probe 

f r o m  the  meta l  su r fa ce  w i th in  the  crack.  In fa c t  both  e f f e c t s  t ake  place 

a n d  a p p e a r  in the  re su l t an t  phase  o f  the  locus,  bu t  l i f t - o f f  p re d o m in a te s  

because  the  more in tense su r fa ce  cu r ren t s  a f f e c t  the r e s u l t a n t  more  severely  

t h an  the  w e ak e r  cu r ren t s  f low ing  at  the  o u te r  su rf ace .  An OD notch causes  no 

such m ovem en t  a long the x-axis,  because  only  the  wall  th ickn ess  is a f f ec te d .  

A n y  ID d e f ec t  w i th  a s ig n i f i c an t  dep th  will  have  a locus ro ta ted  to w ar d s  the 

wall  t h i n n in g  axis,  so consequ en t ly  at  the  f f r e q u e n c y ,  the sep a ra t i o n  of  ID 

a n d  OD de f ec t  loci can be expec ted  to be less than  90° in pract ice .

39



C h a p t e r  2 E d d y  C u r r e n t  Test ing

Probe wobb le  can be d i f f i c u l t  to d i s t in g u i sh  f r o m  shal low ID de fec ts ,  since 

bo th  p h e n o m e n a  are  large ly  a m a t t e r  of  l i f t - o f f .  F r e q u e n t l y  th ey  have  s imi la r  

m agn i tudes ,  as well  as iden t i ca l  phase  angles.  U n d e r  these c i rc umstances ,  

only  m u l t i f r e q u e n c y  inspec t ion can tell t h em  apar t .

2.6 D ifferentia l  vs. Absolute Probes

T h e r e  ar e  two bas ic types  o f  probe,  f r o m  an e l ec t r i ca l  poin t  of  view: absolute  

an d  d i f f e r e n t i a l  ones (fig. 2.4). An "absolute  probe" in f a c t  consists  o f  two 

iden t i ca l  probes  heads  (each w i th  a s ingle coil w i n d in g )  co n n ec ted  to opposi te 

sides o f  the  bridge .  T h e  heads  are  phys ica l ly  separa te .  Each hea d  is pos i t ioned  

ins ide  a tube,  one  on the  region of  wall  to be inspected  a n d  the  o the r  on clean 

meta l  fo r  re ference .  T h e  reason fo r  k eep in g  the  bo th  coils in con tac t  wi th  

s ep a ra te  samples  o f  the  same type  of  meta l  is t h a t  it  a ids  b a l a n c in g  o f  the 

b r idge  when  a r ang e of  test  f r e q u e n c ie s  a re  in use. For  both  types ,  a 

Wheats tone  br idge  is used to m easu re  cha nges  in probe im p ed an ce ,  so the 

"absolute" type  is a c tu a l ly  a misnomer .

In the  d i f f e r e n t i a l  probe,  two coils are  w o u n d  close together ,  both  in con tac t  

w i th  the  specimen,  an d  co nnect ed  to f o r m  the  lower  two sides of  the  br idge  i.e. 

the pa r t  wh ich  causes  the  d i f f e r e n c e  vol tage  to arise.  T h e  essent ial  

d i f f e r e n c e  between the two types o f  pro be  is thus  th a t  in a d i f f e r e n t i a l  

probe both  sensing coils are  coup led  to the  area  of  mat e r ia l  c u r r e n t l y  u n d e r  

test,  wh ereas  wi th  an absolute  probe one coil is a lwa ys  coup led to c lean metal .  

T h e  d i f f e r e n t i a l  coil is so-cal led because  it e f f e c t i v e ly  d i f f e r e n t i a t e s  the 

magne t i c  f ield.  It has  a d r iv e n  p r im ary ,  w o u n d  on top of  the ad j a c e n t  test coils 

wh ich  fo r m  the secondary .  The  sec o n d a ry  coils are  w o u n d  in opposite
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d irec t ions ,  one on each leg o f  a f e r r i t e  rod w h ich  has been cu t  to resemble  a 

t u n in g  fork .  T h e  co up l ing of  both  coils is no rm a l ly  equal .  D i f f e r e n t i a t i o n  of  

the  f i e ld  in the  d i re c t io n  of  s ep a ra t io n  (and mot ion)  of  the  two test  coils occurs.

In both  e lec t r i ca l  inspec t ion  c o n f ig u r a t i o n s  o f  the  coils in the  br idge  shown  in 

f i g u re  2.4, the  e xc i t a t i on  s inuso id  is app l i ed  across the  opposi te  co rner s  of 

the  b r idge  to w h ich  the  m eas u r em en t  c i r c u i t r y  is connected.  Th is  is the  way 

in w hich  the  b r idge  is co nnect ed  in the  Zetec  e q u i p m e n t  used in C h a p t e r  5. The 

Fors te r  c i rc og raph ,  an d  indeed  all o ther  more  recen t  F o rs te r  e q u i p m e n t  such 

as the  D e fe c to m a t  series use a an  e l ec t r ica l ly  sep a ra te  p r i m a r y  (w o u n d  on top 

of  the  secondary  coil or coils w h ich  f ro m  pa r t  of  the  br idge )  (Dav is ,1980) in 

o rd e r  to p roduce  the  ed d y  cu rren ts .  V in f i g u re  2.4 is n o rm a l ly  conn ected
o u t

to a set of  f o u r  q u a d r a n t  mixers  w h ich  m u l t i p ly  the  o u tp u t  s inuso id  by the 

in p u t  one,  an d  then  by lower  i n t e r m e d i a t e  f r eq u en c ie s  in o rd e r  to p r o d u c e  the 

x an d  y s ignals w h ich  d r iv e  the  im p e d an c e  plane  display .

Th e  d i f f e r e n t i a l l y  w o u n d  s e c o n d a ry / s e p a ra t e l y  w o u n d  p r i m a r y  c o n f ig u r a t i o n  

was f a v o u r e d  in the  f i rs t  EC in s t ru m e n t s  deve loped by Fors te r  in the  1950’s, 

because  the  low im pedance  p r i m a r y  a l lowed more pow er  to coup led in to the 

coil,  whi ls t  a h igh im p ed an c e  sec ondary  could  be m ade very  sens i t ive  wi th  a 

lot of  turns ,  an d  b en e f i t  f r o m  the  a d v a n ta g e s  of  m a tch in g  a h igh 

im pedance  in p u t  stage.

Th e absolute  probe produces  a c h a rac te r i s t i c  single lobed f i gu re  (som ew hat  like 

the  pe r im e te r  of  a mach ine  p r in t e d  comma:  see fo r  example  f ig 5.12) as it

passes over  a defect .  The  d i f f e r e n t i a l  probe produces  a f i gu re -o f -c ig h t  (sec fig 

2.6), w i th  lobes ly ing at  the  same angle as for  the absolute  probe,  but  as i f the 

po int  descr ib ing the  loci had been ro ta ted  abo ut  the orig in  h a l f - w a y  th ro u g h
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d esc r ib in g  the f ig ure .  These  ch a ra c te r i s t i c  signals are  i n d e p e n d a n t  of  coil 

geometry ,  w h e th e r  the  coil be s u r f a c e  or bobbin  type.  Due to the  eas ier -to- 

in t e rp r e t  de f ec t  loci f r o m  an abso lu te  probe an d  its n o n -d i r e c t i o n a l i t y ,  an d  

the  absence  of  an y  p rob lems  in de t ec t in g  very  g ra d u a l  defects ,  the  absolute  

probe is p r e f e r r e d  to the  d i f f e r e n t i a l  in all bu t  a fe w  c i r cum sta nces .  Its use is 

not  h ow ever  en t i r e ly  w i th o u t  problems:  Pi lger noise (C h a p te r  5) m ay  occur,

an d  in prolonged use, the  probe im p ed an c e  may d r i f t  due  to t h e rm a l  e f f ec ts  

because of  t ip  f r ic t ion .

For  the  tubes  in c h a p te r  5, two probes ,  a test and a r e fe rence ,  were  used.  For  

c h a p te r  4, a d i f f e r e n t i a l  probe was used.

2.7 Synthesis  of a D ifferentia l  Signal

It was f o u n d  d u r i n g  the  course  of  some low pass d ig i ta l  f i l t e r i n g  

ex p e r im en ts  t h a t  a d i f f e r e n t i a l  probe locus could  be syn thes i sed  f r o m  one 

logged (sect ion £t>.3) using an absolute  probe,  thus  re mov ing  a n y  a d v a n ta g e  

gained  by us ing a d i f f e r e n t i a l  probe whi ls t  com puter is ed  d a t a  logging was 

t ak ing  place. F u r t h e r m o r e  the  d i f f e r e n t i a t i o n  is not  re s t r ic t ed  to the 

d i r ec t io n  of probe t ravel ,  bu t  can also be a long the  tube  axis  r a th e r  th an  

a long a c i rc um fe re nce .  In this way a scan wi th  a d i f f e r e n t i a l  bobbi n  probe 

can be s im ula ted  even when scann in g  was done o r ig inal ly  wi th  an absolute  

pan cake  probe.  A f u r t h e r  a d v a n ta g e  is tha t  in d i f f e r e n t i a t i n g  in the  axia l  

d i r ec t ion  the s ignal  d i f f e r e n t i a t e d  pe r ta in s  to a much n a r r o w e r  a n g u l a r  sector 

of  tube  (d ic ta ted  by the  e f f e c t i v e  f ie ld  d iam e te r ,D  eqn. 2.5) t h an  fo r  a
e f r

real  bobb in  probe: in this way one of  the l imi t a t i ons  of  bobbi n  probes  is

overcome,  nam ely  thei r  inab i l i t y  to convey any a n g u l a r  pos i t ional
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in f o r m a t io n .  T h e  most i m p o r t a n t  f a c t o r  in get t ing  this synthes is  to work 

co r rec t l y  was se p a ra t i o n  o f  the  sample  points  to be su b ra c t ed  one f r o m  the 

o ther .  T h ey  h a d  to be a d i s t ance  a p a r t  in t ime e q u iv a l e n t  to the  pole

se p a ra t i o n  di s t an ce  in the  rea l  d i f f e r e n t i a l  probe.

2.8 R o ta t in g  an d  Bobbin  Probes

For  ID tu b in g  inspec t ion ,  t he re  are  two m a in  types  o f  probe:  the  (non- ro ta t ing )  

b obb in  coil (so ca l led  because  it resembles  a b obb in  of  t h re a d ) ,  an d  the 

ro t a t i n g  pan c ak e  coil. T h e  f o r m e r  has  been es tab l ished  in use fo r  t ub ing 

inspec t ion s ince the  late sixt ies,  but  is phys ica l ly  in capab le  o f  in spect ing  the 

e x p a n d e d  d i a m e te r  tu b in g  in the  tubeshee t  region,  or of  being  fo r ced  past  a 

dent .  In a ro t a t i n g  probe,  the  coil is m o u n ted  upon  a l e a f s p r in g  (see f ig

2.5), a n d  the  m a in  body o f  the  probe is smal ler  t h an  the  tube  bore  by a fe w  

mill imetres .  T h e  pro be  should  gl ide a long  the  bore,  c e n t r ed  by a r in g  a t  each 

end,  cove red  w i th  s t i f f  nylon  brist les,  so tha t  the  probe t ip  is ca pab le  of 

t a k in g  up smal l v a r i a t io n s  in the  tube  d iam et er .  A n u m b e r  of  such probes  were  

des igned and bui l t  by the  au th o r ,  s imi la r  to (but  most ly  smal ler  t h an )  tha t  

shown  in a p p r o x im a te ly  1:1 scale in f ig  2.5.

Since abou t  1978, Brown an d  var ious  o t her  au tho rs  (e.g. Van Drunen ,  S h a r p  

and Cecco,1983) have asserted th a t  the  de tec t ion of low vo lume d e fec t s  (ie 

cracks) in den ted  areas  can only  be accompl ished wi th  high reso lut ion probes  

such as the  one in fig. 2.5, w h e th e r  it be w oun d as an absolute  or a d i f f e r e n t i a l

probe.  The a im of  this re search is to improve d e fec t  de tec t io n  and

class i f i ca t ion ra tes for  smal ler  more local ised defect s  than  have been prev iously  

of  concern ,  due  to the increas ing  em phasi s  being placed upon the in teg r i ty  of
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p r i m a r y  c i rc u i t  com pon en ts ,  an d  so exclus ive  use has  been m ade  o f  small  

d i a m e t e r  ( t yp ica l ly  2.5 mm.) p a n c ak e  probes.  Var i ous  p ieces o f  p ra c t i ca l  wor k 

h av e  been p e r f o rm e d  by the  a u th o r  an d  his spons ors  to s u ppor t  this.  Befo re  this 

s t u d y  s ta r t ed ,  Babcock Power  p e r f o r m e d  some re sea rch to d e t e r m in e  the  most 

sens i t ive  f e r r i t e  core cross sec tions  fo r  su r f a ce  probes  (Far ley ,  H a m i l to n  and 

L i t t l e , 1980). T h e  a u t h o r  ac cu m u la t e d  cons iderab le  p r ac t i ca l  ex p e r ien ce  d u r in g  

the  process of  m a k in g  a n u m b er  of  probes  in a t t em pts  to de tec t  the  or ig inal  ’316’ 

d e f ec t  set, in m a c h in in g  smal l f e r r i t e  cores an d  w i n d i n g  coils w i th  ve ry  f i ne  

ena m a l le d  copper.  T h e  work  th a t  was done  is d iscussed f u r t h e r  in sec tion 2.12.

T h e  ad v a n ta g e s  an d  d i sad v an ta g es  of  the  f o u r  possible co m b in a t io n s  of 

probes  by e lec t r ica l  an d  geometr ic  ca tegor ies  are  best  s u m m ar i sed  in t a b u la r  

fo rm .  T ab le  2.1 summar ises  the  d i f f e r e n c e s  bet w een  s u r f a c e  an d  bobb in  

probes  a n d  T ab le  2.2 compares  absolute  a n d  d i f f e r e n t i a l  probes.

2.8.1 Speed of Inspect ion

An  ax ia l  inspec t ion speed o f  0.25m/s fo r  a bobbin  p ro be  is wi del y  quo ted  as 

possible.  Th e l imi t ing  speed is the  m a x im u m  at w h ich  a c rack  ( the d e fec t  

r e q u i r in g  the greates t  b a n d w id t h )  can be t rave rsed  w i th o u t  there  being  any 

d e g r a d a t io n  of  the  deta i l s  of  the  shape of  its locus wi th  respect  to th a t  

ob t a in ed  at  a min im a l  d r a w in g  speed. D is to r t i on  can ar ise  due  to 

b a n d w id t h  l im i t a t ions  of  the re co rd ing  method,  w h e th e r  th a t  be tape  

r eco rd ing or d ig i t i sa t ion .

Russell  and Richardson(  1984) re po r ted  drops  in signal  peak height s  o f  50% for  

increases of  bobb in  probe speed f rom 0 to 0.6 m/s,  but  showed th a t  this was
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d u e  to the  s l ew ra te  l imi t  imposed by th e i r  c h a r t  re c o rd e r  desp i t e  its be ing of  

the  best  qual i ty .  T h ey  noted  a d ro p  o f  only  5% over  the  same range o f  speeds  

w h e n  d ig i ta l  aqu i s i t io n  was used.  Sel ig an d  Neumaie r(1983)  have 

d e m o n s t r a t e d  th a t  the  e f f e c t  of  not  enough  b a n d w i d t h  in an y  s tage bet ween  the 

p ro be an d  the  d i sp lay  screen is s l ew ra te  l imi t ing w h ich  compresses the  phase  

vs. d ep th  r e la t io nsh ip  in a m a n n e r  such t h a t  an im p ed an c e  p lane  phase  spread 

of  30° can com plete ly  d is sappea r ,  m a k in g  assessment  of  the  th ro u g h w a l l  

d ep th  h igh ly  i n a cc u ra t e  (see fig. 2.6). When the d i f f e r e n t i a l  pro be  y-s ignal  is 

p lo t te d  aga ins t  t ime (assuming the  ID an d  OD axes are  a l igned  as fo r  sec tion

2.5) the  e f f e c t  o f  i n s u f f i c i e n t  b a n d w i d t h  can be seen to be a w id en in g  of  

the  gap bet ween  the  peaks  of  the  ch a rac te r i s t i c  swings  in opposi te  d i re c t io ns  

assoc ia ted  w i th  a defect .  Th e deepes t  de fec t s  co n ta in  the  bigges t  swings  in 

the  y d i rec t ion .  These  ar e  a t t e n u a t e d  by the  b a n d w i d t h  l im i ta t io n ,  a n d  the 

phase  o f  a severe  de f ec t  appear s  the  same as a m o d era te  one,  a l t h o u g h  the  phase  

sp read  fo r  ID de fec t s  to m o dera te  OD re mains  u n a f f e c t e d  because  the 

b a n d w i d t h  r e q u i r em en t s  fo r  modera te  to shal low d ef ec t s  are  not  so great .

For  u n d e g r a d e d  s torage  of  a c r a c k ’s im p ed an c e  p lan e  locus w i th  re spect  to 

pape r  reco rd ings  made  of  the  t race  a t  logging t ime,  a m i n im u m  spat ia l  

s ampl ing  ra te  of  1 s a m p l e / m m  of  tube  was f o u n d  necessary.  For  

m u l t i f r e q u e n c y  ed dy  c u r r e n t  equ ipm en t ,  as used here,  the  sa m pl ing  ra te  

associa ted  wi th  the  exc i t a t i on  m ul t i p lexe r  is usua l ly  the  l im i t ing  fac to r .  

T he MIZ-12 mul t i p lex ing  ra te  was such th a t  the i n d iv id u a l  ch a n n e l  sampl ing  

ra te  was 400Hz,  e f f ec t iv e ly  imposing a m a x im u m  speed of  jus t  over  8 

rev o lu t io n s / seco n d  a r o u n d  the  15.5mm in t e rn a l  d i a m e t e r  tu b in g  fo r  a ro ta t in g  

probe at  a sampl ing  ra te  of  1 p o in t /m m .  T h e  ac tu a l  ra te  was 6.5 re v o lu t io n s  per 

second, so the  s ignal  was u n a f f e c t e d  by sampl ing.  T h e  pi tch  o f  the  hel ix
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desc r i bed  by the  probe was 1m m ./ re vo lu t ion ,  so the  ax ia l  ra te  of  inspec t ion  

was  6.5 mm./sec .  For  the  same re so lu t ion us ing a b o b b in  probe,  0 .4m/s  would  

have  been possible.  Bobbin probes  are  still  used fo r  most  w ork  because  of  this 

50-fold ad v a n ta g e  in axia l  ra te  of  progress  an d  the  consequen t  cost of  

inspec t ion t ime com p a red  to ro t a t i n g  probes . R e f e r i n g  to the  tubep lo ts  in 

C h a p t e r  5, the  f i rs t  set o f  loggings (those do ne  w i th  the  U n iv e r s i t y  

com pu te r s  - see a p p e n d ix )  had  a m uch  hi ghe r  s am pl ing  ra te  t h an  was 

subsequen t ly  dec id e d  necessary.  In the  la t er  set o f  t ub ep lo t s  (those done on a 

lower  q u a l i t y  p lo t te r  as will  be seen by c o m p a r in g  fig.  5.43 wi th  fig. 5.23), the 

sam pl ing  ra te  was r e duced  an d  the  h o r i zon ta l  an d  v e r t i c a l  scales have  been 

ad ju s t ed  so th a t  the  scales on the  plots are  equal .

A visual  check was p e r f o r m e d  on the  re co rd ed  loci f o r  an y  d i r ec t io n a l  e f f ec ts  

due  to veloci ty.  T h e  t h ro u g h  wall  holes fo r  a n g u la r  r eg is t r a t io n  a t  e i t h e r  end 

o f  the  IG A  tube samples  were  k n o w n  to be c i r c u l a r  an d  so th e i r  image  in 

the  "unrol led"  tubeplot s  was expec ted  to be s y m m et r i ca l  ab o u t  the  c en t r e  of  

the hole.  Th is  was ind eed  so (see fig.  5.25), an d  f r o m  this  it was conc lu ded  

t h a t  ther e  was no s ig n i f i c an t  f ie ld  d i s to r t io n  due to the  speed o f  t rave l  of 

the  probe across the  metal .  Within  the  l i te r a tu re ,  there  is a lmost  no m en t ion  of 

the  e f f e c t  of  probe veloci ty  on EC tes t ing  of  small  d i a m e t e r  tu b in g  p ro bab ly  

due to the  r e la t ive ly  low speeds  an d  high inspec t ion  f r e q u en c ie s  invo lved.  No 

wo rk e rs  in o ther  groups  inspec t ing s team gen e ra to r  t u b in g  have re p o r t ed  an y  

e f f ec ts  due  to d e f o r m a t i o n  of  the probe f ie ld  at  speeds  of  up to 0.5m \  

Morgan(1985) expe r i enced  a d i f f e r e n c e  be tween  the  ac tu a l  an d  sensed posi t ion 

of  def ec ts  wh en  inspect ing 25mm. wall  th ickness ,  la rge bore  gas mains

tu b in g  a t  4 m s ' 1 an d  1kHz, due,  he suspec ted  to the  m a gne t i c  f ie ld  f r o m  the 

100mm. d i a m e te r  probe lagging b eh in d  because  of  the  low f r e q u e n c y  a n d  high
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speed.  He c o n f i r m e d  this by c a lc u la t in g  the  f ie ld  shape fo r  the  probe us ing a 

f i n i t e  e l em en t  analys i s  pac kage an d  the  e f f e c t  was ve ry  a p p a r e n t  in the  f ie ld 

plots.

2.9 Theoret ical  Studies

I f  complete  s im u la t i on  of  the  in t e ra c t io n  of  a f i e ld  wi th  a d e f ec t  were 

possible,  then  it would  not  be necessary  to ap p r o a ch  this  p ro jec t  us ing pa t t e r n  

recogn i t io n  an d  meth od s  based on a col lec t ion of  p ro to ty p e  samples.  Ins tead,  

a complete  set o f  pro to type s ignals  could  have  been m a n u f a c t u r e d .  

F u r t h e r m o r e ,  i f  inve rs ion  of  the  s ignal  back to a f u n c t i o n a l  d esc r ip t i o n  of  the 

d e f ec t  i t se l f  we re  possible,  the c la ss i f i ca t io n  prob lem  could  have  been 

a t t a c k e d  f r o m  a non-s ta t i s t ica l  po in t  o f  v iew as well.  What is c u r r e n t l y  possible 

a n d  w h a t  has  been done in the pas t  in s im ula t ion ,  a n d  why  e f f o r t s  to do more  

hav e  been f r u s t r a t e d  so f a r ,  will  now be considered.

T h e  h is to ry  of  s im u la t i on  of  the  i n t e ra c t io n  of  m agne t i c  f ie lds  w i th  

con d u c to r s  to p ro d u ce  eddy  cu r ren t s  re f lec ts  the  a n a ly t i c a l l y  inso luble  n a tu r e  

of  the  g ove rn in g  equa t ions  fo r  all bu t  the  s imples t  of  geometr ies  of  coil and 

cond uc to r .  E a r ly  work  ce n tr ed  on d e r iv in g  an  eq u a t io n  in terms  of  the  vector  

m agne t i c  po ten t i a l  (no rma l ly  deno ted A) f r o m  M ax w e l l ’s equa t ions .  This  

q u a n t i t y  is a m a th em a t i c a l  conven ie nce  o f  ten uou s  physi ca l  s ign i f i cance ,  

po p u la r  due  to the  ease wi th  w hi ch  probe c u r r e n t  an d  im p ed an c e  can be 

ca lc u la ted  f r o m  it. Only  in the cases of  a probe coil (single t u r n  or r e c t a n g u l a r  

cross sec tion)  s t an d in g  end-on,  above a homogeneou s  i n f i n i t e l y  th ick  

c o n d u c t in g  slab,  an d  an enc i rc l ing coil a r o u n d  a long bar ,  have  the  necessary  

cond i t ions  of  s y m m et ry  been presen t  ab o u t  the probe axis to a l low an
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a n a ly t i c a l  so lut ion  fo r  A. Even then ,  the  solut ions  a re  so complex t h a t  the i r  

e v a lu a t io n  by c o m p u te r  is a lmost  essent ia l  to enab le  p lo t t i ng  o f  p re d ic ted  

ed d y  c u r r e n t  m ag n i tu d es  an d  phases.

B are ham (1 960)  was the f i rs t  to use c o m p u ta t io n a l  me thods  upon M ax w e l l ’s 

eq u a t io n s  in the  con tex t  of  eddy c u r r e n t  N DT.  S ta r t i n g  wi th  the  much  qu oted  

d e r iv a t io n  o f  the  eddy c u r r e n t  d i f f u s i o n  eq u a t io n  in terms  of  the  vector

m ag n e t i c  po tent ia l ,  he solved it fo r  fo r  the  p a r t i c u l a r  case of  an  in f i n i t e l y  long 

en c i r c l in g  coil ( the s implest  inspec t ion  geomet ry  to analyse) ,  co n t a i n i n g  th in -  

wa l led  tubi ng ,  in orde r  to q u a n t i f y  the  e d d y  c u r r e n t  in ten s i ty  an d  phase  lag 

p ro f i l es  w i th  dep th .  He gives a fo r m u l a  fo r  the  r e q u i r e d  exc i t a t i o n  f r eq u en c y ,  

to ac h ie v e  one of  f o u r  prof i les .  Even fo r  this s imple  co n f ig u r a t i o n ,  

n u m e r i c a l  e v a lu a t io n  of  the  closed f o r m  so lut ions  to the  vec tor  magne t i c

p o ten t i a l  d i f f e r e n t i a l  equa t ions  was necessary.

T h e  co m p u t a t i o n  involved  in solving the  same basic eq ua t ions ,  w i th o u t  the  

s i m p l i f y in g  a s sum pt ion  of  ax ia l  sy m m et ry ,  only  bec am e fe as ib le  re cen t ly  and 

were  f i r s t  app l i ed  to eddy  cu r ren t s  w h en  B r u d a r  (1982) s im u la te d  a bo bbin  

coil en c i r c l in g  tubes  wi th  a u n i f o r m  ID slot r u n n i n g  a long the  length  of  the 

tube.  He di d  this us ing a 2-dir*v*sional f i n i t e  e l emen t  s im u la t i o n  (see below).

B r u d a r ’s plots i n d ica te  the  w ay  in w h ich  the  eddy  cu r r e n t s  avo id  a d e f ec t  by 

going u n d e r n e a t h  it but  the  s im ula t i on  still  assumes an in f i n i t e l y  long tube  

w i th  an  in f i n i t e l y  long crack,  so it is still  not  possible to see to w h a t  ex t en t  the 

cu r r e n t s  are  d e f le c ted  a r o u n d  the  ends  o f  a de fect .

Dodd an d  Deeds(1968) pub l i shed  a ve ry  widely  r e f e r e n c e d  paper ,  in w hich

the  same bas ic vec tor  m agne t i c  p o ten t i a l  e q u a t io n s  are  solved fo r  both
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com m on  inspect ion conf igu ra t ions :  a solenoid  above a c o n d u c t in g  h a l f p l a n e  of  

i n f i n i t e  d ep th  c lad wi th  a lay er  o f  a d i f f e r e n t  co n d u c to r ,  an d  a rod 

s im i l a r ly  c lad ,  s u r ro u n d e d  by an en c i r c l in g  solenoid.  T h e  pap e r  then  w en t  on 

to d e f in e  coil im pedance  upon the  solu t ions  o f  these equa t ions ,  an d  to 

d e m o n s t r a t e  the  correc tness  o f  the  t r e a t m e n t  by g en e ra t i n g  the  classic 

i m p ed an c e  plane  loci fo r  l i f t o f f ,  an d  fo r  v a r i a t io n s  in exc i t a t i o n  f r eq u en c y ,  

c o n d u c t i v i t y  or permeab i l i ty .

Z am an(198 2)  im i t a te d  the  same m et ho d,  an d  p ro d u c ed  c u r r e n t  in tens i ty  

con tou rs  w hi ch  exp la in  the  d ip  in the  response  as a s u r fa ce  pro be  passes 

over  the  ce n t r e  o f  a hole: the  c u r r e n t  in tens i ty  peaks  d i r ec t ly  u n d e r

w in d in g s  o f  the  coil(see fig. 2.7), at  its mean radius ,  a n d  decays  expo n e n t i a l l y  

ou ts ide  this  circle.  It is zero ev e ry w h e r e  w i t h i n  the  hole.

Betzold  an d  Becker(1976) ca lc u la ted  the  c u r r e n t  d ens i ty  u n d e r  a pan c ak e  

p ro be  u n d e r  va r io us  c i rc umstances ,  as d id  Dodd, Deeds,  Luqu ire  and 

Spoeri (1969) .  By ca lc u la t in g  the  con tours  of  a complex q u a n t i t y  w i th  both  

m a g n i t u d e  an d  phase,  the  "defect  sens i t iv i t y  fac tor" ,  they  c lea r ly  showed the 

ex t e n t  to w hi ch  eddy  cu r re n t s  f r o m  a p a n c a k e  coil have  only  l imi ted  

p en e t r a t ion .

As a l r e a d y  m en t io n ed  in conne ct ion w i th  B r u d a r ’s work ,  f i n i t e  e lement  (FE)  

s im u la t i o n  has recen t ly  become c o m p u ta t io n a l ly  pract i ca l .  It works  by i t e ra t i ve  

m in im isa t io n  of  a f u n c t io n  desc r ib ing  the  degree  o f  d i sc re p an cy  between  the 

po ints  in a mesh,  g iven the  gov e r n in g  f ie ld  eq u a t io n s  (M axw el l ’s eq u a t io n s  

expressed in a d iscre te  form).

Lord has pub l i shed  ex tens ive ly  on the  app l i ca t i o n  o f  a 2-d ax i s y m m ct r i c
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f i n i t e  e l em en t  s im u la t i on  (descr ibed in det a i l  only  in Lord(1981)) fo r  in s tance  

to des ign  a probe to m ax im a l ly  s ep a ra t e  the  d e f e c t  an d  tube  roll  (see fig 

1.4) s ignals  whi ls t  inspect ing the  tube  expans io n  region  (Ida et al, 

1983). He re po r t ed  the  t ime t aken  fo r  a ca lc u la t io n  o f  the  s ignal  f r o m  a 

b obb in  probe pass ing ax i sy m m te r i ca l  p i t t i n g  at  the  top  of  a tube  su p p o r t  p late 

as 66 m inu te s  of  cpu t ime on a C yber  205 s u p e r c o m p u te r  (Brown, 1984). 

A re cen t  review of  2 an d  3 d im en s io n a l  FE s im u la t i o n  packages  conc lu ded  

th a t  3-D s im ula t i on  of  the  t ime v a r y in g  f ie ld  due  to the  passage o f  a probe 

over a rea l i s t i ca l ly  th in  cr ack  is still  p ro h ib i t iv e ly  cos tly (B ec ke r,1986) 

in c o m p u te r  t ime an d  r equi res  eno rmous  am o u n ts  of  m em ory  to s tore (and in 

p a r t i c u l a r  inv er t )  the  m o d e l ’s noda l  m a t r ix  w h ich  co n ta ins  a rea l  n u m b e r  

f o r  eve ry  node in the  p r o b le m ’s mesh.  Lord has  suggested  th a t  process ing this 

m a t r i x  in the  case of  d ef ec t s  r e q u i r in g  model l ing  a t  the  g r a n u l a r  level such

9as IG A  a n d  IGSCC will  re q u i r e  the  s to rage  of  10 rea l  num ber s ,  w h ich  is 

e q u i v a l e n t  to the  s torage  cap ac i ty  o f  t w e n ty  200 M egabyte  Winchester  disk 

dr ives ,  an d  is thus  cu r r e n t l y  still  a long w ay a w ay  f r o m  being  feas ible.

Brown(1983)  has  used a s imi la r  f i n i t e  e lement  model  to inves t iga te  the 

shape o f  loci f r o m  a su r fa ce  probe as it passes f ro m  good th in  p la te  to a 2 

l ayer ed  plate,  w here  one layer  is g iven the  res is t ive pr ope r t ie s  of 

i n t e r g r a n u l a r  a t t a c k  ( IGA) or th inn in g .  D isc r im in a t io n  be tween  IGA and 

th i n n in g  was p re d ic ted  to be possible,  us ing the m a g n i tu d e  an d  phase  of the 

loci ex t re m a,  bu t  became more d i f f i c u l t  as the  res is t i v i ty  of  the  IGA ap p r o a c h e d  

an i n f i n i t e  value.  Thi s  d i f f i c u l t y  w ou ld  lead to a p r ac t i ca l  problem,  

because  i n f in i t e ly  res is t ive IGA has been observed:  it is a p p a r e n t l y  due  to loss 

of  con tac t  be tween  the  gra ins .  U pon  to tal  gra in  b o u n d a r y  di ssolu t ion  and 

consequen t  wall  loss f r o m  eros ion,  the re  ceases to be an y  bulk  d i f f e r e n c e
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be tw een  IGA & th in n in g  th a t  is m eas u r ab l e  w i th  e d d y  cu r ren t s ,  an d  thei r  

ch a r a c te r i s t i c  loci become ident ica l .

Th e  concern  caused by the occ urence  o f  IGA in SG tu b in g  is due  to 

i n t e r g r a n u l a r  stress cor ros ion c r ac k in g  (IGSCC) w h ich  t ends  to ac c o m p a n y  it. 

A tube  r u p t u r e  can be in i t i a t ed  f r o m  IGA w h en  of  a lesser dep th  t h a n  would  be 

necessary  wi th  t h i n n in g  because  the  IGSCC prov ides  c rack i n i t i a t i o n  sites 

u n l ike  smooth  s u r fa c ed  th in n in g  w h ich  is ca used by m ec h a n ica l  ab ra s ion.  Th us  

a more  s t r i ngen t  p l ugg ing cr i t e r i a  has  to be app l i ed  fo r  IGA.  A m e r i c a n  power  

g en e ra t i o n  com pan ie s  have r epo r t ed  d i f f i c u l t y  in te l l ing  IGA an d  th i n n in g  apa r t ,  

an d  in d e t e r m in in g  the  dep th  of  p e n e t r a t i o n  of  IGA,  because  both  dep th  of  

p e n e t r a t i o n  an d  wall  co n d u c t iv i t y  a f f e c t  the  locus size an d  deep IGA w i th  l i tt le 

g ra in  b o u n d a r y  di ssolut ion has  been ob served  (by tube  sect ioning)  an d  produces  

a ve ry  s imi la r  locus to th a t  o f  shal low IGA w i th  h eav i ly  a t t a c k e d  gra in  

boundar ie s .  Some au th o r s  (e.g. B r o w n , 1983) have suggested  t h a t  it m igh t  be 

possible to tell IGA a n d  th in n in g  a p a r t  us ing m u l t i f r e q u e n c y  eq u ip m en t ,  but  

in o rd e r  to analyse  several  loci out s ide  o f  a l a b o ra to ry  at  speeds  econo mic  for  

on-si te usage,  a u to m a t i c  s ignal  ana lys is  wi ll  be necessary.  Thi s  work  was in par t  

p ro m p te d  by such remarks .

2.10 Transfer Function of  the Probe

In e d d y  c u r r e n t  N DT,  the tes t ing eq u i p m e n t  can t h o u g h t  of  as a system with  

an in p u t  an d  an output :  the inpu t  is u l t im a te ly  the crack in the meta l  wall

even thou gh  sensed wi th  a coupl ing f ie ld  an d  cu r ren t s  and the o u tp u t  f r o m  the 

probe (or more  spec i f i ca l ly  the probe s ignal  c i r cu i t r y :  see fig.

*2.4) is a d e te rm in i s t i c  o u tp u t  due  to a de fect ,  pa r t i a l l y  subm erg ed  in
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b a c k g ro u n d  noise an d  probe wobble.  In a c tu a l i t y ,  l i t t le  is k n o w n  ab o u t  the 

in p u t  to the  probe.  A l though  an ax ia l  c r ack  is a l in ea r  d i s c o n t i n u i t y  in 

c o n d u c t iv i t y ,  t he re  is l i t t le  j u s t i f i c a t i o n  o the r  t h a n  o f  an in tu i t i v e  n a tu re ,

in saying  th a t  the  in p u t  to the  probe is t h e r e f o r e  an  impulse .  H o w ev er ,  it is

reasonab le  to pos tu la t e  tha t  as the  f ie ld  is passed over  the  de fec t ,  the 

d i s co n t in u i ty  seq uen t i a l l y  a f f e c t s  the  pa r ts  o f  the  f ie ld .  T h e  f i n a l  o u p u t  is 

analogous  w i th  the  cross co r re la t ion  of  an  in creas ing ly  lagging pulse wi th  a 

fu n c t io n  w hi ch  d e f in e s  a f ie ld  d i s t r i b u t io n  s imi lar  to th a t  show n in f ig .2.7. 

It seem wou ld  seem reasonab le  to app ly  p a r a m e t e r  i d e n t i f i c a t i o n  a p p r o a c h  to 

the  s ignal  f r o m  the  probe to i d e n t i f y  the  "defect - to -probe-  ou tpu t"  t r a n s f e r  

fu n c t io n ,  an d  then  apply  a m a tch e d  f i l t e r  to i n v e r t  the  p robe t r a n s f e r  

f u n c t io n ,  in o rd e r  to r econs t ruct  the  or ig i na l  d e f ec t  cross section.

U n f o r t u n a t e l y ,  the  d e t e r m in a t io n  of  the  t r a n s f e r  f u n c t i o n  of  a sys tem is 

ach ie vab le  only  i f  both  the  in p u t  an d  o u t p u t  are  known .

V ar i ous  methods  of  p a r a m e te r  i d e n t i f i c a t i o n  i n c lu d in g  K a l m a n  f i l t e r i n g  

were  s t ud ied  in an a t t em p t  to f i n d  a w ay a r o u n d  this; bu t  u l t im a te ly  there  is 

n o w a y  to avoid  the m ax im th a t  "e i ther the  t r a n s f e r  f u n c t io n  of  a system must  

be kn ow n ,  in o rd e r  to es t imate  the in p u t  f r o m  a noisy ou tpu t ,  or the  in p u t  and

o u tp u t  must  both  be kno wn,  in o rd e r  to es t imate  an u n k n o w n  t r a n s f e r

funct ion" .  Any methods  fo u n d  to overcome this re s t r ic t ion  u l t im a te ly  involved  

en f o rc in g  some model  upon the probe t r a n s f e r  func t ion .  A n a ly t i ca l  method s  

of  p re d ic t in g  the impedance of coil in the presence of  a d e fec t  of  a p a r t i c u l a r  

shape and  posi t ion  wi th  respect  to the* probe (and the  reverse  o p e ra t ion  

popu la r l y  r e f e r r e d  to as invers ion in the l i te ra tu re )  are  still  in t he i r  in fa  ncy,  

and r equ ir e  the imposit ion  of gross as sumpt ions  on the fo rm  of  the d e f e c t  e.g.
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th a t  it consists of  one ver t ica l  f i ssure  o f  negl ig ib le  w id th .  N u m e r ic a l  mode l l ing  

metho ds  ar e  also u n su i t ab le  fo r  the  p ro d u c t io n  of  a t r a n s f e r  f u n c t i o n  because  

they do not  y ie ld  a f u n c t io n a l  r e la t io n sh ip  bet ween  the  de f ec t  (h o w e v er  its 

shape might  be f u n c t io n a l ly  f u n c t io n a l ly )  an d  the  s ignal  shape (simi lar ly ,  

how e ver  th a t  m igh t  be de f ined) .

2.11 Mixing

Suppose  th a t  an  OD d e f ec t  an d  an u n w a n t e d  s ignal  such as s u r f a c e  noise 

sep a ra te  by 90° a t  some f r eq u en c y .  At  a n o t h e r  h ighe r  f r e q u en c y ,  the  phase  

sepa ra t ion  wi ll  be s u bs tan t i a l ly  d i f f e r e n t .  By in spect ing  an  a rea  of  tube  

whe re  only  the  un d es i r a b le  locus occurs,  an d  ad ju s t i n g  the  size an d  degree  

of  ro ta t io n  (phase) of  the  h i ghe r  f r e q u e n c y  ch a n n e l  locus a su b t rac t i v e  

mix insensi t ive  to the u n des i ra b le  e f f e c t  can be fo und .  T h e  p en a l ty  paid  fo r  

this  is t h a t  the  phase  spread be tween  p h en o m en a  of  d i f f e r e n t  d ep th s  is re duced ,  

m ak in g  assessment  of  dep th  more  e r ro r  prone;  an d  t h a t  an  e x t ra  ch a n n e l  of 

d i f f e r e n t  f r e q u e n c y  is requi red .

All m u l t i f r e q u e n c y  i n s t ru m e n ta t i o n  has provis ion fo r  m ix in g  of  channel s ,  

usual ly  w i th in  special  purpose  mixer  modules  wh ich  have f r o n t  panel  phase  

a d ju s tm e n t  controls  in add i t i o n  to the i n d i v id u a l  ch a n n e l  gain 

po ten t iomete rs  no rm al ly  f o u n d  in such units.  In essence w h a t  is don e is th a t  

the source of an u n w a n te d  signal  is sca nned at  two well  s epa ra ted  f requ enc ie s .  

One locus is then ro ta t ed  and scaled,  and the phase  an d  ho r i zon ta l  and  

ver t ica l  ga ins  are  adj us ted  so that  a th i rd  locus (whic h is the  d i f f e r e n c e  

between the f i rs t  two) is op t imised i.e. m inimised  in size. I f  this can be fu l ly  

achieved ,  the mixed locus collapses to a s t a t i o n a ry  spot,  t hough  only  for
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v a r ia t io n s  in the  tube  wall  p a r a m e t e r  not  of  in terest .  In com m er ci a l  

m u l t i f r e q u e n c y  e q u ip m e n t  there  are  c u r r e n t ly  two p o p u la r  ways  o f  p re sen t in g  

the  o pe ra to r  w i th  enoug h visual  clues to enable  h i m  to "mix out" u n w a n te d  

signals.  The  f i rs t  of  these is s imply  to d i splay  to h im  the  m ixed  locus 

i tsel f,  a n d  the  second way  is to p re sen t  a locus d e r iv e d  f r o m  the  two s ignals 

being m a tch ed  p r io r  to sub t ra c t i on ,  to focus  the  a d j u s t m e n t  of  control s  upon 

ac h ie v ing  a match.

The block d i ag ra m  of  fig.  2.8 shows a mix ing  system re p re s e n t a t i v e  of  the 

f i rs t  type.  Thi s  is exa ct ly  how the  Hock in g  D5 an d  D6 i n s t r u m e n t s  work  

( H o c k i n g , 1985) : by ro ta t io n  of  the  locus of  ch a n n e l  2, e q u i v a l e n t  to the

s t a n d a r d  ro ta t iona l  t r a n s f o r m a t i o n  of  a point  (x,y) by 0 in a c lockwise 

d i r ec t io n  to fo rm  a new point  (x’,y’):

V cos0 sin^ljx

-sin0 cos0J|y

U n f o r t u n a t e l y ,  it is not  p a r t i c u la r l y  easy to ob ta i n  a good a n n u l m e n t  wi th  

this metho d,  a l though  it is the  s imples t  to v isual ise  a n d  descr ibe.  Thi s  is 

because there  are  th ree  controls  to be adjus ted:  phase ,  ho r izo n ta l  ga in  and 

ver t ica l  gain.

Th e mix ing  method employed in the Zetec  MIZ series (see f ig  2.9) t ends  to be 

p r e f e r r e d  by N D T  techn ic ia ns  because of  the  g reate r  ease of  se t t ing  up a mix. 

The phase ro ta t ion scheme is s l ight ly  d i f f e r e n t .  The  ho r i zon ta l  an d  ver t ica l  

signals of  the su b t rac te d  loci can be ro ta t ed  by d i f f e r e n t  angles ,  s ince a phase  

ro ta to r  is employed for  each or thog on al  compo nent  of  one ch a n n e l  in a two 

channe l  mix. Th e equa t ions  des c r i b ing the  ope ra t ion  p e r fo r m e d  by the  phase 

ro ta to r  arc  though t  to be
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x’2 cos0h sin0h X2

.y’l
s in0v o o in . <

;

7* .

s ince this was t he i r  fo r m  in the  p ro to ty p e  deve loped by Davis(1980) a l t hough  

the  m a n u f a c t u r e r  w ou ld  not  c o n f i r m  this.  0H an d  are  angles spec i f ie d  on 

t h u m b w h e e l  swi tches  on the  f r o n t  panel.

The  b e n e f i t  bes towed by use of  this f o r m  is th a t  the  m i r r o r  image  o f  the  f i g u re

ab o u t  its m a jo r  axis  can be gen e ra ted  a n d  the  d i r e c t io n  o f  d esc r i p t i on

reversed.  V a r i a t i o n  o f  the  angle  spec i f ie d  to the  0 phase  r o t a to r  t h ro u g h
H

360° has  been s im u la te d  fo r  a f i g u re -o f -e ig h t  (fig.  2.10), a s y m m e t r i c  ab o u t  the 

m a jo r  axis  in o rd e r  to h ig h l ig h t  the  f l i p p in g  of  the  locus. It t i l t s f r o m  a 

g r a d ie n t  of  +1 to -1, a n d  back again ,  bu t  d u r i n g  the  second 180°, the 

f i g u re  is r e f l ec ted  in its m a jo r  axis.  The  v a r i a t io n  o f  0 f o r  the  more  no rm al  

H o c k in g  type  eq u a t io n s  is show n in fig.  2.11.

It seems unl ike ly  th a t  this ab i l i ty  to reverse  the  sense o f  d e sc r i p t i on  of  the 

loci is real ly necessary  since the  H o c k in g  e q u ip m e n t  c a n n o t  do this a n d  yet  a 

mix can a lways  be fo u n d ,  even i f  it is more  d i f f i c u l t  to do the  a d ju s tm e n t s  to

ach ieve  this.  It is more  l ike ly  th a t  the  fo r m  of the  ro t a t i o n  eq u a t io n s  has been

p icked  in o rd e r  to f a c i l i t a t e  the M IZ-12’s r a th e r  c leve r  op e r a to r s  a id  for  

an u l lm en t ,  w hi ch  is a d i sp lay  of  e i th e r  the  two ho r i zo n ta l  or two ver t ica l

com ponen t s  f r om  the  chann el s  to be mixed,  p lo t ted  aga ins t  each o the r  on

ca r t es ian  axes. E l im in a t i o n  is done by a d ju s t in g  the  ho r i zo n ta l  ga in  an d  the 

ho r i zon ta l  phase  ro ta to r  whi ls t  w a tc h in g  the  ho r i zo n ta l  axes f ig ure .  When 

they m at ch  per fec t l y ,  a s t ra igh t  l ine wi th  g r a d ie n t  of  +1 is d i sp layed.  

Th e process is then repea ted  wi th  the  two ver t ica l  signals.  On comple t ion  

the un desi ra b le  locus in the  de r iv e d  c h a n n e l  will  have  been mixed  out.
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2.11.1 Choice of Frequency

T h e  choice  of  f r e q u e n c y  tends  to be a compromise  when  only  one f r e q u e n c y  

is a l l ow ed  because  the  s t a n d a r d  d e p th  p e n e t r a t i o n / p h a s e  spread  theory

t h a t  the  s t a n d a r d  dep th  of  p en e t r a t i o n ,  ,J1 1 / f 2 a n d  the  phase  lag,B«t£

For  a p an c ak e  probe,  these re la t io nsh ips  do not  hold  q u i t e  so r igorous ly ,  and  

the choice  of  f r e q u e n c y  is not  so p a r am o u n t .  T h e  probe d i a m e t e r  sets the 

m a x i m u m  pen e t r a t i o n ,  an d  w i th in  t h a t  l imi t  the f r e q u e n c y  causes  v a r i a t i o n  in 

the  ra te  o f  change  o f  phase  wi th  p e n e t r a t i o n  dep th .  The b e h a v io u r  o f  both 

c u r r e n t  in t ens i ty  an d  phase  aga ins t  d ep th  as has  a l r e a d y  been e x p la in e d ,  is not 

fu n c t i o n a l l y  d e f in e d  s ince all plots o f  th is have been p ro d u c ed  c o m p u ta t io n a l ly  

(see fig.  2.1). No s tud ies  of  the  v a r i a t io n s  in these d i s t r i b u t io n s  fo r  f r e q u e n c y  

hav e  yet  been publ ished .  T h u s  t he re  exis t  no q u a n t i t a t i v e  rules  f o r  p i ck ing  the 

f r e q u e n c y  of  inspect ion fo r  a p a n c a k e  probe,  o ther  th an  eqn.  2.6 fo r  the  f 

f r e q u e n c y ,  fo r  90° phase  spread between  ID an d  OD defects .  In o th e r  work,  

w h e n  3 f r eq u en c ie s  h av e  been used,  they  have  been p ick ed  thus:

(i) One,  as h igh as possible (up to 1.6MHz), to sense only  su r fa ce  

p h en o m e n a  a n d  l i f t o f f .

(ii) A n o t h e r  to sense OD p h en o m en a  such as tube  suppor t s ,  the  tube  

sheet,  ex te r na l  m ag n e t i t e  and coppe r  deposi ts,  or cor ros ive  f e r r o m a g n e t i c  

sludge in the  tube  r o l l / tu b e  sheet  crevice.  This  one is r e q u i r ed  to be as low 

as possible.

(iii) T h e  th i rd ,  no rm a l ly  chosen to be the  f  f r e q u e n c y ,  fo r  good phase  

spread between  ID an d  OD.
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A mix o f  such f r eq u en c ie s  al lows the  e l im in a t io n  o f  the  s ignal  due  to probe 

wo bble  an d  one OD phe nom ena ,  such as the  tubeshee t ,  or co ppe r  deposi ts.

T h e  f o u r t h  channe l  in the  MIZ-12 exists ch ie f ly  because  at  the  t ime of  its 

d ev e lo pm e n t ,  the  b e n e f i t  of  m u l t i f r e q u e n c y  systems was pe rce ived  to be tha t  

they  a l l ow ed  "paral lel  acquisi t ion":  s im u l t an eo u s  sca n n in g  of  tu b in g  wi th  

f r eq u en c ie s  op t imised  fo r  the  de tec t io n  of  severa l  p h e n o m e n a  s imul tane ous ly ,  

in o rd e r  to re du ce  the t ime spent  scanning .

For  Inconel  s team gen e ra to r  tub ing,  w i th  1mm wall  th i ckness ,  the  p h e n o m e n a  to 

be d e tec ted  are  typ ica l ly

( i ) t ube  sheet  crack ing ,

( i i ) th e  presence  of  m agne t i t e  in the  tube  sheet  crev ice  an d  

s ludge p ro f i l ing ,

( i i i ) ID an d  OD de fect s  a n d  d en t in g  

a n d

( iv )d en t ing  a n d  ID e f f ec t s  alone.

It was w i th  these aims in m ind  t h a t  the  f r eq u en c ie s  f o r  this s t u d y  were 

chosen:  100,220,300 an d  600kHz.

B ro w n ’s (1982) work was done us ing the  Zetec  MIZ12  p ro to type ,  which

al lowed  hi m  to use 1.6MHz in one ch a n n e l  to de tec t  only  Pilger  noise.

U n f o r t u n a t e l y ,  the  p ro duc t ion  version was l imi ted  to f r eq u en c ie s  in the 

rang e 10kHz to 1MHz, so dup l i ca t i o n  of  his mix fo r  co m par i so n  of 

resul ts  was not  possible.  This  was a p i ty  since he was us ing the  same type 

of tu b in g  as has been s tud ied here.  Also, he com pla ined  of  h ighly  d i s to r t ed  loci

b ea r i ng  no resem blance  to the i r  u n m ix ed  eq u iv a len ts  (as have  some o ther

au tho rs )  wh en us ing 2 f r eq u en c y  Pilger  noise e l im in a t io n ,  an d  of  the

57



C h a p t e r  2 E d d y  C u r r e n t  Test ing

u n d es i r a b i l i t y  o f  a f r e q u e n c y  as h igh as 1.6MHz. Brown(1982)  also d em o n s t r a t e d  

t h a t  it was possible to remove Pilger  noise f ro m  a 200 kH z locus us ing two 

lower  f r e q u e n c y  channe ls  of  400 an d  800kHz  r a th e r  th a n  the  1.6MHz 

channe l ,  due  to the  a d d i t i o n a l  r e d u n d a n c y  of i n f o r m a t i o n  in the  3rd channel .  

S ur pr i s ingl y ,  the  p resent  a u t h o r  f o u n d  it p e r fec t l y  possible to remove Pilger 

noise f r o m  220kHz wi th  a 60 0k Hz locus,  as is e x p la in e d  in sec t ion 5.5. 

U n f o r t u n a t e l y ,  B ro w n ’s mix in g  t e ch n iq u e  is not  ex p la in e d  q u a n t i t a t i v e l y  

enough  fo r  it to be co m p u ta t io n a l ly  p e r fo rm e d .

2.12 Cho ice  of  Prob e Type an d  Mat er ia l

It had  o r i g ina l ly  been in t en d ed  to use Mac leod’s d e f e c t  set in 316 s tainless 

steel tu b in g  fo r  the  m u l t i f r e q u e n c y  work ,  e x p a n d in g  it as necessary  by the 

m a n u f a c t u r e  of  more  defect s  in the  same type  o f  tubing .  T h e  d e fe c t  s ignal  loci 

f r o m  both  the  old an d  the  new inspect ion  sys tems could  then  have been 

com pared ,  us ing the  same f r e q u e n c y  in one of  the  f o u r  ch anne l s  a n d  the  same 

type  o f  probe. This  would  have been des i rable ,  to a l low p a t t e r n  re cogni t ion  

ex p e r im en t s  to commence wi th  the  same f e a t u r e  set, as had  been used by 

Macleod,  an d  thus  p ro vide  a means  of  v a l id a t i n g  the  results.

Severa l  fa c to rs  p re ven ted  this,  and e v e n tu a l ly  com bined  to fo rce  a change  of 

t u b in g  type,  an d  of  probe type.

T h e  C i rcograph  was re s t r ic ted  to inspect ion at  400kHz,  because  of  the  tuned  

ro t a t i n g  core t r a n s f o rm er ,  wh ich  it uses to couple  ( the d e m o d u la t io n  e lec t ronics)  

to the  probe coils as well as to the  m ech a n ica l  s h a f t  dr ive .

T h e  sponsors became more in teres t ed  in the  d e t e r m in a t i o n  of  the  l imi ts of
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d e f ec t  d e t ec t a b i l i t y  in Inconel  600 r a th e r  th an  in 316 s ta inless  steel (and

p a r t i c u l a r l y  in the  IGA occ ur in g in it) a n d  so f a b r i c a t e d  a set of  de fec t s  in 

t h a t  mater ia l .  T h e  reason fo r  the  c hange  in em phas is  was t h a t  it had  been 

es t ab l i shed  th a t  n ickel  based alloys such as Inconel  are  more  re s is tan t  to the 

types  of  cor ros ion l ike ly  to occur  in a PWR th a n  s ta in less  steel alloys.

T h e  Zetec  e q u ip m e n t  was fo u n d  to be in capab le  of  d e tec t in g  de fec t s  in 316 

t ub ing ,  regardless  of  probe type.  T h e  reason was neve r  successful ly

d e t e r m in e d ,  despi t e  repeated  c o m m u n ic a t io n  wi th  the  m a n u f a c t u r e r ’s Br i t ish  

agents  a n d  m any  a t t em pts  w i th  va r io us  probe core mater ia ls ,  geometr ies ,  

w i n d in g  co n f ig u r a t i o n s  an d  types  an d  gauges  of  wire.

In a f i n a l  a t t em p t  to de tec t  a de f ec t  in the  or ig inal  tu b in g  set p r i or  to the 

swi tch  to Inconel  600, two pai rs  of  ro t a t i n g  absolute  probes,  id en t i ca l  in 

eve ry  d e ta i l  o the r  th an  in d i am e te r ,  we re  tested  wi th  the  Zetec  equ ipm en t ,  

one p a i r  in 316 s tainless steel test  a n d  r e fe r e n c e  tubes ,  a n d  the  o the r  pa i r  in 

Inconel  600 tubes.  The  notches  in both  of  the  tubes  u n d e r  test were 

s u f f i c i e n t ly  severe (0.5 mm. deep) to be visible to the  n ak ed  eye. The notch 

in the  Inconel  was detec ted ,  but  a s imi la r  one in the  316 tu b in g  was not,

r eg ard les s  of  the  f r eq u en c y  used over  the  range  10kHz to 1MHz. P a r t i cu l a r  

note was t aken  of  the non ap p e a ra n c e  of  the de f ec t  at  400kHz,  the same 

f r e q u e n c y  at  w h ich  the notch in the  316 tub ing  was a p p a r e n t  us ing the

C i rc ogra ph .  Subsequen t  doub le  checking ,  by inspec t ing  the s l ightly  larger 

bore Inconel  tu b in g  by hand  wi th  the  probes des igned for  the  smal ler  316 

tu b in g  showed tha t  they could detec t  the notch in the Inconel  wi th  ease. The 

m a te r ia ls  were  both  n o n fe r ro m ag n e t i c ,  w i th  s imi lar  co nduc t iv i t i e s ,  an d  the 

not ches  we re  p ro duc ed  by the  same means  i.e. e lec t rode d ischarge  machining.
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No ce r t a in  exp lan a t io n  fo r  this a n o m a ly  was f o u n d ,  but  it seems l ike ly  th a t  it 

was due to a lack of  sens i t iv i ty  in the  MIZ-  12. I f  this is t rue ,  the  des ign f a u l t  

may well have been r ec t i f i ed  by the  m a n u f a c t u r e r  in l a te r  models,  s ince  the 

sys tem bought  by Babcock Power  Ltd.  was one of  the  f irs t .

2.13 Concluding R em ark s

T h e  complexi t ies  of  ed dy  c u r r e n t  tes t ing  have  been r e v ie w ed  in o rd e r  to 

d em o n s t r a t e  the  ad v a n ta g es  o f  a p p ly in g  a c o m p u te r  to v a r io us  tasks  w i t h i n  the 

subject .  In the nex t  ch ap te r ,  the  tasks  w h ich  have  to be p r o g r a m m e d  in o rd e r  to 

a u to m a te  d ef ec t  de tec t ion  an d  c l a ss i f i c a t io n  are  discussed in detai l .
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f i g  2 .1  C i r c u l a r  m a g n e t i c  f l u x  c o n t o u r s  and  
l i n e s  o f  e q u a l  p h a s e  s h i f t  w i t h  r e s p e c t  t o  t h e  
c o i l  e x c i t a t i o n  c u r r e n t ,  f r o m  a n u m e r i c a l  
s i m u l a t i o n  by Dodd (197 8) ,  d e m o n s t r a t i n g  the non­
p l a n a r i t y  o f  the  f i e l d  i n c i d e n t  upon th e  a i r / m e t a l  
boundary. The i n t e n s i t y  o f  t h e  ed d y  c u r r e n t s  
f l o w i n g  a n y w h e r e  i n  t h e  m e t a l  a r e  d i r e c t l y  
p r o p o r t i o n a l  t o  the  i n t e n s i t y  o f  the  s i n u s o i d a l l y  
v a r y i n g  m a g n e t i c  f l u x  a t  t h a t  p o in t .

p/4

f i g .  2 . 2  Co n t o u r s  o f  d e f e c t  s e n s i t i v i t y  i e  t h e  
norma." sed magni tude and phase change o f  the  c o i l  
impedance f o r  a s m a l l  d e f e c t  (from r e f .  11)



loo

Fig 2 3 The meanings associated with movements of the co:b  
impedance away from the null point in the impedance plane, with 
excitation of the probe at the f<jQ frequency.

Fig „ 2.4 The difference between (a) a differential and (b) an
absolute probe when represented schematically in terms of the way 
in which they are connected into the bridge found in most 
instruments. Subsequently the output is mixed with the input 
sinusoid, and then passed through a low pass filter. The baseband 
signals which remain provide the beam deflections which produce 
the characteristic impedance plane loci.
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f i g .  2 . 5  The C i r c o g r a p h  r o t a t i n g  p r o b e .  The  
r o t a t i n g  probe used upon the  Inci>nel 600 t u b i n g  i n  
Chapter 5 was based upon t h i s  d e s i g n .



f i g  2 . 6  B a n d w i d t h  r e d u c t i o n  i n  t h e  y - c h a n n e l  a n d  c o n s e q u e n t  
s l e w  r a t e  l i m i t i n g  c a n  c a u s e  r e d u c t i o n  i n  t h e  p e a k  h e i g h t :  
f o r  e x a m p l e  ( a )  i s  d e g r a d e d  t o  ( b ) .  A s s u m i n g  t h a t  t h e  x 
s i g n a l  i s  a l r e a d y  f a i r l y  r o u n d e d  i t  i s  u n a f f e c t e d ,  s o  t h e  
b a n d w i d t h  r e d u c t i o n  i s  m a n i f e s t  a s  a r o t a t i o n  o f  t h e  l o c i  
t o w a r d  t h e  x - a x i s ,  b e c a u s e  l a r g e  t r a n s i e n t  v a l u e s  o f  y a r e  
s u p r e  s s e d .

Fig. 2.7 The current induced in a surface probe as a raster scan 
is performed past a hole. X and Y refer to the displacement of 
the probe centre with respect to the hole centre, and rQ is the 
hole diameter.
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Chap te r  3 P a t t e r n  Recogn i t ion

3 Chapter 3: Pa t t ern Recogn i t i on  Methods

In this ch a p te r ,  the  s t r u c t u r e  of  a p a t t e r n  recogn i t io n  sys tem a p p r o p r i a t e  to 

the task in ques t ion  is d e f in e d ,  an d  the  ca pab i l i t e s  of  the  co n s t i t u en t  e l emen ts  

requi red  are  d iscussed in detai l .

Also w i th in  th is  ch a p te r ,  e x p e r im e n ta l  w ork  p e r f o r m e d  on f e a t u r e  e x t r a c to r s  

based upon the  fa s t  F o u r i e r  t r a n s f o rm ,  F o u r i e r  desc r ip to rs ,  a n d  AR 

spectral  e s t im a t ion  is desc r ibed,  a long w i th  w ork  on b r a n c h  an d  bo u n d  f e a t u r e  

selection,  c r i t e r i o n  fu nc t i ons ,  an d  a d a p t i v e  l e a rn ing  networks .

3.1 In t ro d u c t io n

The s t r u c t u r e  is based upon the  classic s ta t i s t ica l  p a t t e r n  r e cogn i t io n  sys tem 

of fig. 3.1, w h e re  the  f l ow  of  i n f o r m a t i o n  is f r o m  sensor ( the ed d y  c u r r e n t  

system) th r o u g h  pr ep rocessor  ( the d e f e c t  de tec to r  i.e. s egm en ta t i on  p r o g r am )  to

fe a tu re  ex t r a c to r ,  a n d  f i n a l l y  to c lass i f ier .  In this sec tion,  the  f u n c t i o n  of

each of these c o m p o n en t  par ts  is d e f in e d  in more  detai l .

The block d i a g r a m  of  fig.  3.1 represen ts  the  o p e r a t ion  o f  a p a t t e r n

recogni t ion sys tem in its f i n a l  ope ra t i o n a l  form.  D u r in g  the  d e v e lo p m e n t

stage, more  s tages  are  r eq u ir ed ,  an d  these are  shown in fig. 3.2. Essent ia l ly ,  

this d i ag r a m  shows how much  more  emphasis  there  is pu t  upon d i sp l ay in g  

the da ta  at  every  point  in the  inv es t iga t ive  s tages  th an  in the  f ina l  

"product ion"  system.  Also, it can be seen th a t  the d a t a  set is spl i t  in to  a 

t ra in ing set an d  a tes t ing  set. This  is ch a rac te r i s t ic  o f  a s ta t i s t ica l  p a t t e r n  

recogni t ion  sys tem,  in th a t  the  d i f f e r e n c e  be tween classes of  p a t t e r n  point s  is 

described by the s tat i s t ics  of  each class of  points  (or the i r  class p r o b a b i l i t y
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di s t r i bu t i on  f u n c t io n s )  an d  the  use o f  a "stati st ical" c l ass i f i er  must  t h e r e f o r e  

inc lude t r a i n i n g  upo n a large  set o f  point s  r e p re sen t ing  the  fu l l  sp re a d  of

va r ia t ion  w i t h i n  each of  the  classes. T h e r e  is an a l t e r n a t iv e  type  o f  p a t t e r n

recogni t ion  sys tem, s y n tac t i c  or c o n tex tu a l  pa t t e r n  recog ni t ion ,  bu t  this type 

has not been used in this thesis.  T h e  reasons  for  this a re  d iscussed later .

The f o r m  of the  d i a g ra m  in fig.  3.1 implies  th a t  such a sys tem wou ld  

immedia te ly  process an d  c l ass i fy  an y  de fe c t  signal  passed to the  f e a t u r e  

ext rac tor ,  w h e rea s  in fig.  3.2, the  m en t io n  of  f i les  a t  all i n t e r m e d i a t e  po ints  

suggests th a t  the  system in th a t  case wou ld  be op e ra ted  o f f - l in e ,  i.e. not  

synchron ised to the  pro be  or p r o d u c in g  c l as s i f ic a t ions  in rea l  t ime,  but

processing the  s ignals  in batches .  T h e  ul t im a te  a i m  of  this p ro jec t  is the 

deve lopment  of  a s ite po r t a b l e  un i t ,  w h ich  will  p ro bab ly  have to be c apab le  of  

being t r a in e d  by s t a f f  not  ex p e r t  in the  design o f  p a t t e r n  r e cogn i t io n  systems.  

It will  thus  hav e  to ru n  a re d u ced  fo r m  of  the  p ro c ed u ra l  b lock d i a g r a m  in fig. 

3.2, an d  then  a d a p t  to the p ro d u c t io n  sys tem of  fig. 3.1. Th e o r i g ina l  w o rk  of  

this ch a p te r  ce n t r es  upon  the  d e v e lo p m e n t  of  meth ods  capab le  of  use in such an 

au tom at ic  f e a t u r e  set d e v e lo p m e n t  process ( l ike the one in fig.  3.3, w h ich

i l lus t ra tes  the  m a n n e r  in w h ich  the  sys tem of  fig. 3.2 wou ld  be t r a n s f o r m e d  to 

tha t  of  fig.  3.1). The  ab i l i ty  to a d a p t  f r o m  one type  o f  system to the  o th e r  is 

essential  w h en  the  s ignals  fo r  each class of  de f ec t  can chang e bet w een  one set 

of tubes an d  a n o th e r ,  a n d  so on site t r a i n i n g  becomes necessary.

3.1.1 Some Def in i t ions

In this p rob lem ,  the  p reprocessor  is responsible  fo r  passing only  those s ignal  

segments w hi ch  re p re sen t  d e fec t s  to the  f e a tu re  ex t ra c to r ,  an d  fo r  an y  s ignal
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processing w h ic h  m ay  be necessary  upo n the  raw in p u t  s ignal  to p r e p a r e  it fo r  

the e x t r a c t i o n  o f  fea tu res .

The f e a t u r e  e x t r a c t o r  makes  a n u m b e r  of  m easu rem en ts  up on  the  s ignal  

segment  passed f r o m  the  p reprocessor ,  fo r m i n g  a vector  of  r e a l -v a lu ed  f ea tu re s ,  

know n as a p a t t e r n  po in t  or sample  vector .  O f t en ,  the  f e a tu r e s  e x t r a c t e d  are  

ad-hoc or h eu r is t i c ,  in t h a t  they  are  chosen by the  des igne r  in a non- 

sys temat ic  m a n n e r ,  based upon  pas t  exper ience .  In v iew of  the  necess i ty  tha t  

a w o rk in g  sys tem be t r a i n a b le  on site by people unve r sed  in f e a t u r e s e t  design,  

e f f o r t  has  been d i r e c t ed  t o w ar d s  the des ign of  f e a t u r e  vectors  w h ich  encode 

all of the  i n f o r m a t i o n  ab o u t  the  signal.

A f t e r  us ing such a scheme,  it will  be necessary  to re duce  the  d i m e n s io n a l i ty  

of the  f e a t u r e  vector ,  s ince o f t en  the  essential  d i f f e r e n c e s  bet w een  

d i f f e r e n t  classes of  s ignal  can be a d e q u a t e l y  de sc r ibed  by a subset  o f  the  fu l l  

fea tu rese t .

Fea tu re  se lec t ion reduces  the  d im en s io n a l i ty  of  the  m e a s u r e m e n t  vector .  

It is don e by in v es t i g a t i n g  the  a b i l i ty  of  d i f f e r e n t  subsets  of  the  set of  f e a tu r e s  

to d e s c r im in a te  be tw eeen  p a t t e r n  classes. Va r io us  increases  o f  class se p a ra t i o n  

exist in o r d e r  to f i n d  the  best  subset .  M ost measures  assume n o rm al  class 

d i s t r ib u t i o n s  a n d  so are  not  sui tab le  fo r  m u l t im o d a l  d i s t r i b u t io n s ,  or 

s i tua t ions  w h e r e  n o th in g  is k n o w n  ab o u t  the  fo rm  of  the  d i s t r i bu t i ons .  None  

of the measures  c om m only  discussed in the classic p a t t e r n  r e cogn i t io n  texts 

are su i t ab le  in p rac t i ce  in these cases. A new measure ,  w h ich  makes  no 

assum pt ions  ab o u t  the  f o r m  of  the  class d is t r ibu t i ons ,  has  been dev i sed  by the 

au tho r ,  a n d  is desc r ib ed  in sec t ion 3.4^3
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To f in i sh  the  process, the  c l ass i f i er  must  a t t r i b u t e  class m em b er sh ip  of  one 

pa r t i c u la r  class to a new p a t t e r n  of  u n k n o w n  class, based e i t h e r  upo n the 

prox im i ty  o f  s tored p a t t e r n s  po ints  (nea res t  ne ig h b o u r  c l ass i f ica t ion ) ,  or upon 

class b o u n d a r ie s  ca lc u l a t ed  f r o m  a t r a i n i n g  set (decis ion f u n c t io n - b a s e d  

c lassi f icat ion) .  T h e  f o r m e r  m e thod  is more  robus t  u n d e r  co n d i t i o n s  of 

u n k n o w n  class d i s t r i b u t i o n  (see section 3.S.2), and  so this type  of  c l as s i f ie r  

f inds  f a v o u r  in the  conclu s ion sections  of  the  main  ex p e r im e n ta l  c h a p te r s  (4 

& 5).

3.1.2 P r a c t i c a l  C o n s id e ra t i o n s

This p ro jec t  is i n t e n d e d  to spaw n  a f ie ld  po r t ab le  i n s t ru m e n t  in the  nea r  

fu tu re .  Th is  pu ts  a specia l  em ph as is  upon the  robustness  o f  the  a lg o r i t h m s  used 

in each of  the  f o u r  areas .  T h e y  must  all be capable  o f  o p e ra t i n g  s a t i s f ac to r i ly  

regardless  of  the  types  of  d e f ec t  presen t  in the  t ub ing set to be inspected .

For in s tance  the  shape o f  the  loci assoc ia ted  wi th  each class of  d e f e c t  d e p e n d  

to some e x t en t  u p o n  fa c to r s  o the r  t h a n  the  shape of  the  d ef ec t s  themselves,  

and the  r e l a t io n s h ip  bet w een  the  loci fo r  d i f f e r e n t  d e f ec t  types  an d  depths .  

In p a r t i c u la r ,  the  t u b i n g ’s c o n d u c t i v i t y  a n d  p e r m eab i l i t y  v a r y  wi th  t ime,  d u e  to 

the h igh t e m p e r a t u r e s  an d  pressures  expe r i en ce d ,  and there  may be d i f f e r e n c e s  

between s t eam genera to rs :  d i f f e r e n t  tube  wall  d imensions  will  m ak e the  shape  of 

the locus change.  H ence  it is necessary  that ,  f r o m  the f e a t u r e  e x t r a c to r  

onw ards  in the  sys tem of  both  figs. 3.1 & 3.2, each of  the sec tions  be ca pab le  

of coping w i th  v a r i a t io n s  in the  re la t ive  s ign i f i cance  of  i n d i v id u a l  

fea tures  in the  fe a tu re s e t ,  an d  va r ia t io n s  in the  fo rm  of  the  d e f e c t  class 

d i s t r ibut ions .
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This impl ies  th a t

(i) the  s eg m en ta t i o n  th re sho ld  must  d ep en d  upo n an d  a d a p t  to the  

b a c k g ro u n d  noise,

(ii) the  f e a t u r e  e x t r a c t i o n  scheme c a n n o t  be ad hoc, s ince by the  n a t u r e  of 

an ad  hoc sys tem, it wi ll  be a t t u n e d  to only  the  t r a i n i n g  d a t a  upon 

w h ich  it  was developed.

and

(iii) n e i t h e r  the  f e a t u r e  se lec t ion c r i t e r io n  fu n c t io n ,  nor  an y  f e a t u r e  space 

ro t a t i o n  or

(iv) a n y  c l as s i f ie r  must  m ak e  an y  a ssum pt ion s  ab o u t  the  f o r m  of  the  class 

d i s t r i bu t i ons .

Each one o f  these  4 topics  wi ll  now be discussed in more  deta i l .

3.2 Prep rocess ing

The p reprocessor  is nee ded  in o rd e r  to i solate de fec ts  f r o m  clean tu b in g  (in

order  to p r e v e n t  c o n fu s io n  in the  la t er  stages by r e q u i r in g  c l a s s i f i c a t io n  of

signals w h ich  do not re p re sen t  defects).

For  the  p a r t i c u l a r  p rob lem of EC signals f r o m  hel ica l ly  sca nned  defects ,  

using a n o n -d i r e c t i o n a l ly  sens i t ive  probe (see section 2.4 a n d  c h a p te r  5 upon 

absolute p an c a k e  probes)  the  pr ep rocessor  must  also r e -o r i en ta te  the  d i re c t io n  

of scan n in g  by means  of  a b u f f e r  store,  f r o m  c i r c u m f e r e n t i a l  scan to axia l  scan,  

in o rd e r  to get the  same type  o f  s ignal  f r o m  ax ia l ly  s y m m et r i c  d e fec t s  as for  

the o the r  types , so t h a t  a common  mix a n d / o r  th re sho ld  a n d / o r  f e a t u r e  

ex t r ac to r  m ay  be used over  all types  of  defect .
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C er ta in  types  o f  f e a t u r e  ex t r a c t o r  (such as th a t  used in sec t ion 3.5.1), use an 

F F T  a n d  t r e a t  the  s ignal  as a ser ies o f  complex v a lued  sam ples  in the  

im p ed an c e  plane ,  a c o n s t a n t  spac ing a p a r t  in t ime. T h ey  r e q u i r e  an  in p u t  

series o f  f i x e d  l eng th  i.e. w i th  the  n u m b e r  o f  points  a ( f ix e d )  in tege r  p o w er  

of two. T h e  d i f f e r i n g  ch a r a c te r i s t i c  w id th s  of  the  va r io us  d e f e c t  types  

cause d i f f e r e n t  le ng ths  o f  t ime ser ies to be passed by the  segmentor .  T h u s  the  

pr ep rocessor  m ay  be r e q u i r e d  to equa l is e  the  length  o f  t ime ser ies f e d  to 

the f e a t u r e  e x t r a c to r ,  e i t h e r  by w i d e n i n g  the  l imi ts  o f  the  sec t ion w h ich  was 

segmented ,  or by "zero-padding"  both  ends  o f  the  sample  sequence.

In the  f e a s ib i l i t y  s tu d y  p re ced in g  th is  work,  Macleod(1982) used h a n d  

seg m en ta t i on ,  f e e d i n g  the  a n g u l a r  a n d  ax ia l  ex ten t  o f  de fec t s  to the  f e a t u r e  

ex t r ac to r  as a d a t a  f i le ,  to be read  by the  f e a t u r e  e x t r a c t i o n  p r o g r a m  at  ru n  

t ime wh i l s t  the  tu b e  d a t a  f i les  were  being processed.  He suggest ed  a s imple  

s egm en ta t i on  t e c h n i q u e  w h ic h  used an  in i t i a l l y  h igh a m p l i tu d e  t h re sho ld ,  w h ich  

hav in g  been exceeded ,  was re d u ced  e x p o n e n t i a l l y  to a l low all o f  the  d e f e c t  

signal  to pass.

The sch eme  was tested  up on  the set of  def ec ts  of  C h a p t e r  4 by th is  au th o r ,  

but  the  scheme was f o u n d  to work  on p r o n o u n c ed  defect s ,  bu t  not

s u f f i c i e n t ly  well  to ca tc h  smal l  defec ts ,  s ince l ower ing  the  in i t i a l  a m p l i t u d e

threshold  t e n d ed  to pass patches  of  noise as well.  In re t rospect ,  th is  problem

might  have  been a l l ev ia ted  by the  inclus ion  of a m e d ian  f i l t e r  p r io r  to the

th re sho ld ing  s tage (an n-sample  m ed ian  f i l t e r  is s imi la r  to an  n-sample  

moving av e rag e  f i l t e r  ex cep t  th a t  the  n previous  in p u t  samples  ar e  sor ted  

into a s c en d in g  o r d e r  by va lue  an d  the  o u tp u t  is the  m ed ian  va lu ed  inpu t  

sample).  Th i s  w ou ld  have  p r even ted  the  spikes  in the noise f r o m  t r ig g e r in g  the
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exponen t i a l  dec ay ,  as opposed to the  gen u in e  rise in s ignal  level  ov er  tens  of  

sample point s  ass oc ia ted  w i th  a t ru e  defect .  A more  robus t  ad - h o c  a lg o r i t h m ,  

developed by th e  a u t h o r  to su i t  the  b ip o la r  s ignal  f r o m  a d i f f e r e n t i a l  p robe,  is 

given in C h a p t e r  4.

Two seg m en ta t i o n  a lg o r i t h m s  hav e been deve lo ped  a n d  tes ted .  O n e  is g iven  in 

C hap te r  4, des igned  f o r  use on the  s ignal  f r o m  a s ingle f r e q u e n c y  d i f f e r e n t i a l

probe. T h e  o th e r  is g iven  in C h a p t e r  5 fo r  a hel ica l  scan abso lu te  p ro b e  w i th

m u l t i f r e q u e n c y  exc i t a t i on .

3.2.1 P ub l i shed  Work

In most  pa p e r s  pu b l i sh e d  upo n au t o m a t i c  d e f e c t  c l a s s i f i c a t io n ,  no 

ment ion is m a d e  o f  the  m a n n e r  in w h ich  au t o m a t i c  d e f e c t  d e t ec t io n  was 

achieved.  T h i s  t ends  to im p ly  t h a t  o the r  a u th o r s  h av e  segm en ted  d e f ec t s  out  

by han d ,  by vi sual  in spec t ion  of  tube  an d  scan plots,  an d  t h a t  th e y  were  

more c o n c e rn e d  w i th  c l a s s i f i c a t io n  th a n  wi th  a u t o m a t i o n  of  the  in spec t ion  

and d a t a  s torage  process.  T h e  systems of  C N R L ,  V in co t t e  a n d  the  CEGB

(refer red  to in sec t ion 15)  a re  excep t ion s  to this.  T h e  de tec t io n  c r i t e r i a  used 

by these sys tems (p rev ious ly  de sc r ibed  in sec tion 1.9) ar e  a m p l i tu d e - b a s e d ,  

ra the r  t h a n  z-plane  based.  T h ey  m ake no use o f  phase  i n f o r m a t i o n  to 

d i sc r iminate  bet w een  the  s ignals  due  to de fec ts  an d  o th e r  p h e n o m e n a  in the 

impedance  plane.

In the more  gene ra l  p a u e r n  recogni t ion  an d  s ignal  process ing l i t e r a t u r e  

(not speci f ic  to a u t o m a t e d  N D T )  not  spec i f i c  to au t o m a t e d  N D T ,  m u ch  more  

work has been pub l i shed  upon image segm en ta t i on  th an  on t ime series
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seg m en ta t i on  (see fo r  example ,  R os en fe ld  an d  Kak(1977)) .  No s ingle 

te ch n iq u e  seems p r e - e m in e n t  in t ime series s e g m en ta t i o n ,  s ince  most  

au tho rs  h av e  a d o p t e d  an  ad -hoc method .  T h i s  is not  su rp r i s ing ,  s ince  a good ad-  

hoc solut ion  is only  as co m p l ica ted  as it needs to be. S im pl ic i ty  is im p o r t a n t ,  

since in systems o p e r a t in g  in rea l  t ime it is i m p o r t a n t  t h a t  the  processor  be able  

to appl y  the  s eg m en ta t io n  c r i t e r i a  fa s t  e n ough  to be able  to h a n d l e  d a t a  a t  the  

same ra te  as the  sensor p r o d u c in g  it. U n f o r t u n a t e l y ,  f e w  s imple  a lg o r i t h m s  

for  the  s eg m en ta t i o n  o f  p h e n o m e n a  in t ime series hav e  been p u b l i s h ed  in 

the open l i t e r a tu r e ,  p e r h a p s  to m a i n t a i n  com m er ci a l  c o n f id e n t i a l i t y ,  b u t  the  

few t h a t  h a v e  been a re  now cons ide red  b r ie f ly .

Bodenste in  an d  Prae to r iu s (1977)  have  segmen te d  ab n o r m a l i t i e s  in E E G  

w a v e fo rm s  us ing ch anges  in spec t ra l  ene rg y  c o m p u te d  over  sho r t  t ime

segments,  w h e n  th e  s ignal  has  a l r e a d y  exceeded  a n  a m p l i t u d e  th reshold .  

Mot tl  a n d  Muchnik (1979 )  dev e lo ped  an  a lg o r i t h m  fo r  c o m p u t in g  the  

complex i ty  o f  a seg men t  f r o m  the  n u m b e r  o f  zero crossings  w i t h i n  it. These

papers  a re  typ ical  o f  the  com plex i ty  o f  pub l i shed  t ime series s eg m en ta t i o n  

techn iques ,  an d  it was d ec id e d  t h a t  such meth ods  were  o v e r co m p l ic a t ed  fo r  

this w o rk  a n d  also i n a p p r o p r i a t e  because  they  would  not  have been su i t ed  to 

the e v e n tu a l ly  i n t e n d e d  real  t ime im p le m en ta t ion .  F u r t h e r m o r e  they  do not  

take a d v a n ta g e  o f  an y  ch a ra c te r i s t i c s  (such as the  phase  ch a rac te r i s t ic s )  

speci f ic  to the  types  of  s ignal  involved.

One s imple  method  cons ide red  was th a t  of  Logan(1973),  w hich  t r e a t ed  the

sampled " re f l ec t iv i ty  values  f r o m  a ra s te r  scan o f  sheet  met a l  as a 2 

d im en s ional  image.  I f  whi l e  a d v a n c i n g  t h ro u g h  the  scans  d u r i n g  s e g m en ta t i on ,  

a point  exceeded  the a m p l i t u d e  th reshold ,  every  po in t  w i th in  a r e c t a n g u l a r
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boundary  was tes ted ,  an d  i f  an y  an y  o ther  point  was set, the  wh ole  area  

wi th in  the  b o u n d a r y  was  deem ed  to belong to the  defect .

3.2.2 Feas ib i l i ty  of  Im age  Process ing

An image process ing  a p p r o a c h  to the  tube  plot was co ns ider ed ,  t r e a t in g  

the real  a n d  i m a g i n a ry  am p l i tu d e s  as two sepa ra te  images ,  w i th  a m p l i tu d e  

l inear ly  r e la t ed  to in t ens i ty .  T h e  resul ts  of  p r e l im in a r y  w o rk  on a PDP1 1/45 

at the M I R U  in E d i n b u r g h  ar e  in c lu d ed  in C h ap te r  4, in fig.  4.1., w h e re  the 

plots in sp i red  the  s eg m e n ta t i o n  a lg o r i t h m  used there .

Ul t imate ly ,  image process ing was dee med  to be u n s u i t a b l e  fo r  this projec t ,  

for  2 reasons:

(a) the  cost  o f  specia l  pu rp ose  image process ing h a r d w a r e  or the  process ing  

t ime r e q u i r e m e n t s  f o r  a fu l ly  ser ia l  a p p r o ach  p e f o r m e d  in so f tw a re ,  

and

(b) the  succ es s fu l  d e v e lo p m e n t  of  a seg men ta t ion  scheme  w h ic h  w o r k e d  

ac cept ab ly  up on  i n d i v id u a l  scans,  w i th o u t  needing to r e f e r  to a d j a c e n t  ones. 

(The success ful  d ev e lo p m e n t  o f  a fe a tu re se t  an d  c la ss i f i e r  w h ich  w ork ed  

accep tably  well  upon  s ingle scans also co n t r ib u ted  to this decis ion).

Some s o f tw a re  was deve loped in orde r  to assess the  fe a s ib i l i t y  of 

image process ing on the  co m p u te r  h a r d w a r e  ava i l ab le  in the  d ep a r tm en t .  

It was e x p e r im e n ta l ly  d e t e r m in e d  tha t  the 32 k w ord s  of  m em o ry  on the 

PDP11/45 could  not  a c co m o d a te  more  than  12 single f r e q u e n c y  

scans (a ssuming 4 0 0 p o i n t s / c h a n n e l / s c a n  and  1 byte  / s am p le )  because  o f  the
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size of  the  F o r t r a n  objec t  code,  a n d  of  the  T ek l ib  g raph ic s  l i b r a r y  ava i l ab le .  

O ver l ay ing ca used  bugs  to a p p e a r  in the  graphics  due  to the  o v e r w r i t i n g  of  

code w i th  d a t a  w h ic h  were  in p ra c t i c e  not  t r aceab le  g iven the  s o f t w a r e  

deve lopment  f a c i l i t i e s  ava i lable .

The fe a s ib i l i t y  o f  us ing the  d e p a r t m e n t a l  GEC4180 was also inves t iga ted .  It 

had v i r t u a l  m em o ry  m a n a g e m e n t  an d  thus  p r ac t i ca l ly  no l imi t  to m em o ry  

and supp osed ly  one o f  its g ra ph ic s  l ib rar ies ,  FINGS,  a l lowed  128 level  v a r i a b l e  

in tens i ty  d r a w i n g  up on a T4014 t e rm inal .  E x p e r im e n ta l l y  it  a c tu a l ly  a p p e a r e d  

to have only  ab o u t  6 d i sce rn ib le  in t en s i ty  levels (i.e. b r i gh tnes s  level  110 

looked l ike  120, b u t  level 100 was less b r i gh t  t h an  120) a n d  F IN G S  was no 

longer s u p p o r t e d  (h a v in g  been re p la ced  by GINO).  P e rh a p s  o f  g re a t e r  

s igni f icance  was the  f a c t  t h a t  a move on to  the  4180, w h ich  was  deem ed  

st r ict ly not  f o r  rea l  t ime or d a t a  logging use, w ould  hav e  been a move  a w a y  

f rom a s ite p o r t ab l e  system.

3.3 F ea tu re  E x t r a c t i o n

For all o f  the  f e a t u r e  ex t r a c to r s  in this section,  it is tac i t ly  ass umed  th a t  

enough i n f o r m a t i o n  is c o n ta in e d  in the  im pedance  p lan e  locus f r o m  one single 

scan across a d e f e c t  to d i s c r im in a t e  between d i f f e r e n t  types  o f  de fec t ,  

provided th a t  the  o r i e n t a t i o n  of  the  scan is sym p a th e t i c  to the  type  o f  de fect .  A 

preprocessor c o n f o r m in g  to r e q u i r em en t s  of  the prev ious  section w ou ld  ensur e  

that  a nul l  locus was  neve r  passed to the  f e a tu re  ex t r a c to r  i.e. a locus t h a t  has 

degenera ted  to a dot,  as it wou ld  i f  the  scan rep re sen ted  one re v o lu t io n  over  

the cen t re  of  an  ax i - sy m m e t r i c  b an d - ty p e  defect .  It is also a ssum ed  t h a t  the  

shape of  the who le  locus is avai l ab le ,  not  jus t  the  m a g n i tu d e  a n d  phase  of  the
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outermost  po in t  in the  im p ed an c e  plane ,  a n d  (in the  case of  the  p a r a m e t r i c a l l y  

based f e a t u r e  ex t r a c to r s )  t h a t  i f  the  locus  c a n n o t  be re co n s t ru c ted ,  the  f e a t u r e s  

do not  hold  e n o u g h  power .

3.3.1 Exis t ing  Work

Doctor a n d  H a r r in g to n (1 9 8 0 )  have c l ass i f i ed  3 types  o f  d e f e c t  in 304 

aus t eni t i c  s ta in less  steel  tu b in g  f ro m  d i f f e r e n t i a l  bob b in  coil s ignals,  w i th  an 

86% co r rec t  c l a s s i f i c a t io n  rate.  The  f e a tu re s e t  used was an  a d -hoc  one: 

selected o r d i n a t e s  in the  a u to c o r r e l a t i o n  series,  a n d  pow er  spec t r a l  d ens i ty  

fea tu res  d es c r ib in g  the  s p re ad  of  pow er  across the  sp ec t r u m  in t erms of  area  

unde r  the  p o w er  spec t ra l  de n s i ty  curve.

Macleod (1982) used a s im i l ar ly  ad  hoc fe a tu rese t :  geo m et r ic  f e a t u r e s

descr ib ing the  length ,  t i l t  a n d  fa tn e ss  of  the  ch a ra c te r i s t i c  f ig u re -o f -

eight,  a n d  spec t r a l  f e a tu re s ,  to desc r ibe  the  d i s t r i b u t i o n  o f  spec t ra l  

energy in the  f r e q u e n c y  dom ai n .  These  f e a tu res  are  d iscussed in d e ta i l  in

cha pte r  4 a n d  also l i sted  in the  f eas ib i l i ty  s tudy.

Sat ish  an d  Lord (1984) have  a t t e m p te d  to desc r ibe  im p ed an c e  p lan e  loci w i th  a 

Four ier  D esc r i p to r-ba se d  f e a tu r e s e t  an d  have app l i ed  the  t e c h n iq u e  to the 

loci f r om  both  d i f f e r e n t i a l ,  an d  absolute  bobb in  probes  in Inconel  600 tubing.  

Some ex p e r im en t s  w i th  F o u r i e r  desc r ip to rs  synthes ised d e f ec t  loci have  

been pe r fo rm ed .  These  ex p e r im en t s  are  d iscussed in sec tion 3.5.2.

Sat ish (1983) has re p o r t ed  the use of  type  2 F o u r i e r  D e sc r ip to r

coeff ic ients  on ID d i f f e r e n t i a l  bobb in  probe loci. He succeeded  in g r o u p in g  a

total of 30 d e f ec t s  d u e  to 10 d i f f e r e n t  h o l e / t u b e  pla te  c o n f ig u r a t i o n s  in to  10
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"clusters", us ing a f e a t u r e  vec tor  co m pri sed  of the shape ro ta t io n ,  t r a n s l a t i o n  

and d i l a t io n  i n v a r i a n t s  type  2 coe ff i c i en t s ,  us ing a k -m ea ns  c lu s te r in g  

a lgor i thm.

3.3.2 P a r a m e t r i c  F e a t u r e  E x t r ac t io n  Methods

The d e s c r ip t i o n  o f  the  pe r im e te r  of  two dimen s ional  p l a n a r  ob jects  has  

mer i ted  co n s id e r a b l e  in te re s t  in p a t t e r n  recogn i t ion(Pav! id is ,1980) ,  

pa r t i c u la r ly  in c h a ra c t e r  recogni t ion .

P a ra m e t r i c a l l y  based desc r ip t ions  are  the  basis of  severa l  possible m e th o d s  fo r  

doing this.  In essence,  a f u n c t i o n  is chosen w hi ch  is capabl e  o f  de sc r ib in g  an y  

of the poss ible b o u n d a r ie s  by v a r i a t io n  o f  the  coe f f i c i en t s  in t h a t  f u n c t io n .  A 

very c r u d e  sch eme m ig h t  use a c irc le  to desc r ibe  the  b o u n d a r i e s  of  shapes  in 

the x-y p lane  in te rm s  o f  the  r a d iu s  a n d  ce n tr e  of  the  c irc le  w h ic h  h a d  the  

best fi t .  Th i s  w ou ld  obviously  lead to cons ider ab le  er ro r s  o f  f i t  fo r  

shapes o th e r  t h a n  c i r c u l a r  ones. T h e  F o u r i e r  desc r ip to rs  m e n t io n e d  above  (and 

in more  de t a i l  in sec tion 3.3.^) are  an  ex tens ion of  the  s imple  t e c h n i q u e  above,  

in tha t  they  a t t e m p t  to desc r ibe  b o u n d a r ie s  by a series o f  c i rc les  of  va r i a b l e  

radius  a n d  s t a r t i n g  po int ,  of  ascen d ing  ro ta t iona l  f r equency .

Pa ra m e t r i c  d esc r ip t i o n s  in gene ra l  have  f o u n d  f a v o u r  in m a n y  a p p l i ca t i o n s  

because of  th e i r  a b i l i ty  to re pre sen t  a d a t a  series w i th  some p re s p ec i f i ed  

func t ion,  w i th  s ig n i f i c a n t ly  fe w er  p a r a m e te r s  t h a n  the  n u m b e r  of  samples  

orig inal ly d e f i n i n g  the  shape,  whi l s t  r e t a in in g  the  ab i l i ty  to r e p r o d u c e  the  

essential  f o r m  of  the  shape.

74



Chapter 3 P a t t e r n  R ecogn i t ion

3.3.3 Polynomial f itt ing-based  Feature Extractors

The p a r a m e t r i c a l l y  based f e a t u r e  e x t r a c t i o n  methods  in th is  sub-sect ion  a re  all 

based up on  p o lynom ia l  f i t t ing .  In the  fo l lowing sub-sect ions  ex p e r im e n t s  

wi th t r a n s f o r m  based desc r ip t ions  ar e  discussed.

One s imple p a r a m e t r i c  de sc r i p t i on  w h ich  was amongs t  the  f i r s t  co ns ider ed ,  

describes the  posi t ion  of  a point  t ra c in g  out  the im p ed an c e  p lane  locus as a 

func t ion  the  phas e  angle,  :

X(i )=a  +a 0(i)+a [0(i)]2 (3.1)O 1 2

Y(i )=b +b 0 ( i)+ b ,[(»(i)]S (3.2)
O 1 2

where the  x a n d  y com ponen t s  were  t r e a t ed  as separa te  po lynom ia l  f u n c t i o n s  of  

0, and i denotes  the  sample  num ber .

U n fo r t u n a t e l y  the  p a r am e te r s  are  sens i t ive  to the  posi t ion  of  the  locus  wi th

respect to the  o r ig in ,  an d  to its size, its o r i en ta t i o n  w i th  re spect  to the

hor izontal ,  a n d  also to the  s t a r t ing  po in t  w i th in  the  locus. T h e  f i r s t  a n d  last  

of these s ho r t com ings  are  not  rea l ly  a prob lem in this ap p l i ca t i on ,  because  

with a d i f f e r e n t i a l  pro be a de f ec t  locus will  a lways  s ta r t  an d  f in i sh  a t  the  

origin, an d  w i th  an  abso lu te  probe the  end points  m ay  well  not  be co in c id e n t  

with the  or ig in  b u t  the  se gm en ta t i on  a lgo r i thm  deve loped  in C h a p t e r  5 will  

relocate the  locus acco rd ingly .  T h e  prob lems re g a rd in g  the  scale a n d  angle 

cannot  be so eas ily  solved,  an d  the  fu n c t io n s  canno t  cope wi th  cu rves  wh ich 

are a n o n -m ono ton ica l ly  increas ing  fu n c t i o n  o f  0 (e.g. loci w hich  fo ld  back 

upon themselves  or co n ta in  loops).

A method w h ich  overcom es the  ob ject ion re ga rd ing  phase  angle has been used 

exper imenta l ly  a n d  is des c r ibed  in C h a p te r  5. Each locus to be ana lysed is f i rs t
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rotated c lockwise  ab o u t  its segment  or ig in  (ie the  f i rs t  sample) ,  un t i l  its ex t r e m a l

point  lies a long the  x-axis.  A po lynom ia l  f i t  o f  the  fo rm
<

Y=Z a X n (3.3)
n*o n

is then f i t t e d  to the  ou tgo ing t r a j e c to ry  only ,  (so t h a t  the  d i f f e r e n c e  b e tw e en  it 

and i n b o u n d  one can l a te r  be tes ted fo r  po ten t i a l  usefulness  as a f e a tu re ) .  A 

f i f t h  o rd e r  p o ly n o m ia l  in x was t h o u g h t  to re f l ec t  the  most complex c u r v a t u r e  

that  the cu rv e  m igh t  a t t a i n  whi ls t  g iv ing a measure  o f  smoothing.

The ex p e r im e n ta l  resul ts  of  this ap p r o a c h  are  g iven in C h a p t e r  5. T h e y  

suggest t h a t  n o rm a l i s in g  all loci to have  u n i t  length  f r o m  one e x t r e m i t y  to the 

o ther in o rd e r  to e l im in a t e  the  c o n f u s in g  e f f ec t s  of  d e f ec t  vo lume upon  locus 

size, w ou ld  increas e  the  p ow er  o f  th is  fe a t u re se t .  Also, in C h a p t e r  5, a n y  w id th  

possesed by the  locus  is show n to be spu r i ous  f r o m  a d i s c r i m i n a t o r y  v i ew po in t ;  

thus the  ap p l i c a t i o n  o f  the  above  ap p r o a c h  to loci m ixed  fo r  the  e l im in a t io n  

of Pilger noise w o u ld  p r o b a b ly  have  given a more  d i s t in c t  class s t r u c t u r e  to 

the c lus ters  o f  samples  in the  fe a t u re space .

The s imple m e thods  g iven above all lack  the  ab i l i ty  to de sc r ib e  a locus 

which cont a i ns  more  t h a n  one lobe. Such loci a lways  re sul t  f r o m  the  use o f  a 

d i f f e ren t i a l  probe,  bu t  w oul d  also be en co u n te red  wi th  an  absolu te  probe 

when a d e f e c t  is close to a tube  pla te  edge.  U n d e r  such c i rc um stances ,  the  lobes 

become coup led a n d  the  locus becomes mul t i lobed.  B ro w n ’s (1982) m a jo r  re por t  

upon m u l t i f r e q u e n c y  s tud ies  conta ins  m an y  examples  o f  4 lobed loci f r o m  a 

d i f fe re n t i a l  probe s ca n n in g  holes nea r  a tube  sup po r t  place (see fo r  example  

Brown’s f ig  4.12).
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3.3.4 Feature  E xtr a c to r  Tes t ing

For an y  p a r a m e t r i c  d esc r i p t i on  o f  a locus,  the  p a r a m e te r s  shou ld  be u n i q u e  

for one p a r t i c u l a r  shape,  insens i t ive  to an y  d i sc re panc ies  in size, o r i e n t a t i o n  

or t ra ns la t ion  b e tw een  two vers ions  o f  the  same shape,  a n d  shou ld  be

capable o f  r e c o n t r u c t i n g  the  locus.

C o m puta t i ona l ly  gen e ra t e d  syn th e t i c  loci are  us ef u l  in tes t ing  w h e t h e r  or 

not a proposed  p a r a m e t e r  set sa t i s f ie s  these cr i t e r i a ,  because  sh i f t ed ,  ro t a t e d  

and d i l a t ed  ver s ions  of  the  same locus can easily be gene ra ted .  Idea l ly ,  the

behaviour  o f  the  g en e ra t e d  shape w i th  va r i a t io n s  in the  p a r a m e t e r s  of

the g ene ra t ing  f u n c t i o n  shou ld  be k n o w n  q u an t i t a t i v e l y ,  a long  w i th  the  

re la t ionship  b e tw e en  those p a r am e te r s  a n d  the  ones  in the  p a r a m e t r i c

descr ip t ion be ing  tes ted ,  in o rd e r  to be able to p re d ic t  w h ich  o r d in a t e s  in 

the p a r a m e t r i c  desc r ip t i o n  wi l l  m ak e  the  best  f e a tu r e s  fo r  g iven v a r ia t io n s  in 

shape.

Only one o th e r  a u t h o r  has  considered f u n c t i o n a l  a p p r o x im a t i o n  of

defect  loci. Sa t i sh(198 3)  has  a t t em p ted  to s im ula te  de f ec t  loci f r o m  a

d i f f e ren t i a l  p ro be w i th  the  lem nisca te  o f  Bernoul l i  because it is possible to 

use it to g en e ra te  a f i g u re  of  e ight  s imi lar  to tha t  p ro d u c e d  by a

d i f f e ren t i a l  pro be ( f ig  3.4). It is no rm al ly  expressed as a f u n c t i o n  w he re  0

is al lowed to increase  m ono ton ic a l ly  over  the range 0 to 360° 

r 2= a 2cos20, (0:0° ^ 0 < 360°) (3.4)

where a is the  h a l f  length  of  the  major  axis,  as shown in f igu re  3.4. In o rd e r  

for the f u n c t io n  to desc r i be  a f i g u re  of  e ight  in the same d i re c t io n  as the  s ignal  

f rom a d i f f e r e n t i a l  probe does,  one lobe must be des r ibed c lockwise  and the
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other an t i c l ock w ise ,  an d  0 must  be m ade  to var y  ove r  the  ra nges  [-45,45] 
e •

and [135,225], inc re a s in g  in one  o f  these in te rv a ls  an d  dec re a s in g  in the  o ther ,  

though this  is no t  m en t io n e d  by S at ish .

3.3.5 Transform -Based Feature Extractors

Methods o f  th is  ty p e  a re  cap a b le  of  desc r i b in g  a cu r v e  in w h ich  the  locus 

crosses over  its p re v io us  p a th  i.e. w h e re  the  locus is m u l t i lobed  u n l i k e  the  

methods  a l r e a d y  men t ioned .  T h e y  are  fo r  example  the  Di scr e t e  F o u r i e r  

T ra n s fo rm  (DFT) ,  F o u r i e r  Desc r i p t or s  ( F D ’s) an d  A uto re gre ss ive  (A R ) Spec t ra l  

Es t imat ion Thes e  are  m e thods  w h ic h  s t a r t  f r o m  the  set o f  poin ts  in a 

locus, an d  t r a n s f o r m  th em  in to  a n o t h e r  set of  po in ts  (whi ch a re  usua l ly  

ordinates  in the  f r e q u e n c y  domain ) .  T h e  prev ious  m ethod s  o p e r a t e d  by 

f i t t ing  a f u n c t i o n  to the  po in ts  in the  or ig i na l  im p ed an c e  plane.  E ach  o f  the  

three methods  is now  discussed.

3.3.6 Discre te Fo u r i e r  T r a n s f o r m s

Methods based upon the  D F T  model  a closed cu rv e  as the  sum o f  a set of  

phasors ro t a t i n g  a t  a ser ies of  ra tes  w hich  evenly  span the  ra nge  o f  ro t a t i o n a l  

frequencies  f r o m  -f to f ( , equa l ly  spaced across this
8ampling/2 sampling/2

range at  in t e rv a ls  o f  f  w here  N is the n u m b e r  of  samples  in the
sam pling/N

t ime domain.  T h e r e  are  thus  N / 2  phasors  ro ta t ing c lockwise and a f u r t h e r  N / 2  

going an t i c lockw ise ,  an d  an y  shape c a n '  be p a r am ete r i s ed  in to  th is  fo rm ,  

providing th a t  it has  been sam pl ed  f in ely  enough.  T h e  p a r a m e te r s  in such a 

description ar e  the  r a d iu s  of,  and the an g u la r  s t a r t ing  point  w i th in  each
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circle in the  series,  w h ich  a re  more  co m m only  cal led the  m a g n i t u d e  a n d  phase  

of each o r d i n a t e  in the  DFT.

By t r e a t in g  a locus as a ser ies of  points ,  (x(t) ,y(t)) ,  r e p re s en t in g  samples  

taken a t  eq ua l  s pac in g  in t ime,  a set o f  p a r am e te r s  can be g en e ra t ed ,  us ing the 

DFT

J  . . . ^ z
k*° ' 1

and the locus can be r e co n s t ru c t ed  us ing the  inver se  t r a n s f o r m

f  ^  £  V ( *  a )  c J  W  k * o , . • ,  ( s . C )
o

The n u m b e r  o f  p a r a m e t e r s  p a i r s , ..., ( N-  1), g e n e r a t e d  is the  

same as the  n u m b e r  o f  sample  po in t  pa i rs ,  but  the  t e n d en c y  o f  the  spec t ra l  

energy to c o n c e n t r a t e  in the  lower  f r e q u e n c y  o rd in a te s  (ie the  t e n d e n c y  of  the  

magni tudes  o f  the  low o rd e r  o rd in a t e s  to be largest) ,  means  t h a t  the  f i g u r e  can 

be a p p r o x im a te ly  desc r ib ed  w i th  jus t  a fe w  of  them.  Also,  the  o r d i n a t e

magni tudes  ar e  u n a f f e c t e d  by the  d i r ec t io n  of  ro t a t i o n  a r o u n d  the  locus  

(a l though th is  m akes  l i t t le  d i f f e r e n c e  in this app l i ca t io n  s ince the  seg m en ted  

loci a lways  s t a r t  a n d  f i n i s h  a t  the  s ignal  or ig in) ,  an d  are  u n a f f e c t e d  by the 

s tart ing  poin t  (i.e. they  are  i n v a r i a n t  u n d e r  phase  sh i f t ing) .  It is this

inva r ia nce  p ro p e r ty ,  howeve r ,  w hich  ac count s  fo r  the  immense  p o p u l a r i t y  of  

the D F T  or F F T  in s ignal  analys is .

There  are  severa l  p rob lem s w i th  using the DFT.  Th e D F T  is slow to p e r fo rm .

In order  to speed up the  p ro d u c t io n  of  the t r an s f o rm ,  the F F T  is used.  Th is  

restricts the length  of  ' .ie inpu t  t ime series to some p a r t i c u l a r  length  or

number  of  points ,  w hi ch  is usual ly  an in teger  pow er  of  2. Th e segment s  passed 

from the segm en to r  var y  in w id th  an d  so the series must  u sua l ly  be zero
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padded in o rd e r  to f i t  the  t r a n s f o r m  length .

Ex per im en ta l l y ,  the  f i r s t  t h in g  to be don e w i th  the  D F T  (i.e. the  F F T )  was  to

check t h a t  it d id  work.  T h i s  was do ne  be p e r f o r m i n g  a f o r w a r d  t r a n s f o r m  on

an a r r a y  co n t a i n i n g  a f e w  cycles  o f  rea l  va l ued  sine wave,  a n d  th en  a p p ly in g

the inver se  t r a n s f r o m  to r e co n s t ru c t  the  wave.  T h e  f r e q u e n c y  d o m a in

repre sen ta t ion  was as expected:  two posi t ive  going peaks  a t  a pos i t ion

co r respond ing to the  pe r iod of  the  s ine wa ve in terms of  the  s am p l in g  pe r io d ,  

and two an t i s y m m e t r i c a l  peaks  a long  the  i m ag in a ry  axis.  T h e  l em n isca te  of 

Bernoul li  in f ig  3.5 was also co r re c t l y  re cons t ru c ted ,  us ing the  fu l l  64 

f r eq uen cy  d o m a in  o r d in a t e s  gen e ra t ed  by the  t r an s fo rm .  In o r d e r  to tes t the  

compress ion o f  shape i n f o r m a t i o n  in to  the  lower  f r e q u e n c y  o rd i n a t e s  o f  the 

DFT,  an  a t t e m p t  was  m ad e  to re co n s t ru c t  a 64 point  lem nisca te  o f  Bernoul l i  

(modi f ied  to be a s y m m et r i ca l  as sho wn in fig.  3.6) f r o m  a t r u n c a t e d  ve rs ion 

of the f r e q u e n c y  d o m a in  ord inat e s .  T h e  re c o n s t ru c t ed  f o r m  d e g e n e r a t e d  

into the f o r m  i l lu s t r a t e d  in fig.  3.7, even wh en as m a n y  as the  16 lowest  

f r eq uen cy  o rd in a t e s  f r o m  the  o r ig inal  64 po in t  F F T  were  used.  T h e  

resemblance  of  the  r e co n s t ru c t e d  f ig u r e  to the  o r ig inal  was d i s sap o in t in g  in v iew 

of the smal l  m a g n i tu d e s  of  the  h igh f r eq u en c y  o r d in a t e s  (see fig.  3.6(b)), 

especially g iven th a t  the  D F T  is op t ima l  in the  sense t h a t  the  r e co n s t ru c t io n  

error (ie the  m ean  sq u a red  e r ro r  over  the  whole  locus) is m in im a l  fo r  a 

reconst ruct ion f r o m  a t r u n c a t e d  f r e q u e n c y  d o m ain  wi th  re spect  to an y

other t r u n c a t e d  p a r a m e t e r i s a t i o n  o f  the  same order.

In the laTjr set of  logged tubes,  in C h a p te r  5, the scan length  is typ i ca l l y  55

samples. This  sam pl ing  ra te  is the  m i n im u m  necessary to r e ta in  the  det a i l  in

the signal  (i.e. to avoid  al ias ing) .  Some defects ,  fo r  e xa m ple  pat ch e s  of
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IGA, last fo r  more  t h an  32 points ,  so a D F T / F F T  t r a n s f o r m  len g th  o f  64 

points was  necessary  ( t h e r e  was  no t  enough t ime a v a i l a b le  fo r  

expe r im en ta t i o n  w i th  F F T ’s whose  length  is not  an i n tege r  p o w er  o f  2). T h e  

possibil i ty o f  com press ing or e x p a n d in g  each i n d i v id u a l  se gm en t  to f i t  a 

32 point  t r a n s f o r m  was cons ide red ,  b u t  s ince the w i d t h  an d  ri se t imes  fo r  

cer ta in  d e f ec t s  were  t h o u g h t  to have  d i s c r i m i n a t o r y  po ten t i a l ,  th is  was 

decided agains t .  No f u r t h e r  w o rk  w i th  the  D F T  was  done,  in f a v o u r  of 

con cen t ra t ing u p o n  f i n d i n g  a m e th o d  w h ic h  wou ld  yield  a f e a t u r e  v ec to r  o f  

lower d i m e n s io n a l i ty  - a f a c t o r  w h ich  was of  co ns ide rab le  im p o r t a n c e  

given the  smal l  d e f e c t  sets in bo th  C h ap te r s  4 an d  5.

3.3.7 Four ie r  Desc r ip to rs

Four ier  desc r ip to r s  are  a v a r i a t i o n  on the  d is cre te  F o u r i e r  t r a n s f o rm .  

Essent ial ly they  t r a n s f o r m  f r o m  ar c  leng th ,  in s t ead  of  t ime,  to f r eq u en c y .

As ex p la i ned  in sec t ion 3.3.^ p rob lems  h av e  been expe r i en ce d  w i t h  t r u n c a t i n g  

the F F T  o rd i n a t e  ser ies in to  m a n a g e a b ly  shor t  f e a tu r e  vectors.  Severa l  a u th o r s  

have c la imed t h a t  co n s id e r in g  the  i n s tan tan eo u s  posi t ion  o f  the  po in t  

t rac ing out  a b o u n d a r y  (or im p ed an c e  plane  locus) as a fu n c t io n  of  arc  length  

(as opposed a f u n c t i o n  of  t ime)  helps to compress the  spec t ra l  pow er  in to  the 

low f r e q u e n c y  o r d in a t e s  o f  the  t ra ns fo rm .  Con sequen t ly ,  F o u r i e r  

Descriptors were  chosen as a c a n d id a t e  f e a tu r e  set, an d  an  i n ves t iga t ion  

into the deta i l s  o f  the  m e thod  was u n d e r t a k e n  in o rd e r  to im p le m e n t  

forward an d  inve rse  F o u r i e r  D esc r i p to r  t r an s f o rm s  in the  f o r m  of 

subroutines.
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The work  in th is  sec t ion was o r i g ina l ly  in t en d ed  to re p l i c a te  t h a t  o f  S a t i sh ,  

and then  ap p ly  it to the  la rge r  a n d  more  rea l is t ica l ly  g en e r a t e d  d e f e c t  set 

in hand.  S a t i s h ’s thes is  (1983) c o n ta in e d  some in t r i g u in g  c la ims f o r  the

r e co n s t ru c tab i l i ty  of  im p ed an c e  plane  loci (which w ould  a l low c h e c k in g  of  

both the  t r a n s f o r m  g en e ra t i n g  p r o g r a m  a n d  of  the  p a r a m e t r i c  d e s c r ip t i o n

itself by  in v e r s io n  an d  com par i son  w i th  the or ig inal ) ,  a n d  fo r  the

insensi t iv i ty  o f  the  F o u r i e r  desc r i p to r s  to n oncons tan t  sample  sp ac in g  o f  the

samples a lon g the  length  o f  the  arc  (or locus). Essent i a l ly ,  th is  m eans  t h a t  

F D ’s are  c la im ed  to be ins ens i t ive  to the  probe speed. How ever ,  in a t t e m p t i n g  

to get the  r eq u is i t e  p rog ram s  to work,  both  o f  the above c la ims were  f o u n d  to 

be u n ju s t i f i e d .  T h i s  sec t ion now cons ider s  why  the  t e c h n iq u e  d id  not  work.

3.3.7.1 Typ e 1 F o ur i e r  Desc r ip to rs

There  are  two types  o f  t r a n s f o rm ,  k n o w n  as type  1 a n d  2. In T y p e  1 F o u r i e r  

Descriptors ,  o r i g in a l ly  devi sed by Cosgri ff (1960),  but  f i rs t  desc r ib ed  in the  

open l i t e r a t u r e  by Z a h n  an d  Roskies(1972),  the  f o r w a r d  t r a n s f o r m  acts 

upon the  t a n g e n t i a l  angle ,  t r e a t in g  it as a f u n c t io n  of  a r c  length .  Th e 

Four i er  de sc r i p to r s  are  d e f in e d  as a set of  complex val ued  co e f f i c i en t s ,  S ,

de f in ed  in most  o f  the  l i t e r a t u r e  in terms of  t, where  t is the  c u m u l a t i v e  arc  

length. T hus

where ^( t)  is t a n g e n t i a l  angle ,  an d  t is a r c  length.  Since $ ( t )  is a rea l  v a lued  

series, there  wi ll  be only  N / 2  d i s t in c t  coe ff i c i en ts ,  when  there  ar e  N 

samples in the  i n p u t  polygon,  due  to a n t i s y m m e t ry  of  the  F o u r i e r  t r a n s f o r m  of  

a rea l -va lued  t ime series.  P rac t i ca l  co m p u ta t io n  of  the  co e f f i c i e n t s  in the

n

(3.6)
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discrete f o r m  (Zahn & Roskies, 1972) is ac h ie ved  by d e f i n i n g  a f u n c t i o n  0  (t), 

based upon  the  t a n g e n t i a l  angle  at  each po in t  t, w hi ch  is n o rm a l i s ed  to v a r y  only  

between 0 a n d  2ir, d e f i n e d  as

j - H 1 (3.7)

( are- bwiiU)* V V \
0  (t) es sent ia l ly  m easu res  the  d i f f e r e n c e  be tween  the  f i g u r e  a~nd a p e r f e c t  ci rc le,

*
being zero  e v e r y w h e r e  fo r  a circle.  0  (t) can  be e x p a n d e d  as a F o u r i e r  series 

(shown here  t r u n c a t e d  to leng th  2m):

0 ( t )=aQ+U a kc o s ^ t i V b ksin(kM;) (3.8)
°  k ' - » i

where the  c o e f f i c i e n t s  a r e  d e f in e d
iw-1

a k= (3.9)
l * i

]T  i G o s ^ j r k U )  ( 3 . 10)
i s  i

b = Jkk KIT i.3 1
.

-  — Tr — 1 / 2  ^ L
U L

(3.11)

or using the  p o l a r  fo rm,

*  M
0  =a A cos (k6 dt -o< i)  (3.12)

o  . k K
kfi A

where ^

U i Z + V ' *

and

A t = Ch (3.13)

«  = 'fot* * ^fc, (3.14)

&k

The c h ie f  a d v a n t a g e  of  th is  ap p r o ach  is th a t  the  set of  c o e f f i c i e n t s

{Ak>(X̂ } is u n i q u e  fo r  a g iven shape,  regardless  o f  the  scale,  a n g u l a r

or ienta t ion,  or d i s t an c e  of  th a t  shape f r o m  the orig in .  Morover ,  the

magni tudes,  A , a r e  i n d e p e n d e n t  of  the  s t a r t ing  po int  w i th in  a locus, 
k
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3.3.7.2 Cr i t ic isms of  the  Method

The d i s a d v a n t a g e s  of  th is  m e th o d  ar e  th a t  the  ful l  r e co n s t r u c t io n  

in tegra l  is co m p l i ca t ed  a n d  t h a t  r e co n s t ru c t io n  of a closed locus (w h ich  tends  

to imply  t h a t  it  is a p p r o x im a te ly  s im i l ar  to the or ig inal )  is not  g u a r a n t e e d  

wi th a t r u n c a t e d  p a r a m e t e r  set. T h e  d e f in i t i o n  of  the  t a n g en t i a l  ang le  / ( t )  

gives rise to a f u n c t i o n  l ike a s aw too th  wave w h ich  co n ta ins  f r e q u e n t  

d i scont inui t i es  (see f ig .2, Z a h n  an d  Roskies) ,  an d  so the  s p ec t r u m  has  a 

substan t i a l  h igh f r e q u e n c y  con ten t ,  m a k i n g  t r u n c a t io n  i n ad v i s a b le  because  

of the a m o u n t  o f  i n f o r m a t i o n  th a t  is l ike ly  to be lost.

3.3.7.3 Typ e 2 F o u r i e r  Desc r ip to rs

In type  2 F o u r i e r  desc r ip to r s  (G r an lu n d ,  1972), the  posi t ion  o f  a p o in t  t r a c in g  

out the  b o u n d a r y  is d e f i n e d  as a f u n c t i o n  o f  the  a rc  length.  T h e  F o u r i e r  

descr ip tors  can be ex pressed as a series o f  N par am eter s ,

T . “  i  M ,  (3.15)

where b(t) is some f u n c t i o n  of  the arc  length  t, usual ly  the  co -o rd inat es  of  the 

boundary  posi t ion  i t se l f  (i.e. of  the  complex-valued s ignal )  U( t )=x( t)+iy(t ) ,  

and L is the  to ta l  a r c  length .

Twice as m a n y  c o e f f i c i e n t s  are  p ro d u c ed  by the  t y p e 2  method  as w i th  the

type 1 m et ho d,  because  U(t )  is a complex valued series an d  thus  t he re  is no

an t i sym m et ry  of  the  coe ff i c i en t s .  Thi s  oug ht  to be more  than  co m pensa ted  

for by the  low f r e q u e n c y  co n c en t ra t i o n  of the  spect ra l  p ow er  an d

consequent  ease o f  t r u n c a t io n ,  due  to the  smoothness  of  the  locus t ime series 

U(t) co m pared  w i th  f  (t).
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G ra n l u n d  gave a sem id iscre te  f o r m  of  the  t r a n s f o r m  p a i r  (i.e. w h e re  an 

in teger  n u m b e r  of  o rd in a te s  in the  spa t i a l  f r e q u e n c y  d o m a i n  a re  d e r iv e d

from a co n t i n u o u s  fu n c t i o n  of  cu m u l a t i v e  arc  length ,  t) as

i  f  L  / l \  " L  EH*"
Cn= y[_ J  e  t -  d t t  (3.16)

W ) =  Z  (3.17)

H -

The c o n t in o u s  v a r i a b l e  U(t )=x( t )+iy( t )  is the  b o u n d a r y  posi t ion  i t se l f ,  t is 

cu m u la t iv e  a rc  length ,  L the  to ta l  a r c  length ,  a n d  n the  o r d e r  of  the  

f r eq u en c y  d o m a i n  o rd inat e .  T h e  p a r a m e te r s  o b ta in ed  a re  not  in sens i t iv e  to

scaling,  ro t a t i o n  or t r ans la t ion ,  a n d  so he also dev ised  a set w h ich  were.

Persoon a n d  Fu (1977) dev ised a m e thod  o f  c a lc u la t in g  the  co e f f i c i e n t s  fo r  a 

polygonal  curve .  A f t e r  d e f in i n g  1 as the  a c c u m u l a t e d  a rc  len g th  up  to the  k th 

ver tex  V , a n d  se t t ing  1 =0, they  d e f in e d  the  set o f  i n c r e m e n ta l  u n i t  pos i t ionk o

vectors as

b k”  ~ ^  . (3.18)

I Vk-t-1 " ̂  I
and the  f o r w a r d  t r a n s f o r m  as

/ /  v - t & m 1He

c - = (3 19)

whi ls t c l a im in g  t h a t  the  inver se  t r a n s f o r m  co n t in u ed  to be eqn.  3.1?.

A s u b r o u t i n e  was coded to ca lcu la te  the  F o u r i e r  D e s c r i p t o r s  a c co rd in g  to

eqns. 3.18 an d  3.19. It was tes ted by fe ed in g  the  resul ts  back in to  eqn.  3.17, 

in the  f o r m  of  a test  procedu re .  Resul ts  typica l  of  the  m an y  a t t em p t s  m ade to

get the  p ro c ed u re s  to produce  the  resul ts  w hi ch  were  to be expected

according  to S a t l s h ^ a r e  shown  in fig. 3.8. Th e reason th an  the  results  were  as 

shown seem to be because  o f  a n u m b e r  of  f l aws in the  t e c h n i q u e } r a th e r  th an  

any f l a w  w i th  the  so f tw a re ,  w h ich  was extens ive ly  tested.  These  f l aw s  are  now
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explained.

3.3.7.4 Cr i t ic isms of  the  Method

Sat ish(1983) a n d  b e fo re  h im  Persoon an d  Fu(1977) ad v o c a te  the  use o f  the  

type 2 m e thod  because  o f  its supposed ab i l i ty  to r e co n s t ru c t  a closed ver s ion of  

the o r ig inal  locus regardless  of  the  seve r i ty  w i th  w h ic h  the  fu l l  set of  

coe ff i c i en ts  is t r u n c a t e d .  With the  eq u a t io n s  g iven by these a u th o r s ,  this 

appears  not  to be so, fo r  the  fo l l ow ing  reasons:

Firs tly ,  it is im p l i ed  by both  Sat ish an d  by Persoon an d  Fu t h a t  eqn.  3.1? an d

3.19 f o r m  a F o u r i e r  pai r .  For  this to be t ru e  the  t e rm  (b -b ) w ou ld  have  to
k-1 k

equal U(t).  In f a c t  

b -b = dU ( t )
k-i  k v 7

d t

that  is the  d i scre te  d e r iv a t iv e  o f  U(t):

A U (LfC'Lk-j) _  — (3.20)

* ( L k , Lt - 1) ( L k - L k - 1)
2

Secondly,  the  a p p e a r a n c e  o f  the  n w e ig h t in g  in the  d e n o m i n a t o r  in eqn.

3.20 is not  j u s t i f i e d  w h e n  co m p ared  w i th  the  o r ig inal  t r a n s f o r m ,  nor  is this a 

val id way  o f  r e d u c in g  the  e f f e c t  o f  the h igh f r e q u e n c y  o r d i n a t e s ’ 

co n t r i bu t ion  to the  shape of  the  r e cons t ru c ted  f i g u re  ( i f  t h a t  was o r ig in a l ly  the 

reason fo r  its inc lus ion) ,  since this means  o f  de -em phas i s ing the u p p e r  o rd in a t e s  

does not  mean  t h a t  the  o r d in a t e  sequence can then be l eg i t ima te ly  t ru n ca ted .  

In any case, a s im i l a r  bu t  inve r t ed  te rm  wou ld  have  to a p p e a r  ins ide  *-ic 

ar gumen t  o f  the  su m m a t io n  op e ra to r  in eqn.  3.18 fo r  pa r i t y  of  the t r a n s f o r m  

pai r to be m a in t a in ed .
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T h i rd ly ,  re co n s t ru c t io n  o f  a locus is no t  possible w i t h o u t  k n o w led g e  of 

the i n c r e m e n ta l  arc  length  series,  1 , k=l, . . ,n ,0. The  e f f e c t  of
k  p o i n t s

non co n s t an t  sa m pl ing  a long a locus is to p ro d u c e  a n o n l i n e a r ly  sca led 

f r eq u en c y  axis  (p ro v id ed  f r e q u e n c y  is d e f in e d  in the  co n v e n t io n a l  w ay  as 

p ro por t i ona l  to inver se  real  t ime),  ie the  h e igh t  of  the  o r d in a t e s  is co r rec t  but  

the spac ing  o f  the  o rd in a t e s  a long the  f - ax is  is n o n c o n s t a n t  a n d  not  s imply  

re la ted to the  a rc  sample  spacing.  Th is  is an  im p o r t a n t  ob ject ion in the  

present  ap p l i ca t i o n ,  because  (s ince the  in t en t io n  of  ap p ly in g  F o u r i e r  

desc r ip tors  is to d i s c r im in a t e  b e tw een  locus shapes),  the  o rd in a t e s  in the 

f r eq u en c y  d o m a in  mus t  be gen u in e ly  com parab le :  d i f f e r e n c e s  in the  n u m b e r  of 

ordinates ,  a n d  p a r t i c u l a r l y  in the i r  spacing,  a r e  not  to lerable .  Even 

in t e rp o la t ion  to syn thes i se  a set of  eve n ly  spaced f r e q u e n c y  d o m a in  

o rd ina tes  w o u ld  not  be eas ily  ac com pl ished  s ince  the  r e l a t io n s h ip  b e tw een  

ra n d o m  sample  spac ing in t ime a n d  the  consequen t  f r e q u e n c y  d o m a in  

o rd ina te  spac ing is not  well  und e r s to o d  ( B a r t l e t t , 1972). In prac t i ce ,  

resampl ing  the  locus wi th  a f i x ed  arc  length  sam pl ing in te rv a l ,  a f t e r  to tal  arc  

length no rm a l i s a t i o n ,  a n d  then  ap p ly in g  a s t a n d a r d  F F T  s u b ro u t in e  to the  po in t  

set would  be a m uch  s im ple r  task than  a t t em p t in g  to app ly  the  r a th e r  t or tuo us  

theory of  po in t  processes.

3.3.7.5 Sugges ted  M od if ica t ions

In o rd e r  to m ake  F o u r i e r  de sc r ip to r s  real ly usable,  r e co n s t ru c t ab i l i t y  of 

the im p ed an ce  p lane  loci, an d  c o m p ar ab i l i t y  in the t r a n s f o r m e d  d o m a in  must  be 

achieved.  A c h ie v in g  a t r a n s f o r m  p a i r  wh ich  opera te s  d i r ec t ly  upon the 

impedance plane ,  an d  can re cons t ru c t  a locus, wou ld  be best done  wi th  an
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u n m o d i f i ed  F F T ,  so t h a t  the  body o f  well u n d e r s to o d  th eo ry  re m a in s  

appl icable.  H o w ev er ,  f i rs t  of  all the  n u m b e r  of  samples  has  to be eq ua l i s ed  in 

every locus to f i t  the  t r a n s f o r m  length.

D i f f e ren ces  in the  n u m b e r  o f  samples  in a locus are  bo u n d  to occ ur  d u e  to the 

d i f f e r in g  w id th s  of,  fo r  example  ax ia l  notches  an d  c i r c u m f e r e n t i a l  notches . 

For co m p a r a b i l i t y  o f  t r a n s f o r m e d  co e ff i c i en t s ,  the n u m b e r  of  samples  mus t  be 

the same,  in o rd e r  to p roduce  the  same n u m b e r  of  coe ff i c i en t s ,  a n d  the  easies t  

way to ach ie v e  th is is to resample  the  locus by l inear  in te rp o la t ion .

In a d d i t i o n ,  f o r  grea tes t  t r u n c a t a b i l i t y  fo r  an accept ab le  loss o f  shape 

in fo rm a t io n ,  a sm oo th ly  v a r y in g  fu n c t io n  of  arc  length  is r e q u i r ed ,  w h ich  is 

real v a lued  in o rd e r  to keep the  n u m b e r  o f  coe f f i c i en t s  d o w n  as a re su l t  of  

an t i sym met ry .  T h i s  exclu des  the  poss ib i l i ty  of  us ing the  b o u n d a r y  posi t ion  

itself.

It might  be a r g u e d  t h a t  the  d i s t r i b u t io n  of  the  samples  a long the  locus fo r  any  

pa r t i cu la r  type  of  d e f ec t  is as i m p o r t a n t  a f u n c t io n  o f  the  type  o f  d e f e c t  as 

the shape o f  the  locus. For  example ,  a l t hough  an axia l  notch  has a locus shape 

not d is s imi lar  to t h a t  o f  i n t e r g r a n u l a r  a t tack,  the  c o n c e n t r a t i o n  of  samples  

wi th in  the  locus a t  the  ex t r em a  will  be less pronounced  in the case o f  the  IGA.  

It is not  obv ious  how the  sample  spac ing can be encoded in a F o u r i e r  Desc r i p to r  

fea tu re  e x t r a c t o r  wh i l e  at  the same t ime sa t i s fy ing  the r e q u i r e m e n t  to f ix  the 

number  of  F o u r i e r  d esc r ip to r  o rd inat e s  and have the arc  length  samples  

un i fo rm ly  spaced.  The  ideal  solut ion might  be to use f ea tu res  f ro m  both  the 

time an d  a rc  length  d o m a in  based t rans fo rm s ,  for  example  the o rd in a t e s  f r om  

an F F T  plus  the  c o e f f i c i en t s  of a polynomial  f i t t ed  to a g ra ph  of  the 

incrementa l  sample  spac ing  versus sample number .  However ,  such a scheme
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which wi ll  p r o d u c e  a large n u m b e r  of  f e a tu r e s  r e q u i r in g  a sys tem a t ic  f e a t u r e  

select ion scheme w h ich  can cope w i th  a large  n u m b e r  o f  fe a tu re s ,  a n d  also 

wi th class d i s t r i b u t io n s  of  an u n k n o w n  nature .  T h i s  p rob lem  has  been 

addressed in sec t ion 3.6.

3.3.8 Au to regress ive  Spec t r a l  Es t im a t ion

All d i scr e te  F o u r i e r  t r a n s f o r m s  impose  a f i x e d  leng th  up o n  the  d a t a  series,  

and also r e q u i r e  w in d o w in g ,  of  the  d a t a  series ( p r e m u l t i p l i c a t i o n  by a

symmet r i ca l ly  t ap e r i n g  f u n c t i o n  to de- emph as iz e  the  ends  o f  the  t ime 

series), to r e d u c e  leakage.  Le akage  is the  m ig r a t i o n  o f  h igh  f r e q u e n c y  

spectral  ene rg y  to lower  f r equenc ie s ,  due  to the  ab r u p tn e s s  of  the  ends  of  a 

f in i te  len g th  d a t a  series.  L eak ag e  r e d u c t io n  is ach ie v ed  a t  the  exp ense  of

spectral  re solut ion.

Burg in his s em inal  w ork  (1967) upon the  m a x i m u m  en t ro p y  m e th o d  (a

pa r t i cu la r  au to re g re ss ive  spec t ra l  es t im a t ion  m etho d)  a d v o c a t ed  his a p p r o ac h  

because it d id  not  impose a f i x ed  length  sample  series up on  the  i n p u t  d a t a  and 

did not  r e q u i r e  the  d a t a  to be w in d o w e d  (and  hence be c o r r u p t e d  be fo re  even 

reaching the  t ra ns fo rm ).

Autoregress ive  spec t ra l  e s t im a t ion  a t t em pts  to model  a s ignal  as a l inear

com binat ion  of  p rev ious  output s ,  w he re  the  d r iv in g  in p u t  is a w h i te  noise 

source: 0  , an d
n ryy

y w=£*a vy n=1’"’m (3-21)k * k n-k  n

The s pec t r um  G (f )  of  such a process can be a p p r o x im a te d  by
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G m(f)= 2°~ / <3 2 2 >

| l - E a  e x p ( - 2 n i k f ) | 2

The p a r a m e t e r  set ( a ^ - . a j  de sc r ibe  the  f o r m  of  the  power  spec t r a l  dens i ty ,  

and so can be used as a f e a t u r e  vector.  T h e  method  is p o p u l a r  w i th  p a t t e r n  

recogn i t ion  w o rk e r s  in geophysics  (Tjostheim,1977) .

C alcu la t ion  o f  the  set o f  co e f f i c i e n t s  can be a problem,  g iven t h a t  the  o rd e r  

of the  model ,  m, is not  u sua l ly  k n o w n  in ad v a n ce  in most sys tems, a l t h o u g h  

A k a ik e ’s F in a l  P red ic t i o n  E r r o r  (1969) a n d  ot her  s im i l a r  m easu res  c l a im  to be 

able to d e t e r m in e  it.

Two ex p e r im e n t s  were  p e r fo r m e d ,  one w i th  the  m e th o d  o f  U l r i ch  and 

Bishop (1975) ( the i r  p ap e r  c o n ta in e d  a F o r t r a n  im p le m e n ta t io n ) ,  a n d  the  

o ther  us ing two su b ro u t in e s  only  recen t ly  i n t r o d u c e d  in the  N A G  

m ath em a t i ca l  s u b r o u t i n e  l ib ra ry ,  G 1 3 A B F  a n d  G13ACF.  T h e  f i r s t  o f  these 2 

subrout ines  ca lcu la te s  the  a u to c o r r e l a t i o n  series o f  the  d a ta ,  a n d  the  second 

uses this ser ies to ob t a in  the  A R  p a r am ete r s ,  fo r  a g iven model  orde r ,  w h ich  

must be supp l i ed  by the  ca l l ing  p rogram.  Both m e thod s  we re  success fu l ly  

tested upo n a s imple  sine wave  an d  upo n the  s imple  6 th  o rd e r  au to re g re ss ive  

process g iven  by U l r i ch  an d  Bishop in th e i r  pape r  as a test p rocedure .

However,  w h en  tested  upo n scans  c o n ta in in g  i n t e r g r a n u l a r  st ress cor ros ion 

cracking an d  axia l  c r a c k in g  de fec t s  f r o m  C h a p te r  4 (see figs. 4.7 a n d  4.8), both  

methods gave spec t ra  w h ich  decreased  smoothly  over  the  r ange  of  f r eq u en c ie s  

r i o m d .c .  to the  N y q u i s t  l imi t ,  regardless  of  the  o rd e r  of  the  model  employed.  

All order s  of  m were  t r i ed ,  f r o m  1 to 20. T h e r e  was  l i t t le  d i f f e r e n c e  in 

the observed  spec t ra  b e tw een  the  two types  of  defects .  Thi s  was d i sco u ra g in g
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since the  F F T  spec t r a  fo r  the  same scans  were  c l ea r ly  d i f f e r e n t .  S ince  the  

results f r o m  the  two ver s ions  of  the  t ech n iq u e  co nc e rn e d  co n c u r r e d ,  it was 

concluded t h a t  the  f a u l t  was  not  one of  p r o g r a m m in g  logic bu t  r a t h e r  t h a t  the  

technique  was no t  app l i ca b le  to the  de f ec t  signal  w avefo rm s .  Th i s  m ay  have 

been because  w i t h i n  one scan,  ther e  is only  "one cycle" o f  d e f e c t  s ignal .  In 

Ulrich  an d  B ishop’s pape r ,  the  test w a v e fo rm s  w hich  were  fo r  ana ly s i s  by the

AR method  in ea ch  case were  of  severa l  cycles d u ra t i on .

Al ternat ive ly ,  the  shape m ay  possibly not  be capable  of  being model l ed  by an  

AR process th o u g h  it m igh t  be by one o f  the  o ther  re la ted  meth ods ,  such as an 

autoregress ive  m ov ing  ave rage  (A R M A ) model ,  wh ere  the  pr e sen t  o u t p u t  is 

the w e ig h ted  sum both  o f  previous  output s ,  and of  p re viou s  process  input s ,  

f rom the noise source.

3.3.9 Cr i t ic ism of  th e  l em nisca te  of Bernoul l i  B ernou l l i ’s lemni sca te  c a n n o t  fu l ly  

test a p a r a m e t e r i s a t i o n  scheme,  such as one based on F o u r i e r  Desc r ip to rs ,  

because it  is sy m m et r i ca l  ab o u t  its m ajor  axis and thus  does not  tes t fo r  the  

abil ity to re p re sen t  f i gu re s  w h ich  are  not  symmet r i ca l  ab o u t  the  x or y axes.

The m an n e r  in w h ich  the  two lobes of  the  f igu re  of  e ight  are  de sc r i bed  in

opposite senses is, how ever ,  of  ben e f i t  in rep l i c a t in g  the  s ignal  fo r

d i f fe re n t i a l  probes ,  so the  fu n c t io n  was m o d i f i ed  to be a sy m m et r i c a l

about  the y-axis (see fig.  3.5(a)).

For loci p ro d u c e d  w i th  an  absolute  probe,  as used in C h a p te r  5, a bet t er

functional  a p p r o x im a t i o n  is p ro duced  by a Jou ko wski  ae ro fo i l ,  s ince  it is

single lobed,  an d  asym m et r i ca l .  The Jouk ow sk i  ae ro fo i l  is p r o d u c ed  by a 

mapping a c irc le  in the  complex plane,  onto  the  w-plane  us ing the  m ap p in g
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w - z + ( l / z )  (3.24)

where z is t r a d i t i o n a l l y  a po in t  on the  g ene ra t ing  fu n c t i o n :  a u n i t  c i rc le  (as

opposed to a po in t  in the  ed d y  c u r r e n t  probe im pedance  plane ,  lest t h e re  be 

any confus ion) .  An  ae ro fo i l  is p r o d u c ed  by the  m app ing ,  p r o v id in g  th a t  the 

genera t ing c i r c l e  passes t h ro u g h  e i th e r  the  point  x=+l  or x=-l  a n d  also encloses  

the one w h ich  it does  not  pass throug h.

The Jo u k o w s k i  ae ro fo i l  resembles  the  com ma shaped  loci as socia ted  w i th  

OD and  ID no tches  a n d  IGA,  a l t h o u g h  s im u la t i on  of  the  more  com p l i c a t ed  loci 

due to holes (hook shaped)  a n d  th i n n in g  (s-shaped)  could  not  be achieved .

The shape is b e t t e r  fo r  tes t ing  the  e f f e c t  of  t r u n c a t io n  on a ser ies of  F o u r i e r  

descrip tor ,  s ince  the  shar pness  of  the  chang e of  d i r ec t io n  a t  the  ex t r e m i t y  

implies t h a t  the  f i g u r e  wi ll  co n ta in  a gr ea te r  c o n c e n t r a t i o n  o f  h igh 

f requencies .  O n ly  the  ac c u ra c y  of  the  low f r e q u e n c y  terms o f  the  F o u r i e r  

descr ip tor  is s i g n i f i c a n t  w i th  a lemni sca te  o f  Bernoul l i .  An even d i s t r i b u t i o n  

of points in the  z-plane  a r o u n d  the  ge n e ra t in g  c irc le  gives rise to a set of 

points in the  w -p lan e  w h ic h  mimics  the  d i s t r i b u t io n  o f  samples  in a rea l  d e f ec t  

locus.

The choice  of  a co m m a shap ed  syn th e t i c  locus wi th  non-ze ro  th ick nes s  was 

del iberate,  s ince  it was t h o u g h t  th a t  the  p a r a m e t r i c  scheme m ig h t  be 

required  to o pe r a te  up on  loci w hich  had not  had the  Pi lger noise re moved  

from them, an d  hence  wo uld  have non-zero  width .

As a co nsequen ce  o f  tes t ing  wi th  a more  compl ica ted  shap e t h a n  the 

lemniscate of  Bernou l l i ,  the  F o u r i e r  de sc r i p to r  as des c r ibed  by Sat ish  was 

found not  to be cap ab le  o f  r e p ro d u c in g  f igu re s  sy m m et r i ca l  ab o u t  t h e i r  maj o r
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axes.

3.3.10 Closing Remarks

Apart  f r o m  the  a ssum pt ion s  g iven a t  the  begi nn ing  of  th is  sec t ion,  it

has also been assum ed  (in the  case of  the p a r a m e t r i c a l l y  based f e a t u r e  

extractors  a n y w a y )  t h a t  i f  the  locus ca n n o t  be re cons t ruc ted ,  the  f e a t u r e s  do not  

hold enough  p o w e r  to a l low d i s c r im in a t io n  between classes. T h i s  m ay  well  not  

be so, b u t  it has been the  only  w ay to val idat e  p a r a m e t r i c  f e a tu r e s e t s

available  so f a r .  In o rd e r  to re lax  the  assumpt ion ,  it  is necessary  to hav e

a means  o f  t es t ing  subsets  of  the  large sys temat i ca l ly  gen e ra t e d  f e a tu re s e t s

which the  p a r a m e t e r i c  me thods  tend  to yield.  Thi s  is ad d res sed  in the  next  

section. It  has  not  yet  been possible to app ly  the  p roduc ts  o f  the  w ork  

descr ibed th e re  to the  o u t p u t  f r o m  f e a t u r e  ext ra c to rs  desc r i bed  here,  fo r  

reasons g iven a t  the  en d  o f  sec t ion 4.4.

3.4 Fea tu re  Se lec t ion

Dimens ional i ty  r e d u c t i o n  is usual ly  necessary  in orde r  to avo id  "the curse  of 

d imensional i ty" ,  w h ic h  l imi ts  the  n u m b er  of  measurem en ts  fo r  a g iven sample  

size. Speci f ic a l ly ,  i f  the  d im en s io n a l i ty ,  d, exceeds  (n-2) /2 ,  w h e re  n re pres en t s  

the nu m b e r  o f  p a t t e r n  points  per  class, then the p ro b a b i l i t y  of  there  

existing an a r b i t r a r y  h y p e r p la n e  s a t i s fy ing  the des i red  d i c h o to m isa t io n  

exceeds 0.5. I f  th is  l imi t  is v io la ted ,  the  solut ion ob ta in ed  is o v e r f i t t e d  to 

the t ra in i ng  point s  used.

A fe a tu re  se lec t ion scheme  uses a class s epa rab i l i ty  measu re  (or c r i t e r io n
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func t ion) ,  to e v a lu a t e  subsets of  the  fu l l  f e a t u r e  set p ro d u c e d  by a subset  

gene ra t ing  a lg o r i t h m ,  un t i l  it is m ax im is ed  fo r  a subset  o f  the  des i re d  

( reduced)  d im ens iona l i ty .

3.4.1 T h e  B r a n c h  & Bound A lgor i thm

The best  subset  is not  necessar i ly  m ade  up of  the best  f e a t u r e s  w h e n  those 

f ea tu res  a re  co ns ider ed  in d iv id u a l ly .  T h u s  eva lu a t io n  of  subsets  r a th e r  

than i n d i v id u a l  f e a tu r e s  is necessary.  Ex h au s iv e  e v a lu a t io n  of  all  of  the  

subsets o f  r a n k  n fo r  an in i t i a l  d im en s io n a l i ty  of  N w ou ld  r e q u i r e  

(N )= N! (3.25)
n ________ ______________

n!(N-n)!

eva lua t ions  o f  the  c r i t e r ion  f u n c t io n ,  a mass ive a m o u n t  o f  c o m p u t a t i o n  fo r  

most rea l i s t ic  s i tua t ions .

The only  ex i s t ing  scheme w h ich  im pl ic i t ly  p e r fo rm s  an e x h a u s t iv e  search 

is F u k u n a g a  a n d  N a r e n d r a ’s Branch  an d  Bound a lg o r i t h m  (1977). Rober t s  

(1985) p u b l i shed  an  im p le m e n ta t i o n  of  the  a lg o r i th m  in F o r t r a n .  T h e  p r o g r a m  

has been tes ted  successful ly  upon 2 class 6 -d imens ional  d a t a  w i th  G a u ss i a n ly  

d is t r i buted  classes,  a n d  has been f o u n d  to select the  f e a tu r e s  in the  o rd e r  

expected.

3.4.2 Cr i te r ion Func t ions

The most  common c r i t e r i on  f u n c t io n s  ( the M aha lanob is ,  B h a t t a c h a r r y a  and 

Divergence measures ,  fo r  ins tance )  have  the form:
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J = x ' c ' x  (3.26)

where J is a sca la r  q u a n t i t y  re p re sen t in g  the  d i s t ance  be tw e en  the  classes,  

and fo r  a two class s i tua t ion ,  typi ca l ly ,  X represent s  the  class i n t e rm e a n  

vector an d  C is the  ave rage  class co v a r i a n ce  m a t r ix  ( the precise d e f in i t i o n s  of  X 

and C d e p e n d  upon  exact ly  w h ich  measure  is be ing used).  T h e  p o p u l a r i t y  of  

this fo rm  of  c r i t e r i o n  fu n c t i o n  s tems f ro m  the  fa c t  t h a t  J can be r e cu rs ive ly  

recal cula ted  as f e a t u r e s  are  dele ted  f r o m  the  subset  w i th o u t  the  inve rse  o f  che 

matr ix C h a v in g  to be r e ca lcu la te d  f ro m  scra tch  a f t e r  eve ry  r e d u c t io n  of  

rank,  thus  sav ing cons ider ab le  co m p u ta t i o n  F u k u n a g a  an d  N a r e n d ra (  1977). 

The p roo f  o f  the  m ono ton ic i t y  o f  the  increase in J w i th  increas ing

d im ens ional i ty  of  the  f e a t u r e  subset  is a consequence o f  the  re cu rs ive

re calculab i l i ty  o f  J. T h e  fu n c t i o n  used by Rob er ts  in he r  i m p le m e n ta t i o n  of

the b r a n c h  a n d  b o u n d  a lg o r i t h m  ( the M aha la nob i s  d is tan ce )  was also of  

this fo r m  a n d  he r  p r o g r am  calcula te s  J recu rs ively  w i th  r e d u c t io n s  in the  

rank of  C an d  X.

Cri ter ion f u n c t i o n s  desc r ib ed  in the  classic p a t t e r n  recogn i t io n  texts  

tend to be d e f in e d  in terms o f  class con di t ion al  p ro b a b i l i t y  d i s t r i b u t io n  

funct ions ,  a n d  measures  o f  the  d i s t ance  between them  involv ing  in t e g ra t i n g  

the d i f f e r e n c e  in these  densi t ies  over  the complete  fe a t u re space .  The

pract ical  ver s ions  of  these f u n c t io n s  are  d e f in e d  in terms of  class sample  

covar iance matr ices.  These  typ ica l ly  assume p a ra m e t r i c a l l y  d e f in e d  

dis t r ibut ions ,  usual ly  no rm a l ly  d i s t r i b u te d  classes wi th  equal  class cova r i ance  

matrices.
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3.4.3 A New Nonparametric Criterion function

The m easu re  g iven here  uses the  concep t  o f  the  local k -N N  m ean  as d ev e lo pe d  

by F u k u n a g a  a n d  Mantock(1983),  who used it fo r  gen e ra t io n  o f  l inea r  

t r an s f o rm a t io n s  fo r  f e a t u r e  ex t r ac t io n ,  t hough  only  fo r  the  two class case. 

The most  p o p u la r  l i near  t r a n s f o r m a t i o n s  s ta r t  w i th  the  t r a i n i n g  set an d  

ca lcula t ing the  e ig envecto rs  of  the  sample  based co v a r i an ce  m a t r i x  ( the 

e igenvectors r ep resen t  a set o f  o r t hogona l  axes a l i gned  wi th  the  d i r ec t io n s  of  

m ax im um  v a r i a n ce ,  ca lc u la t io n  o f  w h ich  is m ade s impler  by the  a s s u m p t io n  of  

normal ly  d i s t r i b u t e d  classes).

The well  k n o w n  F is h e r  D i s c r im in an t  R a t io  is d e f in e d  

J .=dkS d
b

" d ^  d
W

where  S a n d  S are  the  between  a n d  w i th in  class sc a t t e r  ma t r i ce s
b  w

respect ively,  a n d  d, the  in te r -c las s-m ean vector .  The f ro m  of  this m easure

has been used as the  basis fo r  a new p a ram e t r i c a l l y  based measure .

When it is des i red  to measure  the  se pa ra b i l i ty  of  a w k w a r d l y  d i s t r i b u t e d

classes, ideal ly  one would  w a n t  to use a cr i t e r i on  f u n c t io n  w hi ch  is an in teg ra l  

of the d i f f e r e n c e  bet w een  the  class p roba b i l i t i es  at  eve ry  point .  A m e thod  of 

doing this is as fo l lowing.

The class con d i t i o n a l  p ro b ib i l i t y  densi ty  ^)(x/w) at  any  point  (X.) can be

deduced f r o m  the  vec tor  f r o m  X to the  geometr ic  mean of the k nea res t
i *

neighbours f r o m  the  a p p r o p r i a t e  class. Speci f i ca l ly  the vector  points  in 

the d i re c t io n  t h a t  the  p ro b a b i l i t y  densi ty  fu n c t io n  rises most s teeply,  an d

the length of  the  vecto r  is p ro p o r t i o n a l  to how s teeply it rises. Thi s  d is tance
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can be rep re sen ted  as i n n e r  p ro d u c t  o f  the  fo r m

where  </ 1knn iS the  geomet r ic  mean  o f  the  k nea res t  ne ighbours .  By re ve rs ing  the 

order of  the  m u l t i p l i c a t io n ,  a n d  pre-  a n d  p o s tm u l t i p ly in g  by the  vec to r  jo in in g  

the two local class means  f rom c l a s s e s  j  and 1, t o  form:

the poin t  is p ro jec ted  dow n onto  a l ine  jo in in g  the  two class means ,  a n d  the  

expression repres en ts  the  d is tan ces  a long this l ine f r o m  the  image  of  the  point  

projec ted onto  the  l ine  to the  class mean.  I f  these d i s tance s  are  then  s u m m ed  to 

f o r m a  scalar  measu re  in an  ana logou s  m anner .  T h e  su m m at io n  is

where  u is the  local m ean fo r  po in t  X f r o m  class j, an d  i is the  in d ex  of
J knn i

that  po in t  w i th in  class j. A w e ig h t in g  f a c to r  w has  been i n t r o d u c e d  th a t
Xi

has yet  to be exp la ined .  T h e  n u m e r a t o r  an d  d e n o m i n a t o r  in eqn.  3.27, when

summed across the  en t i r e  po in t  set in a 2 class prob lem  are  ana logo us  to S an db

S , but  the  d i f f e r e n c e  lies in the  fa c t  th a t  S an d  S are  d e f in e d  in terms
w b w

of whole  class sample-based  means  an d  not  in terms of  local  means.

A cr i t e r i on  f u n c t i o n  must  mon o ton ic al ly  increase  wi th  increas ing s ep a rab i l i ty  

of the classes, an d  wi th  increas ing  d im en s io n a l i ty  of  nes ted  f e a t u r e  sets. In 

order  to test t h a t  this was so, the fu n c t io n  was tested upon 2-d d i s t r i b u t io n s  

analogous  to those shown projec ted  into olie d im ens ion in fig. 3.9. Tes t ing 

could only  be done c o m p u ta t io n a l ly  because an ana ly t i c a l  t r e a t m e n t  of  a k 

nearest  ne ig h b o u r  scheme u n d e r  smal l sample cond i t ions  is very  d i f f i c u l t
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(Kittler and Devijver, 1983) an d  has  not  yet  been successful ly  a t t e m p te d .

The use o f  a sca t t e r  m a t r ix  w hi ch  is d e f in e d  using local  means  r a t h e r  than  

using means  based up on  the  whole  sample  set as a basis fo r  the  m a t r i x  f ro m  

which to e x t r a c t  the  e igenv ec to rs  w h ich  best  d isp lay  class s e p a r a b i l i t y  has 

been sho wn to be advan ta geous .  T h e  scheme of  Fukunaga and 

Mantock(1983) was tes ted  upo n the  s ingle f r e q u e n c y  d a t a  set in C h a p t e r  4, 

and w ork ed  b e t t e r  t h a n  the  K i t t le r  Young t r a n s f o r m a t i o n  (1973), w h ic h  t en d ed  

to be co n f u sed  by the  closeness of  the  Z C K  and IGSCC classes (C h a p t e r  4) 

compared to the  l arge r  d i s t ance  bet ween  both  of  these classes a n d  the  GCO 

class. T h e  p ro jec t io n  w i th  the  new t r a n s f o r m a t i o n  is shown  in fig. 4.18. The  

comparable  plot  o f  the  po in ts  p ro jec ted  in to  the  best  two f e a t u r e  axes  p r o d u c ed  

by the K i t t l e r  Y o u n g  t r a n s f o r m a t i o n  is shown  in fig. 4.17.

Without  the  w e ig h t in g  fu n c t i o n ,  the  c o n t r ib u t io n  f r o m  each po in t  to the  to ta l  

value of  the  s ca la r  s ep a rab i l i ty  measure ,  is accep ted  regardless  of  w h e th e r  

that  po int  fa l l s  n ea r  to the  in terc lass  b o u n d a r y  w h ich  w ould  be imposed by a 

nearest  n e ig h b o u r  c la ss i f i er ,  or f a r  way  f r o m  it. A w e ig h t ing  f u n c t i o n  o r ig ina l ly  

suggested by Fukunaga & Man tock

w x i =  m i n ( d A >  d r K x f / Jk J l  (328)

V d 2 d ^ x , ?  kJ

(and also s tu d i ed  by Luk(1986)) de-emphasises  the co n t r ib u t io n  f r o m  points

near to the  b o u n d a r y .  A l though  a d m i t t e d ly  the value  of  the  ra t io  does  fa l l  as a

point is moved f r o m  a posit ion co inc ident  wi th  its own class’s local mean 

across the b o u n d a r y  tow ards  the o ther  mean ( f ro m i n f i n i t y  to one an d  then  to 

zero), the ra t i o  does still increase  the value of the cr i t e r i on  f u n c t io n ,  even 

al though the point  would  be wrong ly  class if ied  by an NN  class i f ier .  By
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r e d e f in in g  the  w e ig h t in g  f u n c t io n

(3.29)

is is possible to ac t i v e ly  d i s c r im a te  aga ins t  points  w h ich  occur  on the  w ro ng  

side of  the  k n ea res t  n e i g h b o u r  c la ss i f i ca t io n  b o u n d a r y .  T h i s  w e ig h t in g

fu n c t io n  (eqn.  3.29) has  been i n c o rp o r a t ed  in the  c r i t e r io n  f u n c t i o n  (eqn.

to local s e p a ra t i o n  of  the  classes,  an d  to measu re  the  class s ep a r a b i l i t y  w h ich  

would be e x p e r i e n c e d  by a p.d.f.- based c la ss i f ier  i f  the  class c o n d i t i o n a l  

p.d.f’s w e re  k n o w n  expl ic i t ly .  It seems reasonable  to suggest  t h a t  an y  

subspace se lec ted  f o r  a g iven level of  p e r f o rm a n c e  w i th  th is  c r i t e r io n  

fu n c t io n  wi ll  p e r f o r m  s im i l a r ly  well  w i th  a k -N N  class i f i er  w i th  the  k set to the  

same value.

The m a in  d i s a d v a n t a g e  o f  the  m e thod  is th a t  the  recu rs ive ly  c o m p u t a t a b l e  

pro pe r ty  o f  the  c r i t e r io n  fu n c t i o n  has  been lost because  a r e d u c t io n  of 

d im en s io n a l i ty  is ca pab le  of  ch a n g in g  exac t ly  w hi ch  po ints  are  the  k nea res t  

ne ighbours  to an y  o the r  point ,  so th a t  each vector  (X.-u ) m igh t  ch ange
i J knn

under  a r e d u c t i o n  of  r a n k  as the  f e a t u r e  set is p ru n e d ,  an d  th us  re q u i r e  

recalcul  a t ion.  C o n seq u en t ly  the  main  terms in eqn. 3.27 are  not  p re se rv ed  u n d e r  

a r e d uc t ion  of  rank.

U n f o r t u n a t e l y  the  p ow er  of  the  t e ch n iq u e  could  not be p ro pe r ly  tested  because  

of the l im i ted  size of  the  PDP11 memory,  and so it could  not  be run on the 

tube d e f e c t  f e a t u r e  vectors because of  the large n u m b e r  of  raw di m en s ions

3.27) as w
Xi

The c r i t e r io n  f u n c t i o n  J has thus  been des igned  to be sens i t ive
nonparamet r i c
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avai lable  f r o m  the  v a r io us  f e a t u r e  ex t r ac to r s  ( for  co m par i so n  o f  the  va r io us  

fea tu re  sets a t t e m p t e d  as p a r t  of  the  w ork  fo r  C h a p te r  5) Th is  was bec ause  of

(a) the  d i m e n s io n a l i ty ,  an d  consequen t  memory  w h ich  w ou ld  be r e q u i r e d  

for  w o rk  space  fo r  the c r i t e r io n  f u n c t i o n  an d  f e a t u r e  se lec tion (b r a n c h  and 

bou nd)  a l g o r i t h m

and

(b) a lack o f  samples  to ensure  s ta t i s t ica l  va l i d i ty  of  the  resul ts  even

had the  m em o ry  been av a i l ab le  on the  p d p l l .

When these r e s t r ic t io ns  are  overcome,  it shou ld  be possible to ev a lu a t e  very  

large sets o f  f e a t u r e s  to p roduce  a good small  subset  w i th o u t  h a v in g  to 

first  go t h ro u g h  the  f e a t u r e  axis  p lo t t ing  an d  t r a n s f o r m a t i o n  s tage in o rd e r  to 

unde r s ta nd  the  d a t a  s t r u c t u r e  w h ic h  is necessary in o rd e r  to i n t e r p r e t  the

meaning of  re su l ts  f r o m  class sample  mean-based  measure s  such as the 

Maha lanob is  d i s t an ce  a n d  the  F is he r  d i s c r im in a n t  ratio.

3.5 C las s i f i ca t ion  M ethod s

Basically two types  of  c la ss i f i er  have been used for  the  ex p e r im en ta l  results:

(i) l i near  an d

(ii) nea res t  n e ig h b o u r  c lass if iers,

a l though q u a d r a t i c  an d  scan cross co rre la t ion  c lass i f iers  have  been

successful ly ap p l i ed  a n d  a t t em pts  have  also been made to use an N -tupl c  based 

classi fier an d  an a d a p t i v e  le a rn ing  ne tw ork  (C hap ter  4). Thi s  section 

considers t h re e  o f  these  types  o f  c lass i f ier  in more detai l .  The r e m a i n d e r  a ic  

explained in C h a p t e r  4.
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3.5.1 Linear C l a s s i f i c a t i o n

The o p e r a t i o n  o f  a l inear  c la ss i f i er  is based upon the  posi t ion  of  a p a t t e r n  

point of  u n k n o w n  class wi th  respect  to a h y p e r p la n e ,  w h ic h  d e f in e s  the  posi t ion

of the  dec is ion b o u n d a r y  be tween  two classes. When [w ,...,w 1 are
1 n +  l

regarded as the  en t r ie s  of  a we igh ts  vecto r  W, class m e m b e r s h i p  o f  a

ca n d id a te  po in t  X =  [x iV..,x ] is d ep e n d e n t  upon the  sign of  W*X, the

weighted sum of  all of  the  f e a t u r e  values  ( n is the  d im e n s i o n a l i t y  o f  the

fea tu re  space).  T h e  decis ion fu n c t io n ,  w x +...w x +w =0 a t  an y  po in t  on the
1 1  n n n + l

boun da ry .  T h e  w e ight s  [w w ] in the  weghts  vec to r  are  o p t im ised  or
1 n + l

t ra ined to d i v i d e  (or d ich otomise )  a two class t r a i n i n g  set in to  its tw o  classes. 

Two class l i n ea r  c las s i f ie rs  are  re ad i ly  genera l ised  to h a n d le  c-class (i.e.

mult iclass)  s i t u a t io n s  by the  use of  c such we igh t  vectors ,  p r o v i d i n g  th a t

the classes are  u n i m o d a l  an d  the  system des igne r  kno ws  enough  ab o u t  the  class 

d i s t r i bu t i ons  to be able  to p r o g ram  the  ad d i t i o n a l  logic necessary  to d ed u c e  

the class to w h ich  a point  belongs f r o m  the  signs of  each of  the  w e ig h ted  sums.

In i t e r a t i v e  or "perceptron"  meth ods  t r a in in g  proceeds  re p e a t e d ly  th ro u g h

the t r a i n i n g  set unt i l  the n u m b e r  of  points  being misc lass i f ied  is min imised .  

With s imple  schemes,  w he re  the co e f f i c i e n t  c< is f ixed ,  an d  the

ad jus tm en t  due  to misc la ss i f i ca t ion is of  the fo rm  W =W + C X  forJ k+l k

the k th misc lass i f  ied point ,  i ns tab i l i ty  of the b o u n d a r y  posi t ion can be caused

by rogue points ,  re su l t ing  in the  b o u n d a r y  not  set t l ing  in the o p t im u m  posit ion .

The t e c h n iq u e  used here,  due  to Duda & Fossum (1966), g r a d u a l ly  reduces  

wi th  k, bu t  d i s re ga rd s  points  which are  ser ious ly misc l as s i f i ed  (by 

reference  to the  m a g n i tu d e  of  W*X), an d  only includes  points  w i th in  a dead
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band close to the  b o u n d a r y  a f t e r  oC has  d r o p p e d  to below a th re s h o ld  value.  

Logan (1973) f o u n d  t h a t  th is  t e c h n i q u e  conv erged  fa s te r  upon an ac cep tab le  

b o u n d a ry  th an  the  s impler  te ch n iq u e s  a l r e ad y  men t ioned .  Th i s  is because  

s imple p e r c e p t ro n  t r a i n i n g  schemes dep e n d  cruci a l ly  upon the  a s s u m p t io n  th a t  

classes a re  sep a rab l e  by some pl ane  in the  f e a t u r e  space.  I f  this a s su m p t io n  is 

not sa t i s f i ed ,  the  points  w h ich  are  re p ea t ed ly  miscla ss i f i ed  d o m i n a t e  the 

convergence  b e h a v io u r  of  the  d ich o to m is in g  h y p e r p la n e  so t h a t  it m ay  not  

settle in the  best  possible place.

3.5.2 N e a re s t  N e ig hbour  C las s i f i ca t ion

The 1-NN c las s i f i e r  c lass i fies a new p a t t e r n  as belonging to the  same class as 

that  of  its n ea re s t  n e ig h b o u r  in a s to red  t r a i n i n g  set. T h e  k -N N  ass igns a new 

p a t t e rn  to the  most  he av i ly  re p re sen t e d  class amongst  its k ne a re s t  ne ighb ou rs .  

The (k, t ) -NN ru le  f u r t h e r  inc ludes  a re jec t ion th re sho ld  r e q u i r in g  t h a t  at  

least I  votes  a re  cas t in f a v o u r  of  the chosen class f r o m  the  k nea re s t  

neigbours .

For a g iven set o f  f e a tu re s ,  the  Bayesian  c la s s i f i e r ’s misc l as s i f i ca t ion  ra te ,  

E , c a n n o t  be bet t ered .  T h e r e f o r e ,  es t im at ing  the  p e r f o r m a n c e  of  a 

fe a t u re se t  via the  Bayesian  c l ass i f i er  er ro r  ra te  is e q u iv a l e n t  to assess ing the 

f e a tu r e s e t ’s e f f ec t i v en e ss  alone,  u n t a i n t e d  by the  su i t ab i l i t y  of  the 

class if ier  chosen for  the  task.  A major  a t t r a c t io n  of NN cl ass i f i e rs  is 

that  the i r  misc lass i f  ica t ion er ro r  ra tes can be used to es t imate  E , as is now 

expla ined.
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3.5.3 Bayes i an  Er r o r  Ra t e  Es t i ma t i on

The idea l  c l a s s i f i e r  is the  Bayesian  c lassi f ier .  It c lass i f ies a p o in t  X in 

fea tu re space ,  as be longing  to the class w h ich  has the  greates t  p r o b a b i l i t y  of  

occur ing  a t  po in t  X. For  each class,  this p r o b a b i l i t y  is the  p r o d u c t  of  the  

class c o n d i t i o n a l  p ro b a b i l i t y  d ens i ty  f u n c t i o n  |»(X/  w.) an d  the  a p r io r i  

p ro b ab i l i ty  P. t h a t  class i (i=l, . . ,c) occurs.  P. is usual ly  dee med  to be e i t h e r  1/c 

for  all i, or the  f r a c t i o n  of  the sample  set be long ing to class w .  Ex pre ssed
i

fo rm a l ly ,  a Bay es ian  c la ss i f i e r  a t t r i b u t e s  X to w f r o m  a set of  classes {w ,
1 j

j=l,. .. ,k) i f

J>(X/w.)P. > |}(X/w.)P. ,  j^ i  (3.30)

A l tho ug h theo re t ic a l l y  ca pab le  of  coping wi th  com pl ica ted  d i s t r i b u t io n s ,

where  f o r  in s t an ce  one class has  a c lus ter  o f  mem bers  ins ide  a hole in

an o th e r  c lass’s p d f ,  this type  o f  c la ss i f i e r  is not  u sual ly  p r a c t i c a l  to 

implement ,  due  to the  d i f f i c u l t y  i nvo lved  in fu n c t i o n a l l y  d e t e r m i n i n g  class 

cond i t iona l  p.d.f . ’s.

Given t h a t  a f ew  as sum pt ions  are  va l id  (i.e. t h a t  a large  t r a i n i n g  set exists,

s t a t i s t ica l ly  i d en t i ca l  to the tes t ing  set; th a t  the  N N  clas s i f i ca t ions  based up on  a

f in i t e  size t r a i n i n g  set agree  wi th  those tha t  wou ld  be o b t a in ed  w i th  an
*

i n f in i te  set), b ounds  upon the Bayesian  er ror ,  E , can be d e r iv e d  f r o m  

neares t  n e ig h b o u r  misc lass i f  ica t ion rates,  denoted  E, w he re  I  is the

m in im um  n u m b e r  of  votes tha t  an y  class has to pole in o rd e r  fo r  a po in t  to be

associated  wi th  it. If I  votes are  not poled by an y  class, then  the  po in t  is

rejected.

A s imple  b o u n d  on E is co n ta in e d  in the result  t h a t  h a l f  of  the
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cl ass i f i ca t ion i n f o r m a t i o n  av a i l a b le  in an i n f i n i t e  t r a i n i n g  set is c o n t a i n e d  in 

the f i rs t  nea re s t  n e i g h b o u r  an d  t h e r e f o r  tha t

( E x) < E* (3.31)

2

i.e. th a t  the  best  ac h ie v eab le  e r ro r  ra te  will  be at  least  as bad as h a l f  the  e r ro r  

ra te ac h ie v ed  w i th  a 1-NN rule  c lass i f ier .  T h e  p a r t i c u l a r  se lec t ion of  values  

of k a n d  L f o r  w h ich  miscel laneous  ra tes  are  shown ,  is due  to two rules: 

"that w h en  the  last  nea re s t  n e ig h b o u r  is of  even r a n k ,  it does  not 

co n t r ib u t e  an y  a d d i t i o n a l  c l a s s i f i c a t io n  in fo rm a t ion" ,  a n d  th a t  in o r d e r  t h a t  

the k nea re s t  n e ig h b o u rs  be g en u ine ly  w i th in  the  v ic in i ty  of  the  po in t  be ing 

c lass i f ied ,  k - jn
s a m p l e

Kit t ler  an d  Devijver book (1983) consider s  the  u p p e r  a n d  lower  bo u n d s  up on  
*

E , in te rm s  o f  the  (k, l ) -NN,  a n d  the  t ighte s t  set o f  bounds  w h ich  they  give  are: 

E,  < E,  < E* < E,  , (3.32)(2k’-l,k’+l) (2k\k’+l) ( 2 k 1) V ’

where k ’ is the  least  in tege r  w hich  sa t i s f ies  k ’>k /2 .

These b ounds  have  been used in C h a p t e r  4 in an a t t e m p t  to m easu re  the  scope 

for im p r o v e m e n t  still  r e m a i n in g  wi th  the  f ea tu re se ts  an d  c l as s i f i e rs  tes ted 

there.  How ever ,  it shou ld  be po in ted  out  tha t  the  bou nds  are  only  s t r i c t ly  

app l icable  when the  sample  set is i n f in i t e ly  large.
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3.5.4 A da pt iv e  Lea rn in g  N e tw o r k s

The use o f  A L N ’s as a c la ss i f i e r  t r a i n i n g  t ech n iq u e  has  been m u ch  a d v o c a t e d  by 

cer ta in  w ork e rs  in a u t o m a t e d  N.D.E. An A L N  fu n c t io n s  as fol lows. An a t t e m p t  

is m ade  to m ap  ea ch  p a t t e r n  po in t  in each of  the  poss ib le d ( d - l ) / 2  pa i rs  of 

f e a tu re  axes  on to  a t a rg e t  va lu e  (see fig.  3.10) re p re se n t in g  its class us ing a 

fu n c t i o n  of  the  f o r m

2 2y(x ,x.)=a +a x + a  x +a x x +a x +a x (3.33)
i j 0 l i  2 j 3 i j  4 i  5 j  V ’

where  (x.,x.) a re  f e a t u r e s  w i th in  X, X=(x ,...,x )
i j 1 nfeatures

The co e f f i c i e n t s  {a ,...,a } are  opt imised  to min imise  the  mean sq u a r e d  e r ro r
0 5

E be tw een  y.. a n d  the  t a rg e t  va lue  t,
mse ij

over the  e n t i r e  po in t  set. Re jec t i on  c r i t e r i a  based upo n this  m easu re  ap p l i ed  

to the  l e a r n in g  a n d  che ck in g  datase ts  e l im in a te  u n p r o m is in g  f e a t u r e  pai rs  

(hence g rea t ly  r e d u c i n g  the  n u m b e r  of  terms in the f i n a l  p o lynom ia l  dec is ion 

fu nc t ion) .  Usu al ly ,  the  best  20 pa i rs  a c co rd in g  to the  root  m e an  s q u a r e  e r ro r  

cr i te r ion are  th en  passed on to the  next  stage w h e re  the  process  is 

repeated ,  Thi s  t ime the  points  are  d e f in e d  in terms of  the  sets o f  y.. values ,

and a n o t h e r  a t t e m p t  is m ade  to map the  points  onto  the  class t a rg e t  values .  The  

process t e r m in a t e s  when  the  m ap p in g  is good enough,  or has  ceased to im pro ve  

(acco rd ing to the  values  of  the  E yie lded by successive gene ra t ions) .

The t ech n iq u e  has  been used wi th  u l t ra son ic  inspec t ion  of  p ipe  welds ,  in 

order  to d e t e r m in e  the  best  amongst  a very  large  n u m b e r  of  ad -hoc  spec t ra l ,  

ceps tral  an d  t ime d o m ain  f e a tu re s  ( S h a n k a r  et al,  1978), most n o t ab ly  by 

Mucciardi  et al( 1975,1978). who has also appl ied  the  m e th o d  to EC

"clAStS
(3.34)

mse
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NDT^Klucciardi, 1979),  a lo ng  wi th  Brown(1979)  who did  so whi ls t  in spec t ing  fuel  

rod c l add ing .

An A LN  was coded in F o r t r an ,  acco rd ing  to the  metho d as sp ec i f ie d  by

Car ter (1980).  T h i s  was the  only  p ape r  which ex p la in ed  the  t e c h n iq u e  in

su f f i c i e n t  d e ta i l  fo r  it to be coded.  Several  problems an d  sho r t co m ings  wi th  

the t e ch n iq u e  becam e  a p p a r e n t .  It was fo u n d  that  the  PDP11 was too smal l to 

l ink in the  large  o p t im i s a t i o n  ro u t in e  (N A G  E 0 4 F D F ) ,  the  gr aph ic s  l i b ra ry  

and the  a r r a y  s to rage  r e q u i r e d  fo r  workspace ,  even using over laying .  D u r in g  

each s tage,  the  b o u n d a r y  op t imisa t ion  a lgor i thm is ru n  fo r  each possible 

pair ing,  a n d  the  best  20 pa i r ings  an d  the ac co m p an y in g  20 set o f  ta rge t  

values fo r  each o f  the  p a t t e r n  vector  f e a tu re  pai rs  must  be r e t a in e d  at  

the end o f  ea ch  g en e ra t i o n  level. Because of  this,  both  the  s to rage  an d  C PU  

time r e q u i r e m e n t s  w e re  high.  The  expe r i m en t  was t r a n s f e r r e d  to the 

d e p a r tm e n ta l  G EC407 0,  w h ic h  had  v i r t u a l  memory.

The test  set was the  9 d im ens iona l  3 class single f r e q u e n c y  d a t a  set of

Macleod(1982),  d e s c r ib ed  in C h a p te r  4. In none of  the f e a t u r e  axis pa i r ings

did the o p t im i s a t i o n  r o u t in e  converge  upon a solut ion set. This  was co nc lu ded

to be because  the  fo r m  of  the  fu n c t io n  canno t  d ichotomise  a mul t ic la ss  set,

except u n d e r  c e r t a i n  c i r cu m st an ces  whe re  the boun dar ie s  can be re p re sen ted

by one or more  of  the  te rm s  in eqn 3.35. The  t echn ique is l imi ted  in most cases

to 2 class s i tua t io ns ,  in v iew of  the fu n c t io n a l  form of the d ich o tom isa t io n .  In

each of the  2-spaces,  the  b o u n d a r y  must be a conical section of  some sort ,  i.e.

ei ther an el lipse,  a s t r a ig h t  line,  a pa rabola  or a hyperbola .  If  the fo r m  of

the a f u n c t i o n  of  x a n d  x g iven in eqn. 3.33 was to be re s ta ted  more 
i j

convent iona l ly  as a f u n c t i o n  of  x an d  y which def ines  a su r f ace  of  he igh t  z

106



Chapt e r  3 Pa t t e r n  Recogni t i on

above the  x-y p lane ,  then  it m ight  be more  a p p a r e n t  th a t  the  f u n c t i o n  can at  

most desc r i be  a hil l  w i th  an e l l ip t ica l  or hype rbol i c  p lan  fo r m  at  a ser ies of  

contours  o f  c o n s t a n t  z. Thus  the  d i s c r i m i n a n t  f u n c t io n  in the  2-space ca n n o t  

separa te  more  t h a n  two classes,  unless the bou n d ar ie s  s e p a r a t i n g  the  classes 

are all o f  the  same geometr ic  form.  F u r th e r m o r e ,  the  p rogress ion o f  the  

target  va lue s  must  re f l ec t  the re la t iv e  posi t ions  of  the  classes.

Many of  M u c c i a r d i ’s g ro u p ’s pub l i ca t ions  are  based upon work  or ig inal ly  

publ ished up on  the  f i t t i n g  of  non l inea r  d i s c r im in a n t  f u n c t io n s  to pa t t e r n s  

der ived f r o m  u l t r a s o n ic  s ignal  t ime ser ies (Shankar ,1978) .  A l th o u g h  there  

were only  34 d a t a  points  in the t r a i n i n g  set, a 16th o rd e r  incom plet e

polynomial  in 7 f e a t u r e s  was f i t t ed  to these points  us ing the  A L N  a lg o r i t h m  

to gene ra te  a n d  p r u n e  the f e a t u r e  pairs.  No rmal ly ,  a large d a t a  set must  be 

ava i la ble  to t r a i n  a h igh ly  non l inear  su r fa ce  i f o v e r f i t t i n g  is not to occur.  

It has  been c la im ed  t h a t  a m uch  smal ler  set is r e q u i r ed  wi th  an  A L N ,  since 

only the  we ig h t s  fo r  two fea tu res  an d  the i r  associa ted sq u a r ed  terms are  

t ra ined  a t  each stage.  Ho we ve r ,  the  f i na l  polynomial  must  still observe  the 

limits p laced  up o n  the  n u m b e r  of  terms t r a in a b le  for  a g iven n u m b e r  of

parameters .  T h e  n u m b e r  o f  terms being t r a ined  here  was c lea r ly  much  g re at er  

than the  n u m b e r  of  points  mer i ted ,  and  the su rf ace  f i t t ed  was great ly  

o v e r t r a in ed  upon  the  dat a ,  so the results  upon the test set oug ht  to have been 

poor. H o w ev er ,  the  de f ec t  set was only spli t  into two classes an d  these were 

defects  a n d  non-de fec ts .  The  ALN was not ac tua l ly  being asked to f i n d  a 

su rface  w h i c h  cou ld  d i s c r im in a t e  between  d ef ec t  types,  an d  it is qu i t e  l ikely 

that  most of  the  f e a tu re s  var ied  cons iderably  be tween de fec t s  an d  n o n ­

defects t h o u g h  they  may not  have var ied  nea r ly  so much  w i th in  those 

categories,  a n d  so the  t ech n iq u e  was not  tested very severely.  In v iew of  the
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m eth o d ’s sh o r tco m in g s  in dea l ing  wi th  more  than  two classes, h a d  it been 

tested upon  d i s c r i m i n a t i o n  of  3 or more  types  of  def ec t ,  it w ou ld  p ro b a b ly  

not hav e p e r f o r m e d  so well.
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shown w e r e  i n  e f f e c t  s e t  a t  l i n k  t i m e ,  w h e n  o n e  p a r t i c u l a r  m o d u l e  
a t e a c h  l e v e l  wa s  i n c l u d e d  ir.  p r e f e r e n c e  t c  o t he r ' : ; .
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f i g  3 - 3  An A d a p t i v e  s y s t e m ,  w h i c h  t a i l o r s  t h e  f e a t u r e s e t  f e d  t o  t h e  
c l a s s i f i e r  a c c o r d i n g  u p o n  t h e  r e s u l t s  a c h i e v e d  w i t h  v a r i o u s  
f e a t u r e s ,  a n d  a d j u s t s  t h e  n u m b e r  o f  p o i n t s  k u s e d  i n  t h e  n e a r e s t  
n e i g h b o u r  c l a s s i f i e r .
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f i g  3 4 A 3 8 - p o i n t  L e m n i s c a t e  o f  B e r n o u l l i ,  w i t h  t h e  s a m p l e s  
j o i n e d  o n l y  i n  t h e  l e f t  h a n d  p l a n e .  The  n o n - c o n s t a n t  a r c  l e n g t h  
s a m p l e  s p a c i n g  i s  c l e a r l y  v i s i b l e  i n  t h e  r i g h t  h a n d  p l a n e .  T h e  
f i g u r e  w a s  g e n e r a t e d  by s u b s t i t u t i o n  o f  0 o v e r  t h e  r a n g e s  [ - 4 5 , 4 5 ]  
& [ 2 2 5 , 1 3 5 ]  i n  i n c r e m e n t s  o f  a c o n s t a n t  s i z e  o f  5 °  i n t o  t h e  r i g h t  
hand s i d e  o f

r ^ = a ^ c o s 2 0 ,
w h e r e  a i s  t h e  m a j o r  a x i s  h a l f

l e n g t h  a s  s h o w n .
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f i g  3 . 5  B o t h  t h e  t i m e s  s e r i e s  a n d  z - p l a n e  f o r m s  o f  t h e  o r i g i n a l  
and r e c o n s t r u c t e d  v e r s i o n s  o f  a 6 4  p o i n t  l e m n i s c a t e ,  w h i c h  w a s  
par ame t e r i  s e  d w i t h  a 6 4  p o i n t  F F T .  N o t e  t h a t  t h e r e  w a s  no  
t r u n c a t i o n  o f  t h e  f - d o m a i n  o r d i n a t e  s e q u e n c e  b e f o r e  t h e  i n v e r s e  
t r a n s f o r m  i n  o r d e r  t o  g e t  s u c h  c o m p l e t e  r e c o n s t r u c t i o n .
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3 - 6 ( a )  A s l i g h t l y  c u s t o m i s e d  l e m n i s c a t e  w h i c h  w a s  a l t e r e d  t o  
be a s s y m e t r i c a l  a b o u t  t h e  y - a x i s ,  t o  t e s t  t h e  p a r a m e t e r i s a t i o n  
s c h e m e s  h a r d e r  t h a n  t h e  o r i g i n a l  l e m n s i c a t e .
(b)  t h e  f r e q u e n c y  d o m a i n  f o r  ( a ) ,  w h i c h  t e n d s  t o  s u g g e s t  t h a t  t h e  
f i g u r e  s h o u l d  r e c o n s t r u c t  w i t h  t h e  l o w e s t  f r e q u e n c y  ( o u t e r )  3 o r  4 
t e r ms  o n  e i t h e r  s i d e ,  e s p e c i a l l y  s i n c e  t h e  v e r t i c a l  s c a l e s  a r e  
a m p l i t u d e  r a t h e r  t h a n  p o we r
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f i g  3 .7  An a t t e m p t  t o  r e c o n s t r u c t  t h e  l e m n s i c a t e  o f  B e r n o u l l i  f r o m  
t h e  16 l o w e s t  f r e q u e n c y  o r d i n a t e s :  8 o n  e i t h e r  s i d e .  The  n o n ­
c l o s u r e  o f  t h e  f i g u r e  b e c a m e  e v e n  w o r s e  w i t h  f u r t h e r  t r u n c a t i o n ,  
i n d i c a t i n g  t h a t  t h i s  n u m b e r  o f  o r d i n a t e  p a i r s  w a s  n o t  c a p a b l e  o f  
d e s c r i b i n g  t h e  b u l k  s h a p e  o f  e v e n  s u c h  a s i m p l e  a n d  e v e n l y  r o u n d e d  
s h a p e  s u c h  a s  t h i s .  R e s u l t s  w i t h  s h a r p e r  l o b e s  s u c h  a s  t h e  
J o u k o w s k i  a e r o f o i l  w h i c h  b o r e  m o r e  r e s e m p l a n c e  t o  t h e  e d d y  c u r r e n t  
l o c i  o f  i n t e r e s t  w e r e  s i m i l a r l y  d i s s a p o i n t i n g .
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f i g  3 . 8  F o u r i e r  D e s c r i p t o r s  f a i l e d  t o  r e c o n s t r u c t  e v e n  a s i m p l e  3 8  
p o i n t  l e m n i s c a t e  i n  a 6 4  p o i n t  z e r o  p a d d e d  i n p u t  s e r i e s ,  w i t h  no  
f r e q u e n c y  d o m a i n  t r u n c a t i o n .  T h e  u s e  o f  a z e r o  p a d d e d  3 8  p o i n t  
l e m n s i c a t e  w a s  i n t e n t i o n a l ,  i n  o r d e r  t o  c h e c k  t h a t  t h e  F D ’ s w e r e  
u n a l t e r e d  c o m p a r e d  t o  t h o s e  f o r  a 6 4  p o i n t  l e m n i s c a t e  i n  a 6 4  
p o i n t  l o n g  i n p u t  s e r i e s .
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Fig. 3 .9(a)  T h e  f o r m  of  t he  d i s t r i b u t i o n  used to test  t he  new n o n p a r a m c t r i c a l l v -  
de f i ned  c r i t e r i o n  f u n c t i o n ,  p r o j e c t e d  in t o  one  d i m e n s i o n  (see Sect ion 3.4.3). The  
f unc t i on  h a d  a h i g h e r  v a l u e  f o r  t h i s  d i s t r i b u t i o n  t h a n  for  one  in wh i c h  the  classes 
were u n i m o d a l  a n d  n o r m a l l y  d i s t r i b u t e d  wi t h  c o i n c i d e n t  class 1 a n d  2 means ,  desp i t e  
the f a c t  t h a t  t he  s t a t i s t i c a l l y  d e f i n e d  class me a n s  wer e  a p p e r c n t l y  al so c o i n c i d e n t  in 
this d i s t r i b u t i o n .

O

Fig- 3.9(b)  T h e  b e h a  v i o u r  o f  t he  w e i g h t i n g  f u n c t i o n s  g i ven  in eqns.  3.2.S a n d  3.29 as 
a test p o i n t  X.  is m o v e d  a l o n g  a l i ne  j o i n i n g  t wo  local  class means .  T h e  po i n t  be l ongs  
to the class to t he  l e f t  o f  t he  de c i s i o n  b o u n d a r y .

The m o d i f i c a t i o n  to F u k u n a g a  nd  M a n t o c k ’s w e i g h t i n g  f u n c t i o n  s h o wn  in g r a p h  (b) 
act ively d i s c r i m i n a t e s  a g a i n s t  po i n t s  w h i c h  mi s c l a s s i f i y  by a l arge  ma r g i n .  The  
original  f o r m  in g r a p h  (a)  e mp h a s i s e s  po i n t s  close to t he  b o u n d a r y ,  r e ga r d l e s s  of  
whether  t h e y  a r e  m i s c l a s s i f i e d  or  not ,  wh i c h  t ends  to m a k e  the  t o t a l  c r i t e r i o n  
unct ion u n d u l y  b i a s e d  t o w a r d s  t he  po i n t s  w h i c h  a r e  mos t  t r o u b l e s o me  to d i c h o t o mi s e  

correctly.
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Fig. 3.10 Po ints  in a 2 d im ens iona l  fe a tu re sp a ce  d e f in e d  in terms of  fe a t u re s  x 
and y, be ing m ap p e d  by one s tage of an  a d a p t iv e  l ear n ing ne tw or k onto  target  
values of the  fu n c t i o n  f (x,y) w hi ch  can be rep re sen ted  as heights  upon the  z-axis (see 
eqns. 3.33 an d  3.34).
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4 C h a p t e r  4: F u r t h e r  Work Upon the  316 Tu bing

4.1 I n t r o d u c t io n

Ini t ia l ly ,  the  m a jo r  i n t e n t io n  o f  this p roj ec t  was to ex tend  the  use o f  p a t t e r n  

recogni t ion  on s ingle f r e q u e n c y  ed d y  c u r r e n t  loci to the  p rocess ing of  

m u l t i f r e q u e n c y  loci. H ow ever ,  a f t e r  the  in i t ia l  f e as ib i l i ty  s t udy ,  th e re  

still r e m a i n e d  some "unknow ns"  such as the  up p e r  l imi t  o f  p e r f o r m a n c e  

possible in c o n ju n c t io n  w i th  the  ID de fe c t  set in the  316 tubing.  T h i s  has  

been d e t e r m in e d  bo th  by t r i a l  an d  e r ro r  a n d  sys temat ica l ly ,  f i r s t l y  by 

a t t em pt ing  to m a k e  im p ro v em en t s  in the  misc la ss i f i ca t ion r a t e  by ( i)  us ing 

d i f f e r e n t  sets o f  f e a t u r e s  a n d  class if iers ;

(ii) assess ing the  e x t en t  o f  the  m arg in a l  im p ro v e m en t  o b ta in e d  f r o m  the  

add i t ion  o f  f u r t h e r  f e a t u r e s  to the  f e a tu re s e t  (by m eas u r in g  t h e i r  co r r e l a t i o n  

coe ff ic ien ts  w i t h  the  ex i s t ing  ones),

and (i i i) e s t im a t in g  the  m a x i m u m  possible cor rec t  c l a ss i f i c a t io n  ra te ,  by 

es t imat ing the  r a te  t h a t  w ou ld  be ac h ie ved  wi th  a Bayesian  c l a s s i f i e r  (see 

Chapter  3).

Single f r e q u e n c y  tes t ing  is still  o f  cons iderab le  in tere s t  to the  N D T  c o m m u n i ty  

regardless o f  the  t r en d s  t ow ards  m u l t i f r e q u e n c y  tes t ing  discussed in the 

chapter  2. In r o u t i n e  inspect ion  of  tubing,  single f r e q u e n c y  tes t ing  is sti l l  the  

norm, so a l t h o u g h  the  resul ts  in this ch a p te r  are  spec i f i c  to de fec t s  in f i n n e d  

316 s tainless s teel  tu b ing ,  the  seg men ta t ion  t echn ique an d  the  f e a t u r e  set 

that  have  been deve lo ped  ar e  more  gene ra l ly  applicable .
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4.1.1 Summary of the Feasibility  Study

At the  e n d  o f  M ac le o d ’s f eas ib i l i ty  s tudy,  al l  of  the  av a i l a b le  t w e n t y  one 

sections o f  t u b i n g  h a d  been logged. These  con ta ined  a to ta l  o f  38 de f ec t s  

wi th a p p r o x im a te ly  equa l  nu m b ers  o f  each o f  the  t h ree  types ,  w h ic h  were  

axial  c r acks  (Z CK ) ,  i n t e r g r a n u l a r  stress corrosion c r a c k in g  (IGSCC),  a n d  

general  co r ro s ion  (GCO). Thes e  we re  logged onto  t ap e  us ing a co n v e n t i o n a l  

am pl i tude  m o d u l a t io n - t y p e  tape  re co rd e r  ( reco rd ing a d.c. s ignal  co m p o n e n t  was 

unnecessary  s ince  a d i f f e r e n t i a l  probe was being used).  T h e  in -p has e  an d  

q u a d r a t u r e  s ignals,  a n d  a once-per-  revolut ion,  p os i t io n - synchro n i s ing  pulse 

were reco rded.  T h e  s ignals  were  then  dig i t i sed  an d  s tored in R A M  in a smal l  

8-bit SlOO-based m i c ro c o m p u t e r  sys tem (see the  m ark  1 system in the  ap p e n d ix ) ,  

and when  the  user  in d i c a t e d  a t  the  t e rm ina l  th a t  the  logging shou ld  be 

t erm inat ed ,  d u m p e d  o n to  f lo p p y  disk.

The d a t a f i l e s  r e p r e s e n t in g  the  tubes  were  then  t r a n s f e r r e d  to a l arge r  

computer ,  th e  P D P 1 1 /4 5  in the  D e p a r tm e n t  o f  Elec t r i ca l  E n g i n e e r i n g  at  

the U n i v e r s i t y  o f  Glasgow.  Some preprocess ing of  the  f i les  h a d  to be don e 

to p roduc e scans o f  a u n i f o r m  length because the  ro ta t ion  sy n ch r o n is in g  pulse 

was occas ional ly  missed by the  logging program,  and also because  the  length  

of the d r iv e  s h a f t  b e tw e en  probe an d  dr ive  motor  caused some s h u d d e r in g  of  

the probe.

One scan t h r o u g h  a d e f ec t  was t rea ted  as a raw p a t t e r n  and f e a tu r e s  were 

extracted  on ly  f r o m  scans  con ta in ing  defects.  Th e f e a t u r e  vectors were 

normal ised such t h a t  the  overa l l  f e a tu re  d is t r i but ions  had a zero mean an d  un i t  

var iance a long all  o f  the  f e a t u r e  axes. A f e a tu re  space ro ta t io n  was 

then p e r f o r m e d  a n d  the  best  2-space p lot ted  in orde r  to dem ons ta t e  the  ex ten t
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of class s ep a rab i l i ty .  F ina l ly ,  a two class l inear  c la ss i f i e r  u s ing  the  2- 

class t r a i n i n g  m e t h o d  o f  Duda  an d  Fossum(1966),  was used in o r d e r  to 

d i sc r i m ina te  b e tw e en  the  3 de f e c t  classes. Th i s  was done  s e q ue n t i a l l y ,  f i r s t  by 

sep ara t ing  the  G C O  de fec t s  f r o m  the  u n ion  o f  the  Z C K  a n d  IGSCC classes,  

and then  by s e p a r a t i n g  those two classes.

4.1.2 I n i t i a l  Aims

Macleod’s suggest ions  fo r  f u r t h e r  w ork  (Macleod,  1982) we re  t r e a t e d  as the  

ini t ial  a im s  f o r  th is  p a r t  o f  the  w ork  a n d  may be sum m ari sed  as fol lows:

(i) an  e n l a r g e m e n t  o f  the  d e fec t  set by m a n u f a c t u r e  o f  a c c u r a t e l y  s ized 

notches  a n d  cracks .

(i i)  m o re  s o ph i s t i c a ted  segm en ta t i on  of  de f ec t  s ignals  f r o m  the  b a c k g r o u n d  

noise,  ( r a t h e r  t h a n  by h a n d  or by the  metho ds  deve lo ped  p re v io us ly  

(Macleod,  1982)) i n c lu d in g  the  use of  l i near  p re d ic t iv e  cod ing  to de t ec t  the  

ends  o f  cracks;

(i i i) to assess the  ap p l i cab i l i ty  of  image process ing or  r e cogn i t io n

(iv) ap p ly  d ig i t a l  f i l t e r i n g  to remove noise w i th in  the  de f ec t  s ignal ;

(v) a t t e m p t  p ro be t r a n s f e r  f u n c t io n  model l ing  wi th  a v iew to m a tc h e d  

f i l t e r i n g  as a pre proce ss ing stage;

(vi) e x p e r i m e n t  w i th  f u r t h e r  previously  un t r i ed  fea tures ;

(vii) f u r t h e r  c l a ss i f i c a t io n  methods .
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All o f  these  topics  have been addres sed  wi th  the  ex cep t io n  o f  l i n e a r  

p re di c t ive  co d in g  a n d  the  results  o b t a in ed  f o r  each o f  t h e m  a r e  n o w  g iven  in 

detail .

4.2 The D e fect  Set

Macleod’s logged d e f e c t  set consis ted o f  an  a p p r o x im a te ly  eq u a l  mix  o f  t h re e  

defect  types .  T h e  t r a i n i n g  set f i le  ( r e f e r r e d  to as CP7.dat ,  see fig.  3.2) 

con ta i ned  50 scans  t h ro u g h  each o f  the  3 types,  a n d  the  t es t ing  set  (CP9) 

con ta ined  al l  o f  the  r e m a in in g  scans fo r  each type i.e. 119 ax ia l  c r ack  scans,  

100 i n t e r g r a n u l a r  c r a c k  scans  a n d  94 genera l  corros ion scans.

4.2.1 M anufacture o f New D efects

C ons ide rabl e  e f f o r t  was  exp e n d ed  in an  a t t e m p t  to m a n u f a c t u r e  

genuine  c r ack s  in  316 s tainless steel 25mm. bar ,  by  w e ld ing  a f i l l e t  on to  the  

bar,  n o t c h i n g  it,  a n d  cycl ic ly  ben d in g  the  ba r  w i th  a t h ree  p o in t  loader .  

However  the  r e m n a n t  s ignal  f r o m  the  f i l le t  even a f t e r  it  was mi l l ed  o f f  

swamped the  c r ack  signal ,  an d  because  of  problems w i th  logging the  cracks ,  

they cou ld  not  be a d d e d  to the  de f ec t  set fo r  th is  s tudy.  Even  i f  the  

logging p rob lem s  h ad  been solved,  the p roduc t ion  o f  cr acks  w ou ld  have 

been a ve ry  t ime consum ing  an d  expensive  process.

The p r o d u c t i o n  of  i n t e r g r a n u l a r  a t t ack  ( IGA) was also a t t e m p te d ,  bu t  

control l ing  the  ex t e n t  of  the  IGA,  or l imi t ing  it to a n y t h i n g  o th e r  t h a n  the  

whole of  th e  in s ide  of  a tube  was beyond the  ca pab i l i t i e s  o f  B ab co c k ’s 

Research C e n t r e ’s C h em is t r y  D e p a r t m e n t  at  the  t ime. T h e  tubes  w h ich  we re
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produced w ith  IGA were either too brittle for inspection w ith  a rotating  

probe, or the inner diameter had decreased because o f  some sw ellin g  o f  the 

i metal due to the attack o f  the surface and it was no longer possible to get the 

probe into them.

It would  have been desirable to have been able to q u a n tify  the d if fer en ce  

between the signal from for instance a spark notch and a crack o f  the same 

depth, but since this would have meant sacr if ic ing  d efects  for sectioning,  

it was not possible. Consequently, the degree o f  similarity  betw een the d efects  

in the d e fec t  set (which  have all occured during m anufacture) and those w hich  

occur during service must now be considered.

4.2.2 M anufactured vs. In-Service D efects

Very litt le  has been published upon this subject, probably because usually  the 

stress is upon the detection o f  defects, and also because m anufacturers do 

not like adm itting  that such defects  occur. However, some doubt surrounds 

the degree o f  s im ilarity  between m anufacturing defects  and those w hich  occur  

under service conditions. For instance IGSCC, which occurs during the 

m anufacturing process, is thought to be due to the inclusion o f  some foreign  

matter, perhaps grease, during the hot extrusion process. On contact with  the 

hot metal, the grease gasifies  and forces paths into the metal surface.  

Removal o f  the grease by acid washing in the later stages o f  m anufacture  

leaves the metal surface laced with small fissures. IGSCC w hich  occurs during  

the operational l i fe  o f  the tubing is thought to be due to the com bination  o f  

high pressures and temperatures present in a heat exchanger, and also the 

vibration due to the turbulent f lo w  o f  coolant over the tube exterior surfaces.
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It is also w orthy o f  notice that anything w ith in  the primary or secondary cooling  

circuits, i.e., the insides and outsides o f  the steam generator tubing, acquires  

a coating o f  m agnetite during service. Magnetite is a water borne corrosion  

by-product w hich  occurs as a consequence o f  the corrosion o f  steel in other  

parts o f  the circuit. This coating was not present on the tubes inspected, nor 

would it have been easy to generate synthetically . Were it to be thick  enough, it 

would greatly  reduce the penetration o f  the eddy currents into  the tube wall 

because it is magnetic. However, fortunately  the inspection  o f  steam  

generator tubing in service is not hampered much by m agnetite deposits,  

because the coating tends to be quite thin, and pressurised water washing o f  

the tube interiors prior to inspection removes the more troublesome internal  

layers.

4.3 Segm entation

During his study, Macleod experimented with 3 simple methods o f  

segmentation (see Macleod (1982), Section 4, Figs. 2, 3a and 3b). These were:

Method (i) an am plitude threshold applied to the y channel m agnitude  

alone.

Method (ii)  an extension o f method (i) which allowed the amplitude  

threshold level to exponentially  decay to include the tail o f  the defect  

signal.

Method (ii i)  the threshold criterion o f  method (i), com bined with  a 

logical test on the adjacent points in the previous and current scans to 

f ind  out i f  they had passed the threshold test and were part o f  the same
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defect.

These methods worked, but method (ii) was insensitive to the start o f  the 

signal due to a d efect,  whilst method (iii)  required additional storage to be 

provided for the previous scan to be held in memory. A new method was 

devised, and this has the advantages o f  both o f  Macleod’s methods (ii) and

(iii), i.e. speed, and equal sensitiv ity  to the signal both before and after  the 

defect peak, but w ithout the disadvantage o f  the requirement to store two scans 

simultaneously.

There would in fac t  have been enough memory available to have stored two  

single frequency scans simultaneously, but it was envisaged at the time that 

this work was done that the single frequency and m ultifrequency  

segmentation would  be done by similar methods, and since it was not feasib le  

to store two scans worth o f  8 channels at 400 p o in ts /sca n /ch a n n e l  with  

the memory space available on the PDP11/45, further developm ent o f  

method (iii)  was not favoured.

The algorithm utilises a few  properties peculiar to these particular types o f  

defect signals w hich  became apparent as a result o f  some work at the Machine  

Intelligence Research U nit ,  at Edinburgh U niversity  to investigate the 

feasibility  o f  image processing (see fig . 4.1).

From inspection o f  a selection o f  tube signal plots, it became apparent that 

the background noise was o f the same amplitude in all f i les  i.e. about 4 adc 

units (although this tended to be disguised by the d if feren t scaling used to 

accommodate various d efect signal amplitudes in d if feren t plots). In any area 

where fluctuations became larger than this, i f  the x and y signals deflected
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in the same sense from the datum, the "defect" was observed to be a lw ays  

general surface corrosion. It was undesirable that this be passed on to the 

feature extraction  stage because it is harmless i.e. not associated w ith  tube 

rupturing.

In any area in w hich  an axia l crack or IGSCC was present , the x and y 

signals a lw ays diverged in opposite directions. These defect  types a lw ays  

had a w idth  o f  at least 20 points. Furthermore the peaks and troughs in the 

characteristic response (see figs. 4.7 & 8) were never separated by more than 20 

points and the d efect  signal always decayed back into the background w ith in  

20 points on either side o f  the two outer minima adjacent to the peak in the

y-signal. These "rules o f  thumb" were combined into a segm entation algorithm  as 

follows:

Let a binary valued  list, kset (400), denote the presence or non-presence o f  a 

defect at each point in a scan o f  length 400 points (representing 1 com plete  

revolution o f  the probe around the tube), where all elements in the list are 

initialised as fa lse, ind icating the non-presence o f a defect  at all points in the 

scan under consideration. Then

(i) for each point i, i= 1 ,..,400, set kset(i) =true i f  |x(i)( > 4 an d |y (i) |  > 4 and  

the polarity o f  x and y are opposite.

(ii) for each point (i), i f  there is another point k where kset(k)=true

and |(k - i)| > 20, then set kset = true for all intervening points.

(iii) delete all sequences o f  points already set true where the group is less 

than 20 points in length.

(iv) set a margin o f  20 points true on either side o f  each remaining
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sequence o f  points.

The list kset(i), i -  1,...,400 now represents a mask, w hich  is set true for all

sequenced o f  points corresponding to a defect.

Part (ii i)  removes ind ications which are too short to be normal cracks or IGSCC.

The value o f  20 strikes a balance between accepting noise and rejecting the

tail-ends o f  cracks. This also prevents feature extractor stage from being  

presented with  the low am plitude scans at the ends o f  defects , w hich  tend to

be the scans w hich  are m isclassified , and thus overly pessimistic

m isclassification rates are prevented. Somewhat obviously  the axial lengths  

of d efects  found  by this method were a little conservative. From visual  

inspection o f  figs. 4.2 and 4.3 it would seem that 1 or 2 scans at each end

of the blemishes discernib ly  contained a defect signal, and that these scans  

were not being p icked up by the segmentor. The e f f e c t  was much less

noticeable w ith  larger amplitude defects. The tubes shown in figs. 4.2 and

4.3 are worst case exam ples because they both contain particularly low

amplitude defects .  The algorithm had no d if f icu lty  in resolving the ends of  

more severe defects.

The segmentor program could have been m odified  to pick up these tail end  

indications by inc lud ing  an extra two scans at each end o f  each defect  and  

using the mask in the kset array as it was for the first and last segment and 

maintaining a two scan b uffer  between the segmentor and the feature  

extractor. H ow ever other means have been found to detect the ends o f  a 

defect using cross correlation with  an idealised crack signal (see Section  

4.4.2).
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The detection  rate for the segmentation algorithm was 79.7% for the ZCK  

class, and 98% for the IGSCC class in the training set, (representing 47 scans 

from a possible 59, and 57 from 58 for each class respectively) and 60.3% (73 

from 121) for the ZCK class and 87% (87 from 100) for the IGSCC class in the 

testing set. T his  was an overall scan detection rate o f  66.6% for axia l cracks, 

and 91.1% for  intergranular cracking, over the entire data set. There were  

no instances o f  noise or surface corrosion being detected as defects ,  except  

in one experim ent when the amplitude threshold was lowered from  4.0 adc 

units to 2.5 out o f  curiosity.

The true level o f  noise and corrosion was exacerbated by the d if feren tia l  

nature o f  the probe because it is particularly sensitive to any sharp  

transition along its path whether it was a crack or surface roughness.

Using the technique developed here, it was found possible to segment the 

signal due to a d e fec t  without recourse to more involved  methods requiring  

the storage o f  previous scans. The only e f fe c t  upon the signal in a production  

system would  be the incorporation o f  a time delay equal to the segment  

association distance (the minimum width o f  any defect: in this case 20

samples with 400 sample/scan). Use o f the algorithm typically  cut the amount o f  

disk space necessary for the storage o f  the defect set by 80% for tube fi les  

containing IGSCC and 90% for axial cracks.

4.4 Cross Correlation and Digital Filtering
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4.4.1 D i g i t a l  F i l t er ing

The objective  in introducing fi lter ing  was to reduce the high freq uency  

noise content o f  the signal whilst leaving the defect signal unaltered, in an 

attempt to reduce the variability  w ith in  the classes. Here, this was more 

necessary than in the case o f  the subsequent m ultifrequency tube loggings,  

since the d if fe r e n t ia l  probe tended to exaggerate any small and rapid (i.e. 

high freq uency) signal changes due to surface roughness.

One d im ensional f i lter ing  (i.e. o f  the time series rather than o f  the whole  

tube signal plot) has been used, in order to keep the whole system as simple as 

possible, w ith  a v iew  towards future practical implementation. The alternative ,  

filtering along the longitudinal axis o f  the tube in order to e lim inate  

uncorrelated noise between adjacent scans, would have required a lot o f  

storage and processing time. In any case, since the probe was on ly  sensitive  to 

the com ponent o f  the m agnetic f ie ld  variations along the scanned path, the 

axial d e fec t  characteristics were masked. Thus it seemed that there was 

little practical advantage to be gained in reordering the scanning pattern into a 

lengthwise one via a large buffer .

The first  priority  in the choice o f  filter was that it have linear phase change  

with frequency  to prevent radical changes in the shape o f  the defect  signals  

and also preserve the x /y  phase relationship which is so central to the 

discrimination o f  GCO from cracking defects. Although nonrecusive filters  

exhibit good linear phase responses, they need many more previous input terms 

to achieve a sharp cut o f f  than do comparable recursive ones and they have  

objectionably poor stop band characteristics due to Gibbs oscillations.  

Recursive f i lters  ach ieve a much improved stop band response with  relatively
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few previous input and output terms, so a recursive f i l ter  was chosen. U su ally  

these advantages just m entioned are obtained in exchange for a non linear  

phase response however a recursive f i l ter  whose design is based on the analog  

(Bessel) approxim ation shows the same linear (phase,frequency)

relationship characteristic exh ib ited  by the analogue version, so a Bessel f i l ter  

was the one used.

The 2nd order (analog Bessel transfer function  (giv ing 40 d B /d ecade roll o f f  

above 1 rad /sec) is

H(s) -  3 (4.1)

s 2+ 3 s +3

Applying the b ilinear tranformation

s (z-1) where p  = 2 (4.2)

<z+l) ( w c / T  )

changes this low pass f i lter  in the continuous (s) domain into one in the 

sampled (z) domain with cut o f f  frequency w rad /sec  and sampling
c / o

interval  T seconds ,  an d  so H(s) becomes

H(z) = 1 (4.3)

( p 2+3p+3)z2+(6 -2p2)z +(p 2-3p+3)

which s ta ted  a l t e r n a t e l y  in terms of  and X^, the k th  f i l t e r  o u tp u t s  an d  

inputs is

Yk -  X k+ 2 X k_ * X k0 -(6-2p*)Yk i - ( p i - 3 p +3)Yt  ;  (4.4)

( p ’ + 3 P + 3 )
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The b ilinear transformation does not preserve the linear phase sh if t  

/frequ en cy  characteristic sought with  the use o f  a Bessel f i lter ,  but the  

nonlinearity on ly  becomes s ign if icant as frequency approaches the N yq u ist  

value. H ence in this low pass filter , the distortion o f  the linear phase  

sh if t / freq u en cy  relationship will be largely confined  to the stop band, and the 

phase response w ill  remain substantially linear throughout the frequency  range  

of interest.

The cut o f f  frequency was arrived at by trial and error, by inspection o f  

the resulting signal, to ensure maximum high frequency noise elim ination  

without a l low ing  the shape o f  the defect signals to be distorted.

With a low pass cut o f f  frequency corresponding to a period o f  2 mm on the  

tube surface very little  change was visible in the tube plots (see f igure  4.4). 

Decreasing the cut o f f  frequency to one corresponding to a T , o f  5.2 mm
c / o

(see figs. 4.4(b) and 4.5(b)) improved the signal by removing all v is ib le  noise,  

whilst leav ing  the defects  and the surface corrosion signals’ form  

unchanged. At T , =7.8 mm, the signal, rather than merely the noise began to
c / o

be a ffec te d  (see f igs  4.4(c) and 4.5(c)), and below this the signal was 

extinguished. In all o f  these plots the spatial sampling interval was 0.1mm 

(measured along the probe path). At the best compromise between surface  

noise attenuation  and d efect signal shape preservation (i.e. with T = 5.2mm: 

compare figs.4.4.(a) and 4.4.(b), and 4.5(a) and (b)), surface corrosion was still 

obvious, so the fi lter  order was increased by cascading two 2nd order Bessel 

filters o f  the type described above, which caused a rather oscillatory output in 

the v ic in ity  o f  any defect.

The 4th o r d e r  f i l t e r  d id  improve  the re jec t ion of the h igh f r e q u e n c y  noise over
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that o f  the 2nd order but at the cost o f  markedly altering the d e fec t  s ignal, so 

the 2nd order Bessel f i l ter  w ith with T , -  5.2mm was chosen for use in tests
c/o

upon a featureset w ith  defect  signals preprocessed by d igital filter . The  

results o f  this are given in Table 4.2. U nfortunate ly ,  the results were  

actually poorer than the m isclassification  results from  the unfiltered  

comparable experim ent (Macleod,1982).  This implies either that the high  

frequency content o f  the defect  signal does carry d iscrim inatory inform ation ,  

or that even though visible  distortion o f  the defect  signals was only  just 

discernable, it was s u ff ic ien t  to degrade the dixrimatory inform ation  

contained in the signals.

It would have been desirable to have been able to experim ent further with

much higher order f ilters with  a much sharper c u t-o f f  but the 4th order

proved d i f f ic u l t  to produce in a form with an output not prone to instability ,  

and so since the basic aim was improve c lassifier performance and since this 

had not been ach ieved , no further experim entation was carried out upon this. 

Cross Correlation o f  Scans with  Prototype D efects

An approach to noise reduction that is well known in com m unication  

theory is that o f  cross correlation o f  an input signal with  the signal to be 

detected. Correlation can normally only be used under circumstances where

the form o f  the desired input signal is known in advance but it was o f

interest in this project because the number o f d if feren t signals to be detected  

was quite small, and all but the GCO class could be represented by idealised  

waveforms.

The correlation o f  two time series is expressed as:
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R (k ) « £ x ( k ) y ( i ) ,  k=l,...,n (4.4)

i= l

where x(i) and y(i), i=l,...,n are the candidate scan and the prototype scan

respectively; in this application n=400 points. The operation is usually

quoted in the form  o f  eqn. 4.4, but here what was required is more correctly

called circular correlation, where a prototype scan is correlated w ith  1 com plete

scan at a time, rather than with a signal which continuously  streams out

of the probe. In circular correlation the series to be m ultiplied are held in two

circular arrays, one conta in ing  the prototype scan, and the other, the latest

probe scan. The k values in the correlation series R (k) are form ed by
xy

stepping one array past the other by one element at a time, and for each step  

(or unit increm ent in k) repeating the summation o f  products operation.  

Circular correlation was preferred here over the more common linear correlation  

because o f  memory requirement considerations. Correlation was most easily  

accomplished using real number arithmetic because some normalisation o f  the 

output arrays was required. The use o f  circular correlation meant that only  

one scan had to be held in memory at once (rather than two with  normal 

correlation because o f  the format o f the data storage files), and this was 

critical to the feasab il ity  o f  the correlation task because o f the the small 

amount o f memory le ftover  for data when this program was loaded.

In order to generate the idealised forms of the signals due to d efects  or 

"prototype" scans, typical ZCK and IGSCC scans were hand-picked, and then 

a n  ad-hoc w in dow in g  function  was applied to them (a 4th order Blackman-  

Harris w indow  with  a central plateau inserted to allow only the d efec t  signal 

to pass unattenuated), to elim inate all but the signal segment deemed to be the 

defect signal. Low pass filter ing  and then normalisation (see section 4.4.3)
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were then applied to produce the prototype for correlation. This  

rather ad hoc method worked better than the more obvious box-car averaging  

method o f  producing an averaged typical prototype from a number o f  

superimposed scans. Box car averaging was tried experim entally , but was 

found unworkable due to the d if f ic u l ty  experienced in a ligning  the centres o f  

defects taken from  d if fer en t  scans.

As can be seen from  figs. 4.7 and 4.8, the prototype defec t  signals were almost 

symmetrical about the central peak, which suggests that the results o f  

correlation and convolution  would be very similar. A ccordingly , only  one 

method o f  the two correlation methods, was pursued w ith  to a 

conclusion. In addition , the defin it ions  o f  the correlation operation are rather 

similar to those o f  convolution  in both the time and frequency domains  

(Brigham,1974):

correlation convolution

M-l
Rxy(k)=Xx(i)y(k-i)j (4.5) C xy(k)=Ix(i)y (k+i) ,  k=0,..,N-l (4.7)

L * o

i y t )  = F - ‘[X ’(f )Y (f )]  (4.6) C M O  -  F '1[X (f)Y (f)J  (4.8)

From the time domain defin itions,  it can be seen that they d i f f e r  only  in 

that one fun ction  is time reversed before the sliding summation o f  products 

operation takes place.

Initially the correlation was performed in the spectral domain using eqn. 

4.6, in v iew  o f  the speed advantages expected with an FFT. H owever, this 

method would not work (despite a lengthy series o f  experim ents to determine  

if the cause was related to the w indow ing o f the data series, or the position
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of the zero padding w ith in  the transform). Although a peak w ould  occur  

when a d e fe c t  was present, the peak always occurred close to the m iddle o f  

the correlated time series and the positional inform ation  was lost. Zero 

padding the 400 point time series to f i t  a 512 point transform seemed to be the 

cause o f  the problem. The alternative approach, compressing the 400 point  

series to f i t  a 256 point transform was not possible because the resultant 

program approached the P D P l l ’s space limitations to the extent that there was 

no core space le f t  for graphical output or even for the arrays hold ing  the 

correlated signals to be plotted o f  interest to be written to an output f i le  for  

subsequent plotting.

Preservation o f  the peak positional inform ation  w ith in  scans could only be

* *
achieved by resorting to the simple brute force method o f  eqn. 4.5. Although  

this was slow at 45 sec /scan  compared with 1 second/scan for an FFT-based  

method, it worked well and also avoided the uncertainties o f  whether or not 

to smooth, w indow , zero pad or compress the time series (or otherw ise corrupt 

the data in order to use a transform o f  an unsuitable length).

4.4.2 C lassif ication  by Correlation

The key factor in getting the technique to work as a classif ier  was the 

method o f  scaling the result. Scaling o f  the correlation series is a topic seldom  

discussed in either com m unication  theory text books or applications papers 

using correlation, probably because it seems trivial. Perhaps this is because  

most authors are interested in noise reduction, or in signal detection  or image  

matching, rather than c lassif ication  upon the basis o f  the com parative sizes o f  

the correlation peaks from several prototypes. The scaling scheme used
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was to prcscalc the prototype time series to have unit energy in both the y- 

signal and x-signals individually:

Z y  (k)=l and Zx (k)=l (4.6)
prototyp* . prototype v ’

k *  1 <*1

whilst leaving  the test scan and the correlation series i tse lf  unm odified .  

Normalisation w ith  respect to the product o f  the two signal segment  

energies was also tried, but tended to produce spurious peaks the correlation  

series for scans conta in ing  no defect,  due to d ivision by zero (representing an 

almost zero signal energy). In other words, where there was a noisy  line, 

devoid o f  a d efec t  signal but contain ing a few  small peaks, these would  

be a rt if ic ia l ly  emphasised by the e f fe c t  o f  the norm alisation procedure  

which acted to so as to produce unit energy in all correlated scans. This e f f e c t  

is unavoidable w hilst the normalisation co e ff ic ien t  is calculated  in d iv id u a lly  

for each scan, so the scheme f in a lly  chosen was that o f  normalisation  o f  

the prototype alone.

The results shown in figs. 4.9-14 show graphically how the height o f  the peaks in 

the two correlated y-signal plots for each tube correspond to the type o f  defect  

present. By c lass ify in g  the defect as that o f  the prototype which  produced the 

strongest correlation signal peak a 90% correct c lassfication  rate was 

achieved. The correlated x-amplitude was always smaller than that o f  the 

corresponding y-channel because the eddy current equipment had been set up to 

maximise the signal in the y-direction by rotation o f the phase control (at the 

expense o f  the the x-axis signal size).

For segm entation purposes the correlated y-signal obtained when the prototype  

was an axia l crack was best because it was the most accurate indicator o f  

defect position, and it would have been used for segm entation prior to the
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classifier in the experiments in section 4.? had it not been that the 

segmentation algorithm o f  Section 4.3 was much quicker and also blocked the 

GCO class signals from  being passed to the classifier.

The extent o f  defects ,  particularly the detection o f  their ends, w h ich  are 

normally submerged in noise, is obvious in the y- signal correlations. Thus the 

correlation performs better than the segmentation algorithm in section 4.3 for  

detecting the ends o f  cracks. For correlation to be used in a system operating  

in real time, one o f  two methods would have to be implemented. Either, the 

scan lengths would have to be made to f i t  an FFT transform by altering the 

sampling rate, or a fast hardware time series correlator would have to be 

devised. The latter could be arranged to place no restrictions on the number o f  

sample points per scan, as long as all o f  the scans matched the prototypes in 

length. In both cases, preservation o f  defect  position inform ation  would  be 

possible w hilst still retaining processing speed.

It has thus been shown that correlation w ill  h ighlight the position and axial  

extent o f  a defec t ,  perform ing best when the prototype is an axial crack. The  

discriminatory capability  o f  correlation is discussed in Section 4.8, where a 

practical im plem entation o f  a correlation-based classifier is suggested.

4.4.3 Matched Filtering

It is a standard result in com munication theory (Carlson,1975) that i f  a pulse 

of known shape x(t), is contam inated by additive noise with spectral density  

G (f), then the optimal f i l ter  for detection o f that pulse is one with transfer
n

function
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H opt( f ) - x V ) e -Jwt (4.9)

G (f)
n

where t is the time lag after reception o f  the pulse at which  the f i l ter  output  

peaks, w is the angular frequency in radians/sec.,  X (f )  is the complex amplitude  

frequency spectrum o f  the pulse and * denotes complex conjugation. On closer  

inspection o f  eqn. 4.9, i f  the exponential term due to the time lag is 

neglected, s ince it is merely a phase rotation, and i f  the noise power  

spectral density  is uniform  with in  the region o f  the spectrum in w hich  the 

defect pulse is non-zero, and neglig ib le above that, then H (f) s im p lif ie s  to
o p t

*
X (f). In other words, i f  the noise is approximately white, then matched

filtering is eq u iva len t to correlation o f  the input signal w ith  a fu n ction  or

series which  has the same shape as the desired input, x(t). The operation is

correlation rather than convolution  in v iew  o f  the conjugation operation
*

acting upon X  (f), (see eqns. 4.6 and 4.8). The sim ilarities between

correlation and matched f i lter ing  are particularly obvious in the analogue  

delay line realisation suggested by Stremler (1977).

In order to ensure the va lid ity  o f  this s im plif ication, ensemble averages o f  

the power spectral densities were estimated, from tests run upon 10 samples of  

each o f  the axia l type defects ,  and from ordinarily noisy scans. From Fig. 4.15, 

it can be seen that the spectral power is approximately white in the tAppec' part 

of the spectra, where all o f  the spectral energy o f  the defect  signals is 

concentrated. Thus, it seems reasonable to say that matched fi lter ing  would  

have produced the same results as correlation, since division o f  the defect  

signal spectra by the background spectra as per eqn. 4.9 would have made  

little d if feren ce .  The results were, then, that correlation was doing a

su ff ic ien tly  good im itation o f  matched filtering already. The correlation
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results in figs.  10, 11, 13 a n d  14 4 su p p o r t  this p ropos i t ion  s ince  th e re  is l i t t le  

noise p re sen t  a f t e r  co r re la t io n ,  thus  i n d i c a t i n g  th a t  in th is  case co r r e l a t i o n  is 

equ ivalen t  to m a t c h e d  f i l t e r ing .

4.5 Feature Set Development

In Section 4.3, a seg m en ta t i o n  a lg o r i t h m  was de sc r ibed  w h ich  co n s id e r a b ly  

s impl i f ies  the  c l a s s i f i c a t io n  prob lem  f o r  the  set o f  single f r e q u e n c y  def ec t s ,  by 

re ducing i t  to a two  class one.  The  class segmented ou t  (GCO) was also the  

class w h ich  h a d  p re v io us ly  been the  easiest  to separa te .  Th i s  can be seen f r o m  

the overa l l  F i sh e r  d i s c r i m i n a n t  ra t ios  co m pu ted  between the  3 pai rs  o f  classes 

(using the  9-d f e a t u r e s e t  f r o m  t r a i n i n g  set cp7):

Z C K  vs IGSCC 1.097 

Z C K  vs G C O  2.965 

IGSCC vs G C O  3.289 

These f i g u re s  w e re  ca lc u l a t ed  a long the  F is he r  d i re c t io n  b e tw een  ea ch  p a i r  o f  

classes us ing the  sum o f  the  class s t a n d a r d  dev ia t ions  ca lc u la t ed  a long  the  l ine  

jo in ing the  class means .  T h e  two classes re m a in in g  a f t e r  the  seg m en ta t i o n  

a lgor i thm,  Z C K  a n d  IGSCC,  were the  pa i r  be tween w h ich  the re  was most  

s imilar i ty ,  a n d  the  h ighes t  pa i rw ise  class misc lass i f i ca t ion rate.  It is possible 

to d i s t igu ish  b e tw een  the  two  types  v isual ly  us ing only  one scan,  so it  was 

reasoned t h a t  it o u g h t  to be possible to improve the f e a t u r e  set to m ak e  the  

machine  c l a s s i f i c a t io n  r a te  m a tch  that  of a h u m an  opera tor .

R e fe r r in g  to T ab le  4.1, f e a tu re s  1-9 were those or ig inal ly  used by 

Macleod(1982) a n d  f e a t u r e s  10-14 have been added  in o rd e r  to f u r t h e r  

d i f f e r e n t i a t e  be tw e en  Z C K  an d  IGSCC defects.  T h e  seg m en ta t i o n  a l g o r i t h m
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allows l eg i t im a te  use o f  the  d e f ec t  s ignal  w i d t h  as a f e a t u r e ,  s ince  p rev io us ly ,  

the segmen t  s t a r t  a n d  en d  were  d e t e r m in e d  so m ew ha t  a r b i t r a r i l y  ove r  th e  l eng th  

of a w hol e  d e f e c t  by  eye.

The new  f e a t u r e s  w e re  e v a lu a t ed  in two ways: a c co rd ing  to t h e i r  i n d i v i d u a l  

Fisher  d i s c r i m i n a n t  powers  a n d  up on  the  basis o f  i n t e r - f e a t u r e  c o r r e l a t i o n  

using the  s t a n d a r d  f o r m u l a  f o r  co r re la t ion  o f  two va r ia bl es ,  x a n d  y:

f i x y - Z  (xk-x)(yk-y) (4.10)

H  -
nS S

x  y

The i n d i v i d u a l  F i s h e r  d i s c r i m i n a n t  powers  have  only  been sh o w n  b e tw e en  

classes Z C K  a n d  IGSCC, s ince it  was bet ween  these  classes t h a t  al l  o f  the  

misc la ss i f i ca t ion was  occur ing.  A p ro g ram  w hich  tes ted  the  f e a t u r e s  f o r  cross 

co rre la t ion  a c c o r d i n g  to eqn.  4.10 f o u n d  t h a t  f e a tu r e s  5 a n d  7 w e re  95% 

cor re la ted ,  7 a n d  8 were  -92% cor re la ted ,  a n d  10, 11 a n d  12 w e re  97% 

correlated .  C o n t r a r y  to expec ta t ions ,  d e f ec t  w i d t h  d id  no t  d i s p l a y  a 

p a r t i cu la r ly  h ig h  F is h e r  d i s c r i m i n a n t  power ,  bu t  s ince it  d id  no t  co r re l a t e  

s trongly w i t h  a n y  o t h e r  f e a tu r e ,  it was ad d e d  to the  fea tu rese t .

4.6 Visual Analysis  o f  Class Structures

Some of  the  m ore  common g ra ph ical  tools used in p a t t e r n  r eco g n i t io n  have  

been used in th is sec tion,  to t ry  to analyse  the r e la t ions h ip  bet ween  the  classes,  

and to c o m p ar e  the  in terc lass re la t ionships  in the  newly  e x t e n d e d  

fea tu respa ce  w i th  the  s t ru c tu re  of  Mac leod’s data .  In o rd e r  to see the  t ru e  

s t ructure  o f  M ac le o d ’s 9-dimens ional  f e a tu r e  vector  set, a n o n l i n e a r

mapping was  coded on the  PDP11/45.  Fig. 4.16 shows the  po ints ,  m a p p e d
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accord ing  to the  d i s t an ce  p re serv ing scheme  of  Sammon(1969) .  T h i s  t e c h n i q u e  

i t er a t i vel y  moves  a f i r s t  a p p r o x im a t io n  o f  the  set o f  point s  in 2 -d im ens ions  to 

max im al ly  p re se rv e  the  in t e rp o in t  d is tan ces  as m eas u r ed  in  t h e  o r ig in a l  

fe a tu re  space.  T h e  c lus ters  ove r lap  only  s l ight ly ,  i n d i c a t i n g  t h a t  th e y  are ,  at  

worst ,  a lm ost  com plete ly  sepa rabl e  w i th  some n o n l in e a r  decis ion b o u n d a r y .

Fig. 4.17 shows ffcao*- s epa ra t ion  of  the  two least  s ep a rab le  classes in the  f i r s t

two d im en s io n s  o f  the  f e a t u r e  space t r a n s f o rm e d  acco rd in g  to the  K i t t l e r - Y o u n g

version o f  the  K a r h u n e n - L o e v e  t r a n s f o r m a t i o n  (K i t t l er  an d  Y o u n g ,1973). T H e

K a r h u n e n  Loeve t r a n s f o r m a t i o n  takes  as its i n p u t  the  co v a r i an c e  m a t r i x  o f  the

complete set  o f  f e a t u r e  vectors regardless  o f  class a n d  p ro d u c e s  a n o t h e r

mat r ix  o f  o r th o g a n o l  e igenvecto rs  w h ic h  re pre sen t  the  d i r ec t io n s  o f  m a x i m u m

var iance ,  w h i c h  are  r a n k e d  acco rd ing  to the  e igenva lue  a ssoc ia ted  w i th

each o f  t h e m  (e igenva lues  are  e q u iv a l e n t  to the  s t a n d a r d  d e v i a t i o n  o f  the

complete set  o f  poi n t s  a long the  d i r ec t io n  o f  the  as socia ted  e igenvec to r) .

The K i t t l e r  Y o u n g  t r a n s f o r m a t i o n  is a m o d i f i c a t io n  o f  the  the  K a r h u n e n

Loeve t r a n s f o r m a t i o n  w h ich  emphasises  class s epa ra t ion  r a t h e r  t h a n  ju s t  the

di rec t ions  o f  m a x i m u m  v a r i a n ce  (which  may not  be the  same as the  d i r ec t io n s  of

greatest  class sep a rab i l i ty ) .  ^TUe- 6L&S&S are  a lmost  sep a rab l e  by a

s t raight  l ine  in  the  fu l l  d im ens iona l i ty  o f  the  f e a tu re s p a ce  th ey  a re  94%

separable ( t ab le  4.2(c)) us ing a l inea r  decis ion b o u n d a r y ,  co m p a r e d  w i th  the

88.4% ac h ie v ed  by Macleod using his 9-dimens ional  fe a tu re se t .  F ro m

inspect ion of  the  e igenva lues  of  the  e igenvec to r  m a t r ix  o b t a in e d  f r o m  the

Ki t t ler  Y o u n g  t r a n s f o r m a t i o n ,  the  d i s r im in a to r y  po wer  was not  as he av i ly  
♦

conc en tra t ed  in the  best  r a n k e d  f e a tu r e  in the t r a n s f o rm e d  space as it had  been 

in Mac leod’s dat a .  In s t ead ,  the  f i rs t  4 o f  the  14 e i genvalues  w e re  be tw e en  50 

and 15 in valu e ,  w i t h i n  a co ord in a te  sys tem wi th  all f e a t u r e  axes  sca led  such
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that  the  d a t a  has  zero  m ean a n d  v a r i a n c e  100.0. E x p e r ie n ce  has  s h o w n  th is  to 

be a smal l  sp read ,  i n d i c a t i n g  su b s tan t i a l  d i s c r i m i n a t o ry  p o w er  in the  f i r s t  

f o u r  t r a n s f o r m e d  dimensions .  Also, f r o m  inspec t ion o f  the  mix  o f  f e a t u r e s  in 

the h igh es t  r a n k e d  axis  in the  t r a n s f o r m e d  space,  no one o r i g in a l  f e a t u r e  was  

p a r t i c u la r ly  d o m i n a n t ,  in  contras t icMacleod’s p re v io us  f i n d i n g s  w h e n  s e p a r a t i n g  

GCO f r o m  the  two classes above.

Fig. 4.18 shows the  3 class d a t a  o f  Mac leod  t r a n s f o r m e d  a c c o r d in g  to the

method  o f  F u k u n a g a  an d  Mantock(1983) .  Th is  m et hod,  m e n t i o n e d  in 

C h ap te r  3, ex t r ac t s  the  e igenva lues  f r o m  a m a t r ix  w h ic h  is c a lc u l a t e d  in an 

ana logou s  w ay  to the  co v a r i an ce  m a t r i x  used in the  K a r h u n e n  Loeve

t ran s f o r m a t i o n ,  ex cep t  t h a t  the  geomet r ic  m ean o f  the  k n ea res t  n e ig h b o u rs  

(i.e. the  local  m ean)  is used in the  f o r m u l a t i o n  o f  the  m a t r i x  f r o m  w h ic h  

the e i genvec to rs  a r e  e x t r a c t e d  i n s tead  o f  the  sam ple  based  mean.

Con seq u en t ly  the  m e th o d  m ak es  no as sum pt ions  ab o u t  th e  n a t u r e  o f  the  class 

d i s t r i b u t io n s  a n d  so tends  to p roduce  a r a t h e r  more  a c c u ra t e  i n d i c a t i o n  o f  the  

best 2-space f o r  class sep a ra t i o n  t h a n  the  K a r h u n e n - L o e v e  t r a n s f o r m a t i o n ,

since th e  l a t t e r ’s b e h a v io u r  is r a th e r  sub ject ive  w h e n  th e re  a r e  m o re  t h a n  2 

classes. T h e  f i g u r e  also shows t h a t  t he re  exists a p lane  in w h ic h  the  3 

classes in the  t r a i n i n g  set com plete ly  sepa ra te ,  an d  in t h a t  same p lane  (i.e. as 

ca lcu la ted  f r o m  the  t r a i n i n g  set) the  tes t ing  set classes a lm os t  l i n ea r ly  sepa ra t e .  

This agrees  well  w i th  the  c las s i f ic a t ion resul ts  o f  the nex t  section.

4.7 C las s i f i ca t ion  Resul ts

The a ims in th is  sec t ion ar e  twofold:  f i rs t ly ,  to descr ibe  the  ap p l i c a t i o n  o f  

o ther  c l a s s i f i c a t io n  me thods  over  an d  above the  or ig i na l  m e th o d  o f  D uda  an d
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Fossum (1966) used by Macleod (1982),  a n d  secondly ,  to f i n d  the  u p p e r  l imi t  

on the  c l a s s i f i c a t io n  ra tes  g iven the  best  set o f  f e a t u r e s  thus  f a r  f o u n d .  T h e  

l inks b e tw e en  the  o p t i m u m  ach ie v ab le  misc l as s i f i ca t ion e r r o r  r a t e  a n d  the  

results f r o m  ne a re s t  n e ig h b o u r  ru le  c la ss i f iers  were  i n t r o d u c e d  in sec t ion  

3X5.  U s in g  the  ineq u a l i t i e s  g iven the re  the  p e r f o r m a n c e  o f  all  t he  c l as s i f i e rs  

t r ied  ca n  be  assessed more  r e a b t t i c a l l y ,  w i th  es t imates  o f  the  m a x i m u m  

p e r f o r m a n c e  a t t a i n a b l e  w i th  the  f e a t u r e  vecto r  set ava i l ab le ,  r a t h e r  t h a n  w i th  

respect  to 100% co r re c t  c lass i f ica t ion.

Since th e re  was  a c a p a c i ty  fo r  up to tw en ty  fe a tu re s  in all  of  the  p ro g r am s  

involved,  a n d  no ne  o f  the  f e a tu r e s  seemed to be a c tu a l ly  d e t r i m e n t a l  to the  

f ea tu re se t ,  al l  o f  the  old ones  an d  all  of  the  new ones were  used a t  the  

c la ss i f i ca t ion s tage ,  excep t  w h e re  i t  was des i rable  to use the  same f e a t u r e s e t  

as Macleod h a d  d o n e  f o r  co m par i son  o f  a type  o f  c l as s i f i e r  w i t h  his,  or  to 

com pare  th e  e f f e c t  o f  some pr eprocess ing such dig i ta l  f i l t e r ing.

4.7.1 Previous  Work

Duri ng  the  fe a s ib i l i t y  s tudy  only  one type  o f  c l a s s i f i c a t io n  was  used:

2 stage seq u e n t i a l  c l a ss i f i c a t io n  o f  the  3 classes ( tables 1-3,M ac le o d ,1982), as 

a l r eady  de sc r ib ed  in sec tion 4.1.

Mul tic lass  c l a s s i f i c a t io n  by seque n t ia l  2 class c l a s s i f i c a t io n  re qu ir e s

the system des igne r  to k n o w  w hich  classes can be grouped  to get her  in o rd e r  to 

reduce the  e f f e c t i v e  class co u n t  to two a t  each stage.  Th i s  w ou ld  c lea r ly  be 

ra th e r  a ser ious  l im i t a t i o n  i f  on si te t r a in in g  o f  the  sys tem were  to be r e q u ir ed .  

In ad d i t i o n ,  the  p rob lem  in C h a p te r  5 was expected  to co n ta in  co n s id e r ab ly
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more classes t h a n  th a t  c o n c e rn in g  the  316 tubing.  C o n s eq u e n t ly  some 

exp e r i m en ts  in to  mul t i c la ss  c l a s s i f i c a t io n  have  been u n d e r ta k e n .

4.7.2 Multiclass Linear C lassification

Duda & Fossum (1966) g ive  a mul t ic l as s  l i nea r  c l as s i f i e r  we ig h t s  t r a i n i n g  

a lgor i thm  in the  same p ap e r  t h a t  they  desc r ibe  t h e i r  two class scheme.  

It was code d  a n d  tes ted  upon  the  same 3 class 9 -d im ens iona l  d a t a  set as used 

by Mac leod a n d  the  results  a re  shown  in T ab le  4.2.

In some mul t i c l a ss  schemes,  c ( c - l ) / 2  d i s c r i m i n a n t  f u n c t io n s  mus t  be t r a i n e d  in 

order  to d ec id e  b e tw e en  each possible class pai r ,  w he re  c is the  n u m b e r  of  

classes. Duda and Fossum’s m eth o d  represen ts  a most ec on om ic al  m e th o d  of  

t r a in in g  w e ig h t  vec tor s  (only  one has  to be t r a in e d  per  class). T h e  t r a i n i n g  

method  is v e r y  s im i l a r  to the  2-class one,  the  d i f f e r e n c e  being  t h a t  on ly  the  

weight  vecto rs  associa ted  w i t h  the  misc lass i f ied  a n d  misas s igned class 

pai r  a r e  a d j u s t e d  a f t e r  a misc las s i f i ca t ion.

The m isc la s s i f i ca t ion  r a te  was f o u n d  to increase  due to the  p re -em in en ce  of  

the phase  f e a t u r e ,  w h ic h  h ad  been so p o w e r fu l  in the  d i s c r im in a t io n  of  the  

GCO class f r o m  the  u n io n  o f  the  Z C K  a n d  IGSCC classes. T h e  phase  f e a t u r e  

a t t a ined  a h igh  w e ig h t in g  as a resul t  of  the  a f o r e m e n t io n e d  d i ch o to m y ,  bu t  

the same h igh w e ig h t in g  co n f u sed  the  c lass i f ie r  when  d i s c r i m i n a t i n g  between  

ZCK a n d  IGSCC p a t t e r n  vectors ,  due  to s ig n i f i can t  o v e r la p p in g  of  th e i r  class 

d i s t r i but ion s  a long  the  phase  f e a t u r e  axis.

Upon de t a i l e d  e x a m i n a t i o n  o f  the  misc lass i f ied  scans, it was aga in  f o u n d  t h a t  

the misc la ss i f i ed  ax ia l  cr acks  were  all  of  low am pl i tu de .  Most were  the
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f i rst  or  last  scans  associa ted  wi th  a p a r t i c u l a r  crack.  Almos t  al l  o f  the  

misc lass i f ied  IGSCC samples  came f r o m  one tube  d a t a  f i le ,  w h ic h  c o n t a i n e d  a 

low a m p l i t u d e  i n t e r g r a n u l a r  crack.  In su bseq uen t  tests upon  the  14 d i m e n s io n a l  

data,  (see T a b l e  4.2(c)) the  misc l as s i f i ca t ion  ra te  was r e d u c e d  by r e d i s t r i b u t i n g  

the scans  f r o m  this  tu b e  so th a t  h a l f  o f  t h em  were  no w  in th e  t r a i n i n g  set. 

This u n f o r t u n a t e l y  v io la ted  an  ea r l i e r  resolu t ion,  w h ich  was to p r e v e n t  scans 

f rom  the  sam e p a r e n t  b lemish a p p e a r i n g  in both  the  t es t ing  a n d  t r a i n i n g  

sets even a l t h o u g h  the  scans  themselves  were  d i f f e r e n t .  H o w e v er ,  t h e re  was  no 

a l t e rn a t iv e  in th is  case,  fo r  this was the  lowest am p l i t u d e  IGSCC sp ec im en  in 

the en t i r e  d a t a  set,  a n d  because  th e re  was no o ther  IGSCC q u i t e  as low an 

am pl i tu de  by some m a rg in  ju d g in g  by the  n u m b e r  o f  misc la ss i f i ca t ions  d u e  to 

scans f r o m  it,  so scans  f r o m  it h ad  to be r e d i s t r i b u t e d  a n d  p u t  in to  new  

versions o f  b o th  t h e  tes t ing  a n d  the  t r a i n i n g  sets in o rd e r  to re s to re  s t a t i s t i ca l  

equa l i ty  to th e  sets. These  new  vers ions,  cp7mk2 a n d  cp9m k2,  w e re  used to 

produce  table 4.2(c). T h e  n u m b e r  o f  samples  in the  IGSCC class is s l igh t ly  less 

in this t ab le  tha/i in the  o ther s  because  o f  the  r e d i s t r i b u t i o n  o f  the  scans  

f rom this  def ec t .

For f e a t u r e  sets w h e r e  one f e a t u r e  is s ig n i f i c a n t ly  more  p o w e r f u l  t h a n  all  of  

the o ther s  ( as  v a s  t bp c a s e  h e r e ,  acco rd ing  to i n d i v id u a l  f e a t u r e

Fisher  d i s c r i m i n a n t  ra tios),  then  seque n t ia l  l inea r  c l a s s i f i c a t io n  is p r o b a b ly  

p re fe ra b le  to s ingle  s tage  mul tic lass  c lass i f i ca t ion,  unless  en o u g h  is k n o w n  

about the  class d i s t r i b u t io n s  1b t r a in  the (c - l ) c /2  we ights  neces sary  fo r  a ful l  

pa irwise  m u l t i c l a ss  c l a ss i f i c a t io n  scheme.
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4.7.3 Non Linear C lassification

A n o n - l i n ea r  c l as s i f i e r  w i th  a q u a d r a t i c  dec is ion f u n c t i o n  was  w r i t t e n  in the  

early stages  o f  the  s ingle f r e q u e n c y  ex p e r im e n ta t i o n ,  b e f o r e  it bec am e  c l ea r  

that  th e re  w e re  m a jo r  p ra c t i ca l  d i f f i c u l t i e s  invo lved  in ex t e n d i n g  th e  d e f e c t  

set to a s u f f i c i e n t  ex t en t  to a l low the  s ta t i s t ica l ly  l eg i t im a te  use o f  this  

classi fier .  F o r  a n o n - l in e a r  c la ss i f i er  o f  the  po lyno mia l  dec is ion  f u n c t i o n  type,  

the m i n im u m  t r a i n i n g  set class size fo r  a g iven d im en s io n a l i ty  is no w  g o v er n ed  

by the  the  n u m b e r  o f  terms in the  decis ion fu nc t i on .

A q u a d r a t i c  decis ion f u n c t i o n  can be expressed by

G(x)=X E w x x . ,  w h e re  k=i.n +j, W = [w ,...,w„ 1 a n d  X =1 (4.11)
~  . k i j fea ture*  J 1 o ( ( n + l ) ( n + 2 ) - l ) J o v 7

V d  class 1 i f  G(x)>0 

class 2 o therw ise

where  x a n d  x a r e  the  i th  a n d  j t h  f e a tu r e s  o f  the  p a t t e r n  vec to r
i j

X, a n d  w^ is the  w e ig h t  assoc ia ted  w i th  t h a t  term.  F o r  a q u a d r a t i c  c la ss i f i er ,  

if  there  a re  d o r ig in a l  fe a tu re s ,  then  the re  wi ll  be

(d+ l) (d+ 2)  (4.12)

2

terms to t r a i n  in the  au g m en te d  we igh t  vector .  Fo r  the  9 d im en s io n a l

f e a tu resp ace  in d a t a  sets CP7 an d  CP9,  there  were  55 we ight s  to t r a i n  f o r  each 

2 class pai r .  A c c o r d in g  to s t a n d a r d  decis ion theo ry ,  the  n u m b e r  o f  samples  per 

class r e q u i r e d  mus t  sa t i s fy  the  cond i t ion

n k 2 ( d + \ )  (4.13)

where  d is the  f e a t u r e  space d imens ional i ty .  Acco rd ing  to this,  112 samples

per class a re  r e q u i r e d  fo r  the  55 we ights  necessary to be t r a i n e d  w i th o u t
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u n d e r d e t e r m i n a t i o n  o f  the  we igh ts  occ u r in g  (i.e. o v e r f i t t i n g  o f  the  s u r f a c e  to 

the po in t  set). H o w e v er ,  pu re ly  ou t  o f  cu r io s i ty  (since t h e  m i n i m u m  class size 

condi t ions  coul d  no t  be fu l f i l l e d )  the  q u a d r a t i c  c la ss i f ie r  was  te s ted  upon  

CP9 a f t e r  h a v i n g  been t r a in e d  upon  CP7,  an d  not  s u rp r i s in g ly  the  resul ts  

were p oore r  t h a n  those ob t a in ed  w i th  a l inea r  c lass i f ier ,  d u e  p r e s u m a b ly  to 

ove r t r a in in g  o f  th e  we igh ts  vector ,  a n d  thus  o f  the  decis ion s u r f a c e  u p o n  the  

t ra in ing  set.

4.7.4 N e a re s t  Mean Clas s i f ie r

At the  opposi te  ex t re m e  as f a r  as the  n u m b e r  of  we igh ts  to be t r a i n e d  is

concerned,  t h e re  is a type  o f  c l ass i f i er  the  ac t ion of  w h ich  can be desc r ib ed

wi thin  the  gene ra l  f o r m  of  the  decis ion f u n c t i o n

G(x) = w*x + v , x €. i f f  G(x)  > 0 (4.14)~  d+1 ~ 1 '  ' '  '

providing  t h a t  only  one t r a i n i n g  po in t  is a l lowed pe r  class. T h i s  is the  

neares t  m ean  c la ss i f ier .  By sp l i t t i ng  a class in to  k clus ters ,  an d  us ing  the  m ean 

of each c lu s te r  as a p ro to type  an d  thus  t re a t in g  each c lus t er  as a s ep a ra te

class, a k -m eans  c l us ter ing  c lass i f ie r  o f  the  type  used by Doc to r  &

Ha rr ington(1980)  (m en t io n ed  in sec tion 1.9) can be obta ined.

In the two  class case, the  decis ion fu n c t i o n  for  the  one- t r a in in g -p o in t -p e r -  

class "neares t  m ean  class if ier" is

G(x)  = x ‘(X -X )-0.5(X *X -X * X J  (4.15)
r*  1 -v 2 ^  1 ~  1 ~  2 ~  2

where X a n d  X are  the  class cond i t iona l  means  of classes an d  w
+ *  I  a *2 ♦  1 2

respect ively,  a n d  x is the  new po in t  to be classi fied.

The m e thod  was coded a n d  ex tended to work on the 3 class d a t a  o f  the
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CP7 /9  t r a i n i n g  a n d  tes t ing  sets. T h i s  3 class p ro b lem  was  solved  w i t h  the  

f u n d a m e n t a l l y  2-class decis ion f u n c t i o n  o f  eqn. 4.14 by us ing  the  t h ree  

decis ion f u n c t i o n s  G ^ x ) ,  G ^ ( x )  a n d  G ^ ( x )  as show n in fig.  4.19, b e tw e en  

each 2 o f  the  3 classes,  a n d  a p p ly in g  some s imple  logic to the  signs  o f  the  

fu n c t i o n s  w h e n  e v a lu a t e d  in o rd e r  to d e t e r m in e  in w h ich  sector  o f  space  a new  

point  h a d  fa l le n .  A nea res t  m ean  c la ss i f i e r  could  hav e  been coded  d i r ec t ly ,  

but  by  c a lc u l a t in g  the  weigh ts  vectors  f i r s t  a n d  then  m o d i f y i n g  the  m ul t i c l a ss  

c lass i f ier  used fo r  the  Duda an d  Fossum type,  a re sul t  ex act ly  c o m p a r a b l e  was 

obt a i ned  more  easily.

Surp r is ingly  l i t t le  p e r fo rm a n c e  was  lost due  to the  s im p l i c i ty  o f  this

metho d c o m p a r e d  w i th  the  i t e r a t i v e  m e thod  of  Duda an d  Fossum.  T h e  resul ts

in T ab le  4.3 w e re  ob ta ined .  The  overa l l  ra te  (83%) was s l ight ly  low er  t h a n

that  o b t a i n e d  by Mac leod (88%) up on  the  same d a ta ,  most ly  d u e  to IGSCC 

samples  be ing  miscla ss i f i ed  as ZC K.  T h i s  seemed reas onab le  bec ause  o f  the  

shorter  d i s t an ce  b e tw een  Z C K  an d  IGSCC classes co m p a r ed  w i t h  t h a t  o f  the  

o ther tw o  class pai r ings ,  an d  also because  the  Z C K  class was  more

t ight ly  c lu s te re d  t h a n  the  IGSCC class. T h e  results could  p e r h ap s  hav e  been 

improved  w i th  the  use of  a we igh ted  nea res t  mean  c lass i fier .

4.7.5 N e a re s t  N e ig hbour  Resul ts

A selec tion o f  nea res t  n e ighbour  c lass i f iers  were  tes ted  upo n M a c le o d ’s dat a ,  

for  com par i son  wi th  the  results  he ob ta in ed  us ing the  2 s tage l inea r  c lass i fer .
■v

The resul ts  w i th  k between 1 and 5 were  ap p r o x im a te ly  as successful .  It was 

obvious  f r o m  the  list of  scan being misclass i f ied  g iven by the  c l as s i fe r  a t  ru n  

time th a t  a t t e n t i o n  shou ld  be focused on the d i c h o tom is a t io n  of  the  Z C K  an d
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IGSCC classes, a n d  the  overa l l  e r r o r  ra tes  shown  in T ab le  4.4 a re  p ro b a b ly  

er ra t ic  f o r  th is  reason,  so no f u r t h e r  nea res t  n i g h b o u r  e x p e r im e n t s  were  

con du c ted on t h a t  da ta .

4.7.6 Bounds on the Bayesian Rate

The m isc la ss i f i ca t ion  ra te  was not  zero en t i r e ly  bec ause  o f  the  s l ight  

i n t e rp e n e t r a t i o n  o f  the  Z C K  an d  IGSCC classes: the  G C O  class d id  not

cont r i bu te  to a n y  confus io n  o f  the  c la ss i f i er  because  it was  re m o v e d  

completely  (e i t he r  by segmen ta t ion  or by the  ac t ion o f  a l i n ea r  d i s c r i m i n a n t  

boundary) .

Using the  Z C K  an d  IGSCC classes a lone  w i th  the  14 d im en s io n a l  f e a t u r e s e t  

(see T ab le  4.5) a n d  the  same set  of  scans  f r o m  the  CP7 a n d  CP9 t r a i n i n g  a n d  

test ing sets as in Table 4.4, nea res t  n e ig h b o u r  c la ss i f iers  y ie lded  the  i m p r o v e d  

results g iven  in Table 4.5, an d  consequ en t ly  the  fo l lo w in g  b o u n d s  on the  

Bayesian e r ro r  rate:

(i) E > 3.09% (i.e E /2 )  f r o m  eqn. 3.31: a not  p a r t i c u la r ly
Z  1

tight bou nd ,

and

(ii) 3.70% < E* < 3.45% i.e E < E* < E'  -  -  13,7 _  “  13

from eqn. 3.32: t i g h te r  bounds .

The seemingly  nonsens ible  o rd e r i ng  of  the  bo un ds  is a consequ ence  o f  the  smal l

size of  the t r a i n i n g  set. The  value  of k was p icked acc o rd in g  to the  ru le  of  
♦

thumb th a t  k shou ld  be a p p r o x im a te ly  the  same size as the  s q au r e  root  of

the total  set size (160, t h e r e f o r  k= 12 or 13), an d  I  was p i cked  f o r  the

*

t ightest  bound  upo n E .
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4.8 Suggestions for F u r t h e r  Work

Both the  s egm en ta t i on  a n d  co r re l a t i o n  a lgo r i thm s  are  a m e n a b l e  to 

h a r d w a re  im p le m e n ta t i o n ,  us ing CCD  an a lo g u e  s h i f t  regis ters  a n d  m ul t ip l i e r s  

to process the  p ro to ty p e  scan. A comple te ly  h a r d w i r e d  c la ss i f ie r  based up on  

corre la t ion  coul d  be m a n u f a c t u r e d .  I t  w oul d  t ake  the  C i rco g ra p h  x a n d  y 

outputs  as its i n p u t ,  a n d  its o u t p u t  cou ld  p e r h ap s  be a s imple  v isua l  i n d i c a to r ,  

e.g., a L E D  to i n d i ca t e  the  presence ,  a n d  o ther s  to i n d i ca t e  the  type.  A m e te r  

might  i n d i c a t e  the  p ro b ab i l i ty  a t t a c h e d  to the  a t t r i b u t e d  class o f  a wh ole  

blemish based up o n  the  re la t iv e  sizes o f  the  peaks  f r o m  co r r e l a t i o n  w i th  

the prototypes .

In o rd e r  to p a r t i a l l y  d em o n s t r a t e  the  f e as ib i l i ty  o f  the  above,  a c l as s i f i e r  

was im p le m e n ted  by f i rs t  us ing the  seg m en ta t i on  a lg o r i t h m  f r o m  Sect ion 4.3, 

then m ask in g  o f f  t h e  non seg men te d a rea s  by re se t t ing  th e  s ignal  level  to zero  

( leaving on ly  the  Z C K  a n d  IGSCC type defect s ,  s ince the  s eg m en ta t io n  a l g o r i t h m  

del ibe ra te ly  d i s r e g a r d e d  harmless  genera l  s u r f a ce  corros ion).  T h e  y-s ignal  

alone was t h e n  co r re la t ed  w i th  p ro to type  Z C K  a n d  IGSCC y signals,  in the  

manner  of  Section 4.4.2, in o rd e r  to c lass i fy  the  de f ec t  acco rd in g  to type.

The results  we re  as fol lows.  Ove r  the  complete  au to m a t i c a l ly  det ec ted  d e f e c t  set

i.e. the  u n io n  o f  the  t r a i n i n g  an d  tes t ing sets, 30 f r o m  169 Z C K  scans  a n d  

30 f r om  146 IGSCC scans we re  misclass i f ied ,  i.e. 1 Z C K  blemish f r o m  17 

and 2 IGSCC blemishes  f ro m  13. As was the  case fo r  all  the  o th e r  types  of  

classi fier,  the  misc la ss i f i ed  scans  t en ded  to be f r o m  u n i f o r m l y  low a m p l i tu d e  

blemishes or f r o m  scans  ne a r  to b lemish ends , w h ich  were  also o f  a low 

ampli tude .  Speci f i ca l ly ,  de fec t s  wi th  peak height s  less t h a n  15 ad c  u n i t s  were  

at risk,  especia l ly  i n t e r g r a n u l a r  cracks  wi th  a r a th e r  s h a r p e r  t h a n  av e rag e
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centra l  peak,  thus  m a k in g  them  resemble  an  axia l  crack.

The most  in t e re s t i n g  f e a tu r e s  o f  th is c la ss i f i e r  were  its s im p l i c i ty  (s ince it  

e f fec t i vel y  e x t r a c t e d  only  one f e a t u r e )  an d  its lack o f  a t r a i n i n g  set

requ ir em en t ,  o th e r  t h a n  2 p ro to ty p e  scans. In a p ra c t i c a l  ap p l i ca t i o n ,  these 

and the  b a c k g r o u n d  noise level  w ou ld  be in te ra c t iv e ly  d e t e r m in e d  on si te

pr ior to i ts  use. T h i s  w ou ld  ta i lo r  the  system to the  p a r t i c u l a r  s u r f a c e  

condi t ions  f o r  a g iven set o f  tubes.  T h e  method,  w h en  im p le m e n t e d  in

sof tware  was  q u i t e  slow in ex ecu t ion  (45 seconds /scan) ,  b u t  it cou ld  be m ad e  

to ope ra te  m u c h  f a s t e r  in a p u re ly  h a r d w a r e  form,  s ince  the  m u l t ip l i c a t io n s  

involved in the  co r re l a t i o n  could  be p e r f o r m e d  wi th  fa s t  ana lo gue  mul t ip l i er s .

Only the  y s ignal  has  been used,  s ince the  x s ignal  co r re l a t i o n  t e n d e d  to 

misclass ify more  o f t en .  H ow e ver ,  the  misc l as s i f i ca t ion r a te  m ig h t  be

lowered by A N D  g a t ing  the  c l as s i f ic a t ions  f r o m  the  y s ignal  w i t h  those

from the  x-s ignal ,  s u p p lem en te d  by an  a m p l i tu d e  th re sho ld  o f  15 ad c  u n i t s  on 

the m i n i m u m  pea k  h e igh t  acceptable .  All o f  this d e p e n d s  upon  the  phase

shi f t  ap p l i ed  to the  s ignal  be ing ca l i b r a t ed  such th a t  the  p r o p o r t i o n  of  y-

signal to x-s ignal  is m ax im ised  fo r  an  ax ia l  crack.

In conclu s ion  th en ,  th is  c l a s s i f i e r /d e t e c to r  wou ld  bo th  det ec t  a n d  c l ass i fy  

defects a t  a speed s u f f i c i e n t  to keep up wi th  the  c i r c o g r a p h ’s probe (3 

revo lu t ions / second ,  s am pled  a t  400 po in t s /s c an )  we re  it to be bui l t .  It 

would need to s tore  a sepa ra te  pro to type scan fo r  each type  of  d e f ec t

ant i c ipa ted ,  a n d  hav e  e i the r  a n o th e r  set o f  seg m en ta t i on  a n d  co r re l a t i o n  

c i rcu i t ry  f o r  ea ch  a d d i t i o n a l  de f ec t  class, or fac i l i t i es  to m u l t i p l ex  the  f i r s t  

ha rd w are  co r re la t o r .
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The correlation — based classifer was not the only novel c lass if ier

evaluated. Another classifier  (normally hardware- based) w hich  treated the 

impedance plane diagram as a bit map and used these bits in groups o f  8- 

tuples as feature vectors was coded and tested, but the results were poorer 

(75% correct c la ss if ica tion ) than merit its inclusion here.

4.9 Concluding Remarks

The same basic data sets as used by Macleod in his reports have been adhered  

to for com parability , except in one respect. The scans from the most extreme  

example o f  a low am plitude IGSCC crack had to be split between the testing

set CP9 and the training set CP7, because an imbalance had been caused

previously due to the inclusion o f  such a d efect in one set only.

The m isc lass if ica tion  results improved when the scans were split between  

the training set and the testing set.

If the w eight vector for the IGSCC class was changed, so that the 

m isclassification rates for each o f  the classes was approxim ately  equal, 

then majority voting  might be powerful enough to bring the rates up to 

100% over com plete blemishes. Regardless o f  the type o f  classif ier  em ployed,  

the m isclassif ied  scans tended to be low amplitude ZCKs m isclassif ied  as 

IGSCC, and v ice  versa. The GCO samples did not misclassify  nearly as often  

as did the other tw o classes, but when they did, they tended to be deemed  

IGSCC rather than ZCK. The misclassified ZCK samples tended to come  

from the lowest am plitude axial cracks. The m isclassified IGSCC samples 

similarly were almost invariably  those o f  lowest amplitude.
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4.10 Conclusions

The co n fid en ce  lim its  imposed upon all o f  the perform ance figures by the 

sample set size were 5% with respect to the measured results for 3 classes each  

of size 50, though to calculate this the usual assumptions had to be made  

concerning class distributions. The scatter plots in f ig  4.18 suggest that the 

class d istributions are at least approxim ately unimodal i f  not exactly  

Gaussian. Thus the experim ental results were in s ig n if ica n tly  d if fer en t  

from the theoretically  achievable maximum with the 14 dim ensional  

featureset.

The results from  the nearest neighbour estimates o f  the Bayesian  

m isclassification  error rate indicate that the best results obtained from  the 

linear and nearest neighbour rule based classifiers tested could not have  

been improved much further, i f  at all.
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i s  not  d e t e c t e d  a t  i t s  ends ,  in s c a ns  6 , 12 &13.
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Fig. 4 . 5  T h e  e f f e c t  o f  t h e  s e g m e n t a t i o n  a l g o r i t h m  u p o n  
a n  e x a m p l e  o f  l o w  a m p l i t u d e  i n t e r g r a n u l a r  c r a c k i n g .
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( a )  t u b e  CA1.CHP, y - s i g n a l .

(b)  a f t e r  f i l t e r i n g  w i t h  3dB down p o i n t  
as  me as ur ed  upon t h i s  p l o t . at  p e r i o d =5.2 mm,

L£ I C A 1.CHP 
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( c )  a f t e r  f i l t e r i n g  w i t h  3dB down p o i n t  at  p e r i o d = 7 . 8 •  
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.FIG. M  The e f f e c t  o f  B e s s e l  f i l t e r i n g  upon an
i n t e r g r a n u l a r  c r a c k i n g  s i g n a l .
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(b) a f t e r  f i l t e r i n g  w i t h  3dB down p o i n t  at  p e r i o d = 5 . 2 m m , 
as  meas ured upon t h i s  p l o t .

Fig . 4.5 The e f f e c t  o f  2nd o rder  B e s s e l  f i l t e r i n g  upon 
an a x i a l  c r a c k  s i g n a l ,  w i t h  a d j a c e n t  s u r f a c e  c o r r o s i o n .
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Fig. A.G IGscAND GCO, Ath Order Bessel , 3 dB down p t . 
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c r o s s  c o r r e l a t i o n  t r i a l s .  I t  was o r i g i n a l l y  s can 8 from 
t u b e  f i l e  CB1.CHP and s u b s e q u e n t l y  f i l t e r e d ,  w i n d o w e d  
and n o r m a l i s e d  t o  u n i t y  h e i g h t  l a r g e s t  p e a k .  The l o w e r  
f i g u r e  s h o w s  t h e  i m p e d a n c e  p l a n e  s i g n a l  l o c u s ,  w h i l s t  
t h e  up pe r  one  s h o w s  b o t h  t h e  x & y t i m e  s e r i e s  f o r  t h e  
c o m p l e t e  s c a n .
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Fig.  4 , 8  -T h e  i n t e r g r a n u l a r  c r a c k i n g  p r o t o t y p e
d e v e l o p e d  f o r  c r o s s  c o r r e l a t i o n  p u r p o s e s ,  f o r  c o m p a r i s o n  
w i t h  f i g .  4 , 7
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F ig 4 9* The q u a d r a t u r e ( t o p  p l o t )  and i n p h a s e ( b o t t o m )  
s i g n S T S '  f r o m a t u b e  c o n t a i n i n g  a w e l l  d e f i n e d  a x i a l  
c r a c k  and e x t e n s i v e  s u r f a c e  c o r r o s i o n .



CB3.CHP Y-SIGNALPLOTTED LINES 10 TO 25
SCALE. I SCAN INTERVAL - 200.0 ADC INCREMENTS

i

CB3.CHP
j PLOTTED LINES 10 TO 25 X“SIGNAL
(s c a l e . I SCAN INTERVAL - 200.0 ADC INCREMENTS

F i g . 4 .1 0  T h e  r e s u l t  o f  t h e  c r o s s  c o r r e l a t i o n  o f  a n  
a x a i l  c r a c k  - w i t h  t h e  p r o t o t y p e  a x i a l  c r a c k  s c a n  o f  f i g .  

-4.8 , f o r  c o m p a r i s o n  w i t h  f i g u r e  4 .1 1  •



CB3.CHP
PLOTTED LINES 10 TO 25
SCALE: I SCAN INTERVAL - 100.0 ADC INCREMENTS Y-SIGNAL
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C B 3 .CHP
PLOTTED LINES 10 TO 25
SCALE: 1 SCAN INTERVAL - 100.0 ADC INCREMENTS

X-SIGNAL
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{ p j g ( 4 ,22  C r o s s  c o r r e l a t i o n  o f  t h e  a x i a l  c r a c k  o f  f i g .  
' 1 Q 0  JnTh t h e  p r o t o t y p e  i n t e r g r a n u l a r  c r a c k i n g  o f  f i g .  
: h i  ( N o t e  t h e  s c a l e  d i f f e r e n c e s  b e t w e e n  t h i s  f i g u r e

and t h a t  o f  4.10  •)
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Fig.  4 .12  The q u a d r a t u r e  ( t o p )  and i n p h a s e  ( b o t t o m )  
s i g n a l  p l o t s  ( y  and x r e s p e c t i v e l y )  f o r  a t u b e  
c o n t a i n i n g  t w o  a r e a s  o f  i n t e r g r a n u l a r  c r a c k i n g .  T h i s  
p a r t i c u l a r  e xa mpl e  was c hos en b e c a u s e  o f  i t s  l ow o v e r a l l  
a m p l i t u d e ,  and t h e  r e s e m b l a n c e  o f  s c a n s  6 , 7  a n d  29 t o  
br oadened a x a i l  c r a c k s .



CAG4. CHP
PLOTTED LINES 1 TO 35 Y-SIGNAL
SCALE. 1 SCAN INTERVAL - 108.0 ADC INCREMENTS
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CA64.CHP
PLOTTED LINES 1 TO 35 X“SIGNAL
SCALE: 1 SCAN INTERVAL - 100.0 ADC INCREMENTS

F i g . 4 .1 3  I n t e r g r a n u l a r  c r a c k i n g ,  ^cr os s ^  c o r r e l a t e d  
w i t h  t h e  p r o t o t y p e  a x i a l  n o t c h  o f  F i g . 4 . 8 .  The y -
s i g n a l  i s  weak and i l l - d e f i n e d  in c om p a r i s o n  w i t h  t h a t
of F ig . 4 .1 4 . '



CA54.CHP
PLOTTED LINES 1 TO 35
SCALE: I SCAN INTERVAL - 100.0 ADC INCREMENTS Y-SIGNAL

1 TO 36}
SCALE: 1 SCAN INTERVAL - 100.0 ADC INCREMENTS t-SxSNA,

Fig. 4 .1 4  T h e  t u b e  s h c w n  l r ‘ Fig,  4 ,1 2 ,   ̂ a f t e r  c r e s s
c o r  re l a  t i  on w i t h  t he  p r o t o t y p e  i r. t e r g r a r ,  J i a r  c r a c w m g  of  
Pig. 4 .7 .  The s c a l e  d i f f r e n o e  b e t w e e n  t h e  x & y
c h a n n e l s  i s  p r e d o m i n a n t l y  due to t he  . a r g e r  y s i g n a l  i n 
b o t h  t h e  t u b e  and t h e  p r o t o t y p e ;  h o w e v e r ,  t h e  t r e r e  i s  
a l s o  o b v i o u s l y  b e t t e r  c o r r e l a t i o n .
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Fig. 4 .1 5  Ense mb l e - a v e r a g e d  power s p e c t r a  f o r  t he  t h r e e  
(Tefect  c l a s s e s .  V e r t i c a l  s c a l e  i s  in dB. The h o r i z o n t a l  
i s  i n  t e r m s  o f  t h e  FFT t r a n s f o r m  s i z e :  0 t o  128 l i n e a r l y  
r e p r e s e n t s  d . c .  t o  2 . 5 8  c y c l e s / m m ,  m e a s u r e d  w . r . t .  t h e
t ube  p l o t s  in p r e v i o u s  f i g u r e s .
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-Ye,

Fig. 4 . 1 9  The use of three two class linear classifiers to
dichotomise the featurespace according to the three classes.
Class membership is determined by a logical AND performed upon 
the output of each function i.e. whether it is greater than or 
equal to zero for an as yet unclassified pattern X, or not. For
example XcGCO iff 0) AND (G 0), and the value of G/2fc) is
unimportant.



jflfcle 4.1 Fisher Discriminant Ratios for Axial Cracks (ZCK)
against Integrgranular Cracking (IGR)

feature description Fisher Discriminant
no. Ratio
Average impedance plane phase i.e. slope of 0.0166

best straight line through main lobe.
2. Intercept of best straight line with x-axis. 0.205
3. Fatness of lobe i.e. (mean square 0.777 
perpendicular distance from best straight
line), normalised by the maximum excursion 
and number of points involved.
4. x peak/y peak in respective spectral 0.728 
magnitudes.
5. fpk, frequency of peak in y spectral 1.74 
magnitude.
6. Difference in probe between x and y spectra 0.479 

at fpk.
7. 8, and 9 are the spectral areas for the 1.220
y-signal, up to fpk, from fpk to 25% of 0.888
fsampling, and above respectively. 0.444
10. Average radius (1st moment about signal 1.423 
origin) .
11. Maximum radius. 1.45
12. Radius2 average over segment. 1.271
13. Segmented width. 0.876
14. measure of segment symmetry about middle of 0.0521 
segment i.e. moment of y sign about left hand
segment end divided by moment of y signal about 
right hand segment end, where moment means 
signal amplitude at a point times that point’s 
distance in terms of number of sample points 
from the "fulcrum". Coded as

where i is sample number with respect to edge of 
segment, n is number of samples in segment and 
y(i) is the voltage measured at the ith sample.



T a b l e  4.2(a):  mul t i c la ss  l i n ea r  c l a s s i f i e r  results:
a s s ig n e d  c l a s s

ZCK IGSCC GCO Misc. Rate
ZCK 88 29 2 26.1%

tr u e IGSCC 0 94 6 6.0%
c l a s s GCO 3 23 79 24.8%

o v e r a l l  m i s c l a s s i f i c a t i o n  r a t e  = 24.8%

T a b l e  4.2(b):  s eq u en t i a l  2 class l i n e a r  c lassf ier ,  d ig i ta l  
f i l t e r i n g  ap p l i ed  to scans  as pe r  sec t ion 4.3, a n d  f ig  4.5(b):

a ss ig n e d  c l a s s
ZCK IGSCC GCO Misc. Rate

ZCK 84 30 5 29.4%
tr u e IGSCC 5 90 5 10.0%

c l a s s GCO 14 6 95 9.5%
o v e r a l l  17.0%

T a b l e  4.2(c): Res ul ts  o f  2 s tage  2 class l i n ea r  c l a s s i f i c a t io n  
w i t h  al l  o f  the  new f e a t u r e s  in c lu d ed ,  ex cep t  f o r  d e f e c t  w i d t h ,  
( w h ic h ,  s ince  it  was  c a lc u l a t e d  f r o m  the  o u t p u t  o f  the  
s e g m e n t a t i o n  a lgo r i thm ,  d id  no t  p ro d u c e  sens ible resu l ts  f o r  the  
t h e  G C O  class):

a ss ig n e d  c l a s s
l tT ~ id s c c GCO Misc. Rate

ZCK 98 16 5 17.6%
tr u e IGSCC 2 86 2 4.5%

c l a s s GCO 2 2 101 3.8%
o v e r a l l  6.3%

Note :  T h e  n u m b e r  of  p a t t e r n s  in the  1GSCC class has  d e c r e a s e d  f r o m  
100 to 90 bec ause  o f  the  i nc l us ion  o f  10 o f  the  scans  f r o m  th e  
lo w es t  a m p l i t u d e  IGSCC p a tc h  in  t u b e  CA54 f r o m  the  te s t ing  set  to 
th e  t r a i n i n g  set  (see sec t ion  4.7).

T a b l e  4.2(d):  Resu l t s  f o r  the  2 class l i n e a r  c la ss i f ie r  w h e n  
u s ing  th e  s eg m en ta t i o n  a lg o r i t h m ,  a n d  the  fu l l  set of  14 f e a t u r e s  
( a n d  t h e r e f o r e  no G C O  class),  the  bes t  resu l ts  were  ac h ie ved :

a ss ig n e d  c l a s s
ZCK IGSCC Misc. Rate

tr u e ZCIT" ■■■■■nr 3 4.1%
c l a s s IGSCC 6 81 6.9%

o v e r a l l  5.6%

Note:  a f e w  scans  w e re  no t  passed by the  s eg m en ta t io n  a l g o r i t h m ,  
a n d  c o n s e q u e n t l y  the  ro w  to ta ls  a r e  r e d u c e d  w i th  re spec t  to th e  
o t h e r  c o n f u s i o n  m a t r i ce s  above.



Table 4.3 Nearest: mean Classifier Results
assigned class

ZCK IGSCC GCO Misc.Rate
ZCK llo 6 3 7.6%

true IGSCC 21 68 11 32%
class GCO 1 2 102 2.8%

overall = 16.6%



K-Nearest Neighbour Results from J1 Class r S. Dimensional Data
for k=1

known c l a s s  
ZCK IGC GCO 

a s s i g n e d  ZCK 110 20 2
c l a s s  IGC 6 73 5

GCO 3 7 98
% c o r r e c t  9 2 . 4  7 3 . 0  9 3 . 3  

c o r r e c t  c l a s s i f i c a t i o n  r a t e  over  a l l  c l a s s e s = 8 6 . 3  
o v e r a l l  m i s c l a s s i f i c a t i o n  r a t e  t ( E 1 ) = 1 3 . 7*/f

for k=3
known c l a s s

ZCK IGC GCO
a s s i g n e d  ZCK 108 15 3

c l a s s  IGC 8 78 7
GCO 3 4 101

% c o r r e c t 9 0 . 8 7 8 . 0 96.
c o r r e c t  c l a s s i f i c a t i o n  r a t e  over  a l l  c l a s s e s = 8 9 . 3% 

o v e r a l l  m i s c l a s s i f i c a t i o n  r a t e t ( E^) = 1 0 . 7%

for k=5
known c l a s s  

ZCK IGC GCO 
a s s i g n e d  ZCK 105 15 0

c l a s s  IGC 11 78 6
GCO 3 7 99

% c o r r e c t 8 8 . 2  7 8 . 0  9 4 . 3
c o r r e c t  c l a s s i f i c a t i o n  r a t e  over  a l l  c l a s s e s = 8 6 . 8  

o v e r a l l  m i s c l a s s i f i c a t i o n  r a t e ,  ( Eg ) = 1 3 . 2 */̂

Co n f u s i o n  t a b l e s  f o r  n e a r e s t  ne i ghbour  c l a s s i f i e r s .

Tftbla LA Nearest Neighbour Classifier Results 
upon the original feature vector set.



TRAINING SET FILE! CP7*STA 
CLASS 1 47 MEMBERS
CLASS 2 57 MEMBERS

TESTING SET FILE: CP9.STA 
CLASS 1 73 MEMBERS
CLASS 2 87 MEMBERS

KNOWN
CLASS

ASSIGNEE
1

CLASSo
1 71 2
o

--------- .  . .  - 3 84

PERCENTAGE CORRECTLY CLASSIFIED: 
CLASS 1 97*26%
CLASS 2 96*55%
OVER ALL CLASSES: 96*91.%
REJECTION RATE  ̂ 0*00%
MISCL.ASSIFICAT10N RATE ™ 3.09%

E KNOWN ASSIGNED CLASS
1 3 CLASS 1 2

J "•’3 0
9 6 8 1

PERCE NT AGE C0 R RE C T I... Y CI... A S S I F I E  D J 
CLASS 1 I 0 0 * 0 0 %
CLASS 2 S 3 . j.o%
OVER ALL C L A S S E S :  9 6 * 5 5 %
REJ ECTI ON RATE ^ 0 * 0 0 %
MIS C I... A S SI!:: IC A T' 10 N |v A T F - 3 * 4 5 %

1 3
KNOWN
CLASS
1

ASSI GNED CLASS  
1 2

P E R C E N T  A G E  C 0 R R F C T I . .  Y Ci. A S S  1.1" I  F D  : 

CLASS I 9 8 * 6 3 %
CLASS 2 8 9 , 5 1  %
OVER ALL C L AS S E S :  9 2 * 5  %
REJ ECTI ON FA IF -  2*75%
M I S C L A S S I F I C A T I s N  R A"rE - 3* 7 A

Tabl e  4 . 5  Improved Nearest Neighbour Classifier 
Results for ZCK (class 1) vs. IGR (class 2) using 
all 14 features and the segmentation algorithm.



5 Chapter 5: Multifrequency Inspection Work

5.1 I n t r o d u c t io n

Work d o n e  to a u t o m a t e  the  i n t e r p r e t a t i o n  of  m u l t i f r e q u e n c y  loci is g iven  in 

this c h ap te r .  Its o rg a n is a t i on  fo l lows t h a t  of  C h a p te r  3, except  t h a t  he re  the  

ex p e r im en ta l  use o f  each o f  the  sec tions o f  a s ta t i s t i ca l  p a t t e r n  re co g n i t io n  

sys tem is emphasi sed .  The d es i ra b i l i ty  o f  us ing m u l t i f r e q u e n c y  e d d y  c u r r e n t  

has a l r e a d y  been ex p la in e d  in C h a p t e r  2.

5.2 T h e  D e fec t  Set

In th is  sec tion,  the  compos i t ion  of  the  de f ec t  set is ex a m in e d ,  an d  a 

n u m b e r  o f  po in ts  ar e  ra ised  conce rn ing  the  m echan ics  o f  the  logging o f  these 

defects.

5.2.1 T h e  Composi t ion  of t h e  Defect  Set

Six types  o f  d e f e c t  in Inconel  600 have been recorded:  axial  and  c i r c u m f e r e n t i a l  

notches ,  u n i f o r m  th in n in g ,  f l a t  bot tomed holes an d  i n t e r g r a n u l a r  a t t a c k  (in 

both p a tches  a n d  in u n i f o r m  bands) .  Late r  in the  chap te r ,  in the  sec t ions  on 

c lass i f ica t ion,  these are  r e f e r r e d  to by the 4 let ter  mnemonics  Zn ch ,  Cnch,  

Thin ,  Hole,  Piga an d  Uiga  respect ively.  All of  these were a r t i f i c i a l l y  

m a n u f a c t u r e d  by m ech an ica l  or chemical  mcam*. an d  all were ex t e r n a l  wall  

defects.  T h e r e  we re  no in t e rn a l  bore defects ,  as a consequence o f  the 

col l ab or a t ing  bod ies ’ in terests ,  which lay in d em o n s t r a t in g  the ab i l i ty  to
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detect  all  de f ec t s  o f  an y  consequence.  De fect s  o ccu r ing  in tu be  bores  are  

r e ga rde d  as  eas i ly  d e tec tab le  s ince  5% th ro u g h  wall  c r acks  in 1mm th ick  inconel  

can be d i s ce r n ed  f r o m  the  b ac k g ro u n d .  H o w e v er  those  of  20% th r o u g h  wall  

dep th  on the  ou t s ide  wall  of  tu b in g  (even w h en  it is not  passing th r o u g h  a 

suppor t  p la te)  m ay  go unde tec ted .  In an y  case, a lmost  all  n a t u r a l l y  

occur ing de f ec t s  grow f r o m  the  o u te r  sides o f  tubes  i n w ar d s ,  bec au se  th ey  

tend to f o r m  in i t i a l ly  in areas  in tens ion on the  out er  r a d i i  o f  U-bend s ,  or  a t  the  

tube roll  (see Fig.1.4), so omission o f  ID defect s  f r o m  the  d a t a  set is 

eq u iva len t  to re m o v in g  the  most easily det ec ted  examples.

5.2.2 M a n u f a c t u r e  of  Defects

The ax ia l  no tches  were  p ro d u c ed  by e lec t r ic  d i scha rge  m a c h i n i n g  (EDM).  

The c i r c u m f e r e n t i a l  not ches  were  cut .  All notches  were  m a c h i n e d  to d e p th ,  

and th en  a c c u r a t e l y  m easu red  by gaug ing  the  heigh t  o f  th e i r  i m p r i n t s  in a 

p las tercas t  w i th  a T a l y s u r f  stylus.

The u n i f o r m  t h i n n i n g  was p ro d u c ed  on a la the  by r e d u c in g  the  d i a m e t e r  o f  a 

short  sec t ion o f  t u b in g  an d  the  th in n ed  section was then  gauged fo r  a c cu ra te  

depth.

The i n t e r g r a n u l a r  a t t a c k  ( IGA) was m a n u f a c t u r e d  by immers ion of  a tube  in a 

boi ling ac id  ba th  fo r  a n u m b e r  of  hours  a f t e r  it had been "sensit ised" to 

at tack by p ro long ed  exposure  to a t em p e r a tu re  of  650c,  a t e m p e r a t u r e  

twice as h igh as the  m ax im u m  tfuit tub&^would normal ly l foperated at. The  ends  

of the leng ths  of  tu b in g  were  s toppered to co n f in e  the a t t a c k  to the  o u te r  wall  

and most o f  the  ou te r  su r fa ce  was masked off .  Small  areas  o f  the  o u te r
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su r face  were  l e f t  u n p ro t e c t e d  in o rd e r  to cause  pat ches  or b an d s  o f  IGA.

Two d i f f e r e n t  ac ids  were  used,  n i t r i c  ac id  an d  p o ly th io n ic  ac id .  T h e  type  of  

ac id used h ad  a co ns ide rab le  e f f e c t  upon the  type  of  IGA pro duced .  The  

f o r m e r  a t t a c k e d  the  gr a in  b o u n d a r ie s  more  v igorously  t h an  the  la t t er ,  an d  

p ro duced  a l ay er  o f  meta l  w i th  co r re sp o n d in g ly  h ighe r  re s is t iv i ty ,  d u e  to the  

large r  g ap  b e tw een  the  meta l  gra ins .  Consequent ly ,  a l t h o u g h  IGA in d u c e d  by 

po ly th io n ic  ac id  gave a s ignal  a m p l i t u d e  w h ich  was re la ted  to IG A  dep th ,  it 

was o f  a lower  a m p l i tu d e  f o r  a g iven dep th  com pared  w i th  t h a t  fo r  the  n i t r i c  

acid specimens .  A re po r t  p ro d u c ed  to ac co m p an y  these spec imens  

(F os te r , 1985) c o n c lu d e d  th a t  the  IGA was r e p resen ta t i v e  of  the  two d i s t in c t  

var ie t ies  o f  IG A  w h ich  occu re d  in SG’s u n d e r  service  condi t ions .  T ab le  5.1 

lists the  d e f e c t  sample  set.

The tu b i n g  used was  s t r a ig h t  15.5 mm bore  d iam e te r ,  Inconel  600 tu b i n g  w i th  

wa l l - th ick ness  1.1 mm, o f  the  same type  as is use in some c u r r e n t l y  o p e r a t i o n a l  

West inghouse type  reactors.

5.2.3 Defect  Set Suff ic iency

Defect  d e p th  s iz ing d u r i n g  in service inspect ion of  tu b in g  is n o rm a l ly  

r egarded as s u f f i c i e n t ly  ac c u ra te  i f  de fect s  can be re l ia bly  ass igned to one of  

the dep th  zones 0-25%, 25-50%, 50-75% or 75-100% th ro u g h  the  tube  wall .  For  

each de f ec t  class (ZN CH ,  CNCH, PIGA,  U IG A  and T H I N )  there  were  two 

examples  f r o m  'each dep th  regime.  Th e Hole class, a l th o u g h  being used to 

s imulate pits,  were  ac tu a l ly  an g u la r  regi s t ra t ion  and ca l i b r a t io n  m ark s  (all of  

them were  1.3mm 100% th ro u g h  wall ) an d  so no provis ion had  been m ade  fo r
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p ro d u c in g  them  in d i f f e r e n t  depths .  T h u s  fo r  th is  p o p u la r ly  ac cep ted  

c la ss i f i c a t io n  scheme,  the  d e f ec t  d ep th s  av a i l a b le  were  s u f f i c i e n t  a t  leas t  to 

test  f o r  ( i f  not  q u a n t i t a t i v e l y  assess) a n y  s izing c a p ab i l i t y  possessed by an y  

f e a t u r e  set,  leav ing  as ide  an y  co n s id e r a t io n s  o f  s ta t i s t ica l  v a l i d i ty  d u e  to the  

smal l size o f  the  sample  set.

5.2.4 D e fec t  Se t  Size

As th e re  were  only  two samples  o f  each d e f e c t  type,  in each d e p t h  reg ime  

( inc lud ing  the  d i f f e r e n t l y  i n d u c e d  types  o f  IGA),  each pa i r  was spl i t  so t h a t  

one w en t  in to  the  tes t ing  set a n d  the  o the r  in to  the  t r a i n i n g  set,  w h i l s t  (as in 

ch a p te r  4) t a k in g  ca re  not  to p u t  scans  f r o m  the  same d e f ec t  in to  bo th  sets.

U n f o r t u n a t e l y ,  not  all  of  the  d ef ec t s  m a n u f a c t u r e d  could  be used.

D u r in g  the  re logging o f  the  Inconel  d e f e c t  set onto  the  P D P 1 1 /2 3 ,  a 45 scan 

l imi t  h ad  to be imposed on each tube  fi le.  Th is  m ad e  it necessary  to locate  the  

de fec t  in the  tape  re co rd in g  us ing an  osci lloscope be f o re  logging cou ld  begin.  

The tube  samples  were  typ ica l ly  15 cm. long,  an d  45 scans  r e p re s e n te d  only  

4.5cm.

It was imposs ible  to log d ef ec t s  not  v i s i b l e  ag a in s t  the  more  s lowly v a r y in g  

Pilger noise b a c k g ro u n d .  In pr act i ce  these we re  a lw ays

CNCH an d  IGA de fec t s  of  p a r t i c u la r ly  low am p l i tu d e ,  because  the  gent ly  

u n d u l a t i n g  fo r m  of  t he i r  cycl ic  v a r i a t io n  was so s imi la r  to th a t  o f  the  Pilger  

noise.

When the  tubes  were  f i rs t  logged to tape,  a c h a r t - r e c o r d i n g  Mede lec
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osci lloscope was used to m o n i to r  the  scans.  It p ro d u c ed  a p lot  v e r y  s im i l a r  

to the  tubep lo t s  (see fig.  5.37(c)). H o w e v e r  it was not  poss ib le  to use the  

Medelec  plots to d ed u c e  a f t e r  how m a n y  scans  the  logging p ro g r a m  shou ld  be 

s t a r t ed  to c a p tu r e  the  d e f e c t  because  the  s t a r t  o f  the  Medelec  plots coul d  not  

be synch ro n is ed  w i t h  the  t ape  re co rd ings  (because  the  pap e r  d r i v e  took a smal l 

bu t  r a n d o m  n u m b e r  o f  scans  to ac ce le ra te  up  to speed).  T h e  p ro b lem  m ig h t  

have  been ove rcom e  by r e v ie w ing  all o f  the  f i les  p e r t a i n in g  to each tube  

im m e d ia t e ly  a f t e r  the  tube  was logged to d isk  h ad  it not  been fo r  ce r t a in  

p ra c t i ca l  cons t ra in ts :  p lo t t i ng  was t ime cons um ing a n d  u n i n t e r r u p t e d  access to

the R aca l  tape  r e co rd e r  w ou ld  have  been r e q u i r e d  because  t he re  was not  

eno ug h  di sk  space  to acco m o d a te  all of  the  sec tions  o f  all  o f  o f  the  tubes  at  

once. Since two such tape  re co rd e rs  were  s ha red  be tw een  all o f  the  d e p a r t m e n t s  

at  B ab co c k ’s R e s ea rch  C en t re ,  exc lus ive  usage in this m a n n e r  was  not  

possible,  especia l ly  s ince  the  t ape  re co rde rs  spen t  a lot  o f  t ime o u t  on si te 

work.

Th e s ingle  larges t  d e f i c i e n c y  in the  d e f ec t  set was the  lack o f  e n ough  d ef ec t s  

because  t h e re  were  no more  t h an  two examples  o f  an y  one d e p th  of  a g iven 

type. A t t em p t s  to ov ercome this were  unsuccess ful  because  o f  the  cost of  the  

p r o d u c t io n  of  more  defects ,  e.g. the  cost o f  p ro d u c in g  the  IG A  samples  to 

Babcocks was ab o u t  ^ 3 0 0 0  fo r  32 tubes.  Econo mic  fa c to r s  p r e v e n te d  the  

p ro d u c t io n  of  a sample  set w h ich  was large  enough to sa t i s fy  eqn.  4.13 whi l s t  

t re a t in g  each d e f e c t  as a pa t t er n .  Consequent ly ,  the  same s t ra tegy was used as 

in C h a p t e r  4: each scan th ro u g h  a d e fec t  was t re a ted  as an  i n d e p e n d e n t  

sample,  even though  this was a s l ight ly  dub ious  p r o c ed u re  f r o m  the  poin t  of  

view of  s ta t i s t ica l  i n d e p e n d a n c e  of  the samples.
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It is v i r t u a l l y  imposs ible  to m a n u f a c t u r e  OD cracks  o f  co n t ro l l ed  d e p t h  in 

t ub ing w i t h o u t  d e f o r m i n g  the  tube  to the  ex ten t  w h e re  it coul d  not  be 

scanned w i th  an  in t e r n a l  probe,  an d  no rea l  cr acks  were  av a i l a b le  f o r  logging 

since there  a re  no Inconel-based  s team genera to rs  in this c o u n t r y  as 

yet. C onsequen t ly  p ro d u c t io n  of  a rea l  c rack  sample  set was no t  possible.  

The e f f e c t  of  a smal l  sample  set is d iscussed f u r t h e r  in sec t ion 5.8 upon  

c las s i f ic a t io n results.

5.3 Signals Associated with Defects.

Com pute r i se d  s im u la t i o n  of  ed d y  cu r ren t s  a r o u n d  defect s ,  a n d  the  r e s u l t a n t  

ef fec ts  upon  p ro be coil im pedance,  is still  a t  too p r im i t i v e  a s tage  to a l low 

p redic t ion of  w h a t  shou ld  be the  sa l i ent  f e a tu re s  f o r  c l a s s i f i c a t io n  o f  

d i f f e r e n t  types  (or dep ths)  o f  def ec ts  (see sec tion 2.9). For  the  des ign o f  an  

adhoc fe a tu re se t ,  p r io r  to tes t ing  o f  the  fe a tu re se t  w i th  f e a t u r e  se lec t ion a n d  

c lassi fiers ,  it was  des i r able  to t ry  to f i n d  out  w h a t  f e a t u r e s  are  i m p o r t a n t  by 

inspect ion o f  the  s ignal  t ime series an d  im pedance  p lan e  loci f r o m  d e f ec t s  

typical  o f  those to be c lass if ied .  In the nex t  section,  the plots o b t a i n e d  f r o m  

the de f ec t  set a re  re v ie w ed  fo r  precisely  this purpose.

There  is some v a r i a b i l i t y  in the  scan length  an d  plot q u a l i t y  in the  plots at  

the end o f  th is  ch a p te r ,  due  to the  use of  three  d i f f e r e n t  co m p u te r s  in the  

course of  the  w o rk  fo r  this chapte r .  The b ac k g ro u n d  to this  is e x p la in e d  in 

the a p pe nd ix .  H o w ev er ,  plots of  s imi lar ly  o r ient ed  scans  bu t  of  d i f f e r e n t  

resolut ion are  o th e rw is e  una l t e r ed  (compare ,  for  exa mple  figs.  5.23 an d  5.43)

Plots 5.1 to 5.21 a n d  5.27 to 5.36 were  done using U n i v e r s i t y  o f  G la s g o w ’s
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P D P11 /4 5  w i th  a T e k t r o n i c s  4662 m ed iu m  resolut ion plot ter .  T h e  v e ry  h igh 

d e f in i t i o n  tube  plots  (5.22-5.26) h ad  to be done  on a Benson 1302 p lo t te r  

connected to the  d e p a r t m e n t a l  GEC4180 computer .  Th is  r e q u i r e d  q u i t e  a

lot of  e f f o r t  in r e w r i t i n g  o f  the  p l ot t i ng  p rograms  an d  the  new d a t a  f i le

h an d l in g  rou t ines ,  s ince the  GEC4180 f i le  t r a n s f e r  u t i l i ty  (FTP)  w o u ld  not  a l low 

b ina ry  d a t a  f i les  - only  ascii  f o r m a t t e d  d a t a  files.  L a t e r  plots (figs.  5.37

on wards )  we re  d o n e  us ing a lower  d e f in i t i o n  screen d u m p  f r o m  a D E C  VT220  

te rm inal  specia l ly  c o n v e r t ed  fo r  the  purpose ,  by the  i n s t a l la t io n  o f  a Selenar  

SG220 T ek t ro n i c s  4014 e m u la to r  module.  T h e  d a t a  f i les  were  re logged as 

par t  o f  the  process of  t r a n s f e r r i n g  the  ex p e r im en ta l  w o rk  f r o m  the

U n i v e r s i t y ’s P D P 1 1 /4 5  an d  GEC4180 com pu ter s  to B abcock’s P D P 1 1 /2 3  an d  

at t h a t  po in t  were  m o d i f i ed  to have a lower re so lut ion of  55 p o in t s / s c a n  

(see a p pe nd ix ) .  T h e  f i rs t  set of  Inconel  600 defect s  d a t a  f i les  h a d  ab o u t  390 

point s /scan.

Of  p a r t i c u l a r  in t e re s t  a re  the  shapes  an d  re la t ive  sizes o f  the  w a v e f o r m s  an d  

im pedance p lane  loci especia l ly  w i th in  c ha nne l  2 (220kHz) ,  a n d  how these 

vary  w i th  d e f e c t  d e p th  as the  f r e q u e n c y  of  exc i t a t i on  is a l ter ed .  C h an n e l

2 was o f  g re at es t  in t er e s t  because it was the ch anne l  wi th  a phase  o f  90°

between ID a n d  O D  ef fec ts ,  an d  also the  one in w h ich  the  loci a p p e a r e d  to be 

most d i s t in c t ly  d i f f e r e n t  bet w een  the classes.

A large n u m b e r  o f  typ ica l  plots have been included at  the  end o f  this chapte r .  

There  is a p lo t  f r o m  each p rog ram  fo r  each d e fec t  type  except  w h e re  the

resul tant  p lo t  is not  h e lp fu l  e.g. a c i r c u m f e r e n t i a l  scan plot  o f  a b a n d e d

(c i r cu m fe r en t i a l ly  sy m m et r i c )  d e f ec t  obv iously  does not show a lot o th e r  t h a n  a 

d.c. level. T h e  r e l a t io n s h ip  be tween  plots an d  how fo r  in s tance  the  same scan
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appear s  in f igs  5.2 an d  5.14 fo r  the  purpose  of  c o m par i son  is p e r h ap s  best  

exp la i ned  by T a b le  5.4. In all plots excep t  for  those done  w i th  the  8 c h a n n e l  

tube  s u r f a c e  p lo t t i n g  p ro g r am  (figs.  5.22-5.26), i n d i v id u a l  ch a n n e l  gains  are  

tak en  in to  accoun t .  In those plots,  it was im p o r t an t  to d i sp lay  each c h a n n e l  as 

re corded,  r a th e r  t h a n  as in all of  the  o ther  plots,  sca led  w i th  re spect  to the  

larges t p eak  due to the  de f e c t  in an y  channel .  So the  channe l s  are  sh own  as 

recorded,  w i th  the  ve r t i ca l  scale rep re sen t ing  a.d.c. bits,  a n d  co n seq u en t ly  

the ac tu a l  s ignals  gains  are  not  necessar i ly  equal  across the  channels .

The h o r i zo n ta l  sca le in each plot  is the  nu m b er  of  samples ,  there  being 

a p p r o x im a te ly  390 samples  per  ro ta t ion .  Due to the  im p ro v e m e n t  in sca n n in g  

speed s t a b i l i t y  co m p ar ed  w i th  the  c i rc og raph  used in c h a p te r  4, it was  fo u n d  

to be un n ec ces sa ry  to pad l ines out to achieve  u n i f o r m  lengths.

E xc i t a t ion  f r e q u e n c ie s  were  100 kHz,  220 kHz,  300 k H z  an d  600 kHz,  fo r

channel s  1, 2, 3 an d  4 respectively.  Th e co r re sp o n d in g  s t a n d a r d  skin

depths  in Inco ne l  600 were  1.6, 1.0, 0.8 an d  0.6 mm T h e  t h ro u g h  wall  dep ths

quoted were  g auge d  f r o m  the  ou ter  wall  inwards .  T h e  tube  wall  was 1.1 mm. 

H e l i ca l  S can  Plots

Figures  5.1-5.6 were  p lot ted  wi th  prog ram  SCN4 (a m n em o n ic  fo r  M4 f r e q u e n c y  

SCaN plot") w h ic h  plots all e ight  channels  for  one scan a r o u n d  the  en t i re  

c i r c u m fe re n ce  o f  a tube.  In these plots the  x an d  y signals re p re sen t  the  

hor izonta l  a n d  v e r t i c a l  compon en ts  of  the impedance plane  t ra jec to ry .

Each scan is a f a i r l y  severe  example  in terms of  d ep th  of  p en e t r a t i o n  and

consequent  s ignal  a m p l i t u d e  in orde r  to pr even t  probe wobble  noise ob scu r in g

the sa l i ent  s ignal  f ea tur es .  The length  of  the d e fec t  in a scan t ime series
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app ear s  to be a d i s c r im in a to r y  fea tu re .

The d e fec t s  show n  are  as follows:

Figure 5.1 i n t e r g r a n u l a r  a t t ack ,  p a tch  type  (PIGA),  60% th r o u g h  wal l ,  scan 

nu m b er  100, tu be  346.

Figure 5.2 c i r c u m f e r e n t i a l  no tch  (CNCH),  80% th rough  wall ,  scan 52, tu b e  15c 

Figure 5.3 ax ia l  no tch  (ZN CH),  78% th ro u g h  wall ,  scan 56, tube  5F 

Figure 5.4 f l a t  b o t tom e d  hole (HOLE),  100% th rough  wall ,  scan 10, tu b e  342 

Figure 5.5 c lean tu b in g  (GOOD),  scan 10, tube  342

Figure 5.6 u n i f o r m  th in n in g  (THIN),  48% th ro ugh  wall ,  scan 65, tube  18F

Only one b a n d e d  d e f ec t  is shown,  t h i n n in g  (fig.  5.6), s ince this type  o f  d e f e c t  is 

not rea l ly  e f f e c t i v e l y  d ispl ayed  by a scan a r o u n d  the  band ,  bu t  the  o th e r  type,  

u n i f o r m  (or b an d e d )  IGA,  is very  s imi la r  to u n i f o r m  th in n in g ,  d i f f e r i n g  only  in 

the degree  o f  d.c. s h i f t  w h en  d i sp lay ed  in this form.

Axial  Scan Plot s

These plots ( f ig u res  5.7-5.12) were p lot ted  us ing p ro g ram  A XSCN4,  w h ich  is 

s imi lar  to SCN4 except  th a t  the  t ime series now represents  a pa th  a long an d  not 

ar o u n d  a tube.  T h e  hel ix  p i t ch  was 1 m m /r ev o lu t io n ,  an d  the  tubes  were  15 

cm long.

F igure  5.7 IGA (pa tch  type)

Figure  5.8 C N C H  

Figur e  5.9 Z N C H  

Figure  5.10 H O L E  

F igur e  5.11 G O O D  

Figure  5.12 T H I N
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All ax ia l  scans  were  a r r a n g e d  to pass th ro u g h  the  ce n t r e  of  the  de fec t .  H a d  

they been to one  s ide of  the  de fect ,  the  s ignal  would  mere ly  have  been re d u ce d  

in size, excep t  in the  case o f  the  hole type  d e fec t  w he re  the  s ignal  w o u ld  have 

changed  in shape  f r o m  one hav ing  two peaks , to one h av in g  on ly  one (see f ig  

2.7).

Plots of  M ul t i f re que ncy  Single Axia l  Scans  in the  Im ped ance  P la ne

The scales in these  plots are  ca l i b r a t ed  in terms of  a.d.c. un i ts ,  128 uni ts  

r epres en t ing  1 volt.  In some of  the  f igures ,  the  scales ex t en d  to 1000 uni ts  for  

m ax im u m  d e f le c t io n ,  because  the  a t t e n u a t i o n  i n t ro d u ce d  by the  r ange  set t ings  

on the  R aca l  tape  re co rd e r  an d  the  Zetec  gain swi tches  have been t a k e n  in to  

account.  T h e  exi s t ence  of  m an u a l  presca l ing  of  the s ignals  to use all  o f  the  

tape r e c o r d e r ’s d y n a m i c  r ang e m e an t  t h a t  an  8 b i t  re p re sen t a t io n  was  ad eq u a te .  

For the  s ingle  scan,  4 c h a n n e l  plots,  the  signal  or ig in  is i n d i ca t ed  by the  cross 

at the  c e n t r e  of  each q u a d r a n t .  The  q u a d r a n t s  co n ta in  the  100, 220, 300 an d  

600 k H z  loci re spec t ively  as ind i c a t e d  in fig.  5.12. T h e  same c o n v e n t io n  is 

adhe red to in success ive f igures.

Figure  5.12 An axia l  notch  (ZNCH,)  wi th  an d  w i th o u t  d.c. co m p o n en t  

( c o r respond ing  to fig. 5.3)

Figure  5.13 Pa t ch - ty p e  ( r a th e r  th an  banded- type )  i n t e r g r a n u l a r  a t t a c k  

IGA ( H N 0 3 induced) ,  the  2nd of  which corresponds  to fig. 5.1 

Figure 5.14 C i r c u m n f e r e n t i a l  notches CNCH, (see f ig .5.2)

Figure  5.15 Z N C H ,  (see fig. 5.3)

Figure  5.16 A hole (see fig. 5.4)

The o f f se t  o f  each o f  the loci f rom  the origin visible in fig. 5.12 were
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cons ider ed  as f e a tu r e s  an d  inc luded  in the  im pedance  p lane  f e a t u r e s e t  in 

sec tion 5.6, b u t  th e y  were fo u n d  not  to be s t rongly  s ig n i f i c a n t  (sect ion 5.6).

In each o f  the  r e m a in in g  plots,  (5.13-5.16), th is  o f f se t  has  been r emove d .  T h ey  

show 3 or  4 d e fec t s  of  the  same type,  o f  increas ing d ep th ,  in o rd e r  to 

i l l us t ra te  t h a t  the  s im i l a r i t y  in the  shape of  the  loci, b u t  d i f f e r e n c e s  in the  

overal l  sizes a n d  angles.

5.4 Scan  S p e c t r a

The sp ec t r a  in figs.  5.27-.33 were g en e ra ted  by an  F F T  ro u t ine ,  ac t i n g  upon  a 

zero p a d d e d  256 sample  a r r ay ,  w h ich  co n ta in ed  the  d e f e c t  signal .  The 

prog ram  o p e r a t e d  by t ak in g  the  F F T ’s o f  the  x & y s ignals  s epa ra te ly ,  an d  

then g r a p h i n g  th e i r  i n d iv id u a l  complex am p l i tu d e  m a g n i tu d e s  a n d  c o m b in ed  

phase d i f f e r e n c e s .  T h e  t ime series we re  p re -w in d o w ed  by a 4 th  o rd e r  

B la c k m a n - H a r r i s  ( ra i sed  Cosine) w in d o w  ( H a r r i s , 1978), a n d  post -sm oo thed  by a 

5 - po in t  m o v in g  ave rage  window.

The v e r t i c a l  scales in the plots are  l inear  ones,  r e p re s en t in g  spec t ra l  

energy or degrees  as appr opr ia t e .  T h e  ho r i zon ta l  scale re pres en t s  only  the 

fi rs t  12 o rd i n a t e s  in the f r eq u en c y  dom ain  plus the d.c. co m ponen t .  Th e 

upper  116 poin ts  in the 128 point  t r an s f o r m  resul ts  were  a lw ays  of  

negligible m ag n i tu d e ,  an d  the  ac com pany ing  violent ly  v a r y in g  phase  above the 

12th o r d i n a t e  d id  not  ap p e a r  to be at  all re la ted  to the type or dep th  of 

defect  invo lved.
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5.5 Characteristics  and Effects  of Pilger Noise

In the  plots of  i n d i v id u a l  hel ica l  scans  (figs.  5.1 to 5.21) a n d  of  com plet e  tubes  

(figs.  5.21 to 5.26) a cycl ic va r i a t io n  in the  b a c k g ro u n d  can be seen. T h i s  is due  

to a c o m b in a t io n  o f  the  Pilger  e f f e c t  a n d  l i f t -o f f ,  the  l a t t e r  o f  w h ich  was  due 

to some n o n - a l ig n m e n t  o f  the  axis o f  probe ro ta t io n  w i th  t h a t  o f  the  tu be ,  an 

e f f e c t  t h a t  is d i f f i c u l t  to avoid.  T h i s  slow r i pp l ing  of  the  b a c k g r o u n d  a t  a 

f r e q u e n c y  ver y  close to 1 cyc le / scan makes  segm en ta t i on  o f  d e f ec t  s ignals  more  

d i f f i c u l t  t h a n  it  was fo r  the  316 tu b in g  in C h a p te r  4 w h e re  i t  d id  not  

occur  bec ause  a d i f f e r e n t i a l  probe was used.

An ac c o u n t  o f  the  resul ts  of  var ious  s egmen ta t ion  me thods  fo l lows in sec t ion 

5.6, b u t  f i r s t  the  e f f ec ts  of  Pilger noise must  be d e f in e d  because  th ey  mus t  be 

cance l l ed  by an y  successful  preprocess ing or segm en ta t i on  stage.

In the  i m p e d a n c e  plan e  plots,  only  a n a r r o w  segment  f r o m  a scan has  been 

plot ted  in o rd e r  to show only  the  de f ec t  an d  not  the  b a c k g ro u n d .  In some of  

these, the  locus  does  not  end at  its s t a r t ing  point  (see fo r  example ,  f i g  5.20). 

Also, m a n y  loci f r o m  defect s  w h ich  would  be expe cted  to have  

a p p r o x im a te ly  iden t i ca l  o u tw a r d  an d  r e tu r n  t ra jec tor i es ,  enclose a r e ad i ly

visible area .  Both of  these ef fe c ts  were seen to h a p p e n  regard less  of  the

speed o f  r o t a t i o n  o f  the  probe,  in d ica t in g  th a t  the  e f f e c t  were  not  due  to 

high speed d e f o r m a t i o n  of  the magnet ic  f ie ld associa ted  wi th  the  probe,  as

was f i r s t  suspected .  Had this been t rue,  this would  have  ac co u n ted  fo r  the

a sym m et r i c  loci w hi ch  were being exper ienced,  even fo r  sym m et r i ca l  V- 

prof i le  sp a rk  no tches  but  the probe t ip speeds at  wh ich  this wo uld  no rm a l ly  be 

expected a re  20 t imes h igher  (M org an ,1985). It was suggested  t h a t  r emova l  of  

the Pi lge r  noise wou ld  help segm enta t ion  by s im p l i fy in g  the
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seg m e n ta t i o n  o p e r a t ion  to one w h ich  tested  the  s ignal  to d e t e r m in e  i f  it 

h ad  gone ou t s ide  a r i ng  a r o u n d  the  probe bal ance  point .  C las s i f i ca t io n  m ig h t  be 

helped too,  s ince the  b ac k g ro u n d  lends  a spur io us  th ickness  to the  f igu re s ,  

d i s to r t in g  the i r  shapes  an d  pe rhaps  c o n fu s in g  the  d i f f e r e n c e  b e tw een  classes.

T he r i p p l in g  b a c k g r o u n d  o f  f igs  5.22-5.26 t en d ed  to be more  obv ious  a t  the  

h ighes t  e x c i t a t i o n  f r e q u e n c y  since it was an  in t e rn a l  d i a m e t e r  e f f e c t  w h e re  

the  p ro be  sen s i t iv i t y  wou ld  be b iased to w a r d  in n e r  s u r f a c e  p h e n o m e n a  d u e  to 

the  sk in  e f fe c t .  In tubes t h a t  had  been re co rd ed  wi th  no a t t e n u a t i o n  in o rd e r  

to s tu d y  a shal low defect ,  e.g. fig.  5.22, the  wavy  cycl ic  b a c k g r o u n d  was 

most severe.  Since it was no rm al  p ra ct i ce  to redu ce  the  d i sp lay  gain  by a 

f a c to r  o f  ten  w h en  reco rd ing  the  Y2 ch a n n e l  fo r  100% th r o u g h  wal l  no tches  an d  

other  s im i l a r ly  s t rong s ignal  pro du cers ,  the  b a c k g r o u n d  fo r  such d ef ec t s  

appea rs  c o n s t an t  d u e  to the  loss o f  the  Pilger  s ignal  b e tw een  q u a n t i s a t i o n  levels.  

P ilger noise  is r e f e r r e d  to very  l i t t le by  o ther  au tho rs ,  poss ib ly  because  

it is a more  severe  pro blem  fo r  ro t a t i n g  absolute  probes  t h a n  the  more  

common d i f f e r e n t i a l  bob bin  probes.  Van Drunen and Sharp (1983) r e p o r t ed  a 

s imi l ar  type  o f  r i pp l ing  w a v e fo rm  due to local ised ox id a t io n  in Z i r c o n i u m  

alloy C a n d u  tub ing.  Pilger noise is a less ser ious  prob lem in the  U K  th a n  in 

the USA  a n d  C a n a d a  because  the  spec i f ica t ion  aga ins t  w hich  he a t  e x c h a n g e r  

and s t eam  gen e ra to r  t ub ing  is tested places a l imi t  on the a m o u n t  of  Pilger  noise 

al lowed.

5.6 S eg m en ta t i o n  *

The a ims  of  the  w ork  in this sec tion were twofold:  to segment  the  d e f ec t

signals f r o m  the  b a c k g ro u n d ,  and also to cancel  out  the  a d d i t i v e  b a c k g r o u n d
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signal ,  thus  l eav ing  only  the  s ignal  due  to the  d e f ec t  i t se l f  fo r  p r e s e n t a t i o n  to 

the nex t  s tage,  the  f e a t u r e  ext rac to r .

5.6.1 Ident i fication of  Pilger Noise

Fro m  an  inspect ion  of  a large n u m b e r  o f  im pedenc e  p lan e  plots it  was 

co nc lu ded  t h a t  the  Pilger  noise loci a lways  lay a long the  same l ine  in the  

im p ed a n c e  plane ,  as sum ing th a t  the  phase  ro ta to rs  of  the  Zetec  were  all set 

to zero (w h ich  they  were  in all cases). T h e  angles  a t  w h ich  the  p i lger  noise 

loci lie a r e  show n  in fig. 5.38(a), a long w i th  the  angles  r e la t iv e  to an  OD 

de fec t  a t  each of  the  f o u r  inspect ion f r equenc ies .

Th e  a n g u l a r  r e l a t io n s h ip  be tween  the  Pi lger noise in ch anne l s  2 a n d  4 is (by 

inspect ion  o f  the  plots of  the  tub ing  set) a lw ays  the  same,  even a l t h o u g h  the  

Zetec  was  b a l an c ed  fo r  each tube  im m ed ia te ly  p r i o r  to logging. T h i s  s ig n i f i ed  

r e p e a t a b i l i t y  o f  the  br idge  ba lanc ing  ope ra t ion  a n d  t h a t  the  c o n d u c t i v i t y  

and  p e r m e a b i l i t y  o f  the  tubes  d id  not va ry ,  even fo r  those t h a t  h a d  been 

subject  to p ro long ed  h ea t i ng  whi le  IGA was in d u ce d  in them.

Occasiona l ly ,  as in fig.  5.38(b), the Pilger locus can be f a t t e r  t h an  it is long, 

wi th  the  m inor  axis  a p p a r e n t ly  lying a long the  cha ra c te r i s t i c  Pi lge r  d i rec t ion.  

This f a t t e n i n g  o f  the  Pilger locus seemed to h ap p en  w h e n e v e r  probe 

eccen tr ic i ty  was p a r t i c u la r ly  bad,  but  it was not  possible to be ce r t a in  of  this 

since there  was no i n d e p e n d a n t  means  ava i la b le  of measu r in g  p r o b e / t u b e  axis 

* eccentr ic i ty ,  or p ro f i l e  v a r ia t io ns  in the  in te rn a l  an d  ex te r na l  tu be  d iam et er .

The im p o r t a n c e  of  cons ider ing cases of  unu sual ly  fa t  P i lger loci lies in the  

necessi ty to ensure  th a t  an y  scheme to remove Pilger noise a n d / o r  segment
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out  d e f ec t s  will  c o n t in u e  to w ork  even u n d e r  excep t iona l  c i rc um stances .  T h e  

f i n a l  m e thod ,  a p a r t  f r o m  being tes ted  up on  n o rm a l  loci  (see fig.  5.38(a) an d  

5.41), was also tes ted  w i th  the  locus sho wn in fig.  5.38(b), a n d  w o rk e d  

ac ce p tab ly  p ro v id in g  th a t  the  mix h a d  been deve loped upon  n o rm a l  Pi lger  noise 

(i.e. noise w i th  a s t rongly  l in ea r  shape).

5.6.2 R o ta t io n  of Loci w i th  Frequ ency

All d e fec t s  in the  tube  set were  s u r fa ce  b re ak in g  a t  the  o u t e r  tu b e  wall .  

Since Pi lge r  noise is essent ia l ly  an  in n e r  wall  ph e n o m en a ,  t h e r e  is a phase  

d i f f e r e n c e  b e tw een  Pilger  noise a n d  OD d e f ec t  loci, a n d  the  a m o u n t  o f  the  

phase s ep a ra t io n  increases  w i th  f r eq u en c y ,  as s u b s u r f a c e  O D  c u r r e n t s  

lag i n c re as ing ly  w i th  respect  to t he i r  ID coun ter par t s .

As expect ed ,  it  was observed  t h a t  the  OD d e f ec t  loci ro t a t e d  w i t h  f r e q u e n c y  

(i.e. w i th  inc re as ing  phase  lag of  the  OD  cur rents ) .  H o w e v e r  it was also 

ob served  t h a t  the  Pilger  loci ro ta ted .  Thi s  is not  as p r e d ic t ed  fo r  a p u re ly  

su r f ace  based p h e n o m en o n  such as Pilger  noise,  s ince the  s u r f a c e  cu r r e n t s  

a lways  have  the  same phase  angle  w i th  respect  to the  d r i v i n g  s inusoid .  T h u s  

the c o m b in a t io n  o f  the  probe br idge  an d  Zetec  d e m o d u la t i o n  c i r c u i t r y  does 

not p rec lude  the  poss ib l i ty  of  a f r e q u e n c y  d e p e n d en ce  o f  the  o r i e n t a t i o n  

of the  O D / I D  axes themselves .  The a u to m a t i c  mix in g  a lg o r i t h m  was des igned  

such t h a t  this h ad  no impact .

D u r in g  the  f i rs t  5mm. of  the  tube,  the  b ac k g ro u n d  level d i f f e r e d  m a r k e d l y  

f rom th a t  fo r  the  tube  a w ay  f r o m  the  end,  due  to d i s to r t io n  o f  the 

normal ly  c i r c u l a r  ed d y  cu r ren t s  by the  p ro x im i ty  o f  the  n o n c o n d u c t i n g  a i r
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meta l  i n t e r f a c e .A n y  d.c. b ias  in the  s ignal  was nega ted bef o re  the  use o f  a 

s egm en ta t i on  c r i t e r io n ,  by s u b t rac t i n g  the  value  of  the  f i rs t  sample  in an y  

scan f r o m  all o f  the  o ther  samples  in th a t  scan.  This  p ro c ed u re  p r e v en ted  tube  

end e f f ec t s  f r o m  er roneous ly  t r igge r ing the  segm en ta t i on  mechani sm.  Where  

defect s  can be g u a r a n t e e d  not  to fa l l  across the t ra n s i t i o n  f r o m  one scan to 

an o ther ,  as here ,  this is an  ac cep tab le  s t rategy.  Obvious ly ,  this co n s t r a in t  

could not  be to le ra te d  ou ts ide  a l abora to ry .  It also served to co u n te r a c t  

an i n t e r m i t t e n t  p ro b lem  wi th  a leaking  capaci to r  in the Zetec  b r i d g e  

ba lanc ing  c i r c u i t r y ,  w hi ch  would  cause a conside rabl e  d r i f t  in b a c k g r o u n d  

level d u r i n g  the  t ime t aken  to log a 15cm. length of tube  (see for  example  fig.  

5.10)

5.6.3 Segmentat ion Experiments

All o f  the  fo l lo w in g  m etho ds  assume the ava i l a b i l i t y  of  clean tu b in g  f rom  

which to c a p tu r e  an im pedance  plane  locus due to Pilger noise alone.  The 

methods  tested  by e x p e r im e n t  were

(i) Ring ing the  Signal  Orig in  wi th  a circle w h i c h  jus t  e nc l os ed  the  Pi . ge r  

noise f r o m  the  p ro to ty p e  scan an d  t h e *  t r ea t in g  a n y  s i gna l  e x c u r s i o n  o u t s ; d e  o: 

it as a de fect .  T h i s  metho d fa i l ed  to detec t  defect s  in tubes  w h e r e  t he  d e f e c t  

peak a m p l i t u d e  was less th a n  th a t  of the Pilger noise.

(ii) "gif t  wrapping"  the  Pilger  noise locus, by forming its convex hull in the 

impedence plane.  Akl  & T o u s s a in t ’s (1978) convex hull  a l g o r i th m  pro du ces  a 

list of  all of  the  ex te r n a l  points in a polygon (in this case the one des c r i bed  by 

the Pilger  noise),  in c lockwise  order.  This  is analogous  to w r a p p i n g  all of the
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points  in  the  locus wi th  a sheet  of  p ape r  in 2 d imens ions ,  a n d  d i s c a r d in g  all 

of  the  poin ts  w h ich  do not  come in to co n tac t  w i th  the  paper .  Akl  & T o u s s a i n t ’s 

a lg o r i t h m  ope ra t es  by

(i) f i n d i n g  the  4 points  w i th  m a x im u m  an d  m i n im u m  x an d  y values ,

(i i)  f o r  the  12 o’c lock to 3 o’clock q u a d r a n t ,  sor t i ng  the  p o in t  set w i th  x 

g r e a t e r  t h a n  the  x va lue  of  the  po in t  w i th  max y, in to  a s c e n d in g  o r d e r  by 

v a lu e  o f  x ,

( i i i)  f i n d  the  most  convex po in t  w i th  respect  to the  12 o’c lock a n d  3 

o’c lock posi t ions  (i.e. the one wi th  max(x+y)  and then

(iv) d i sc a rd  the  points  as w i th in  ac co rd ing  to the sign of  the  vec to r  cross 

p r o d u c t  of  t h e i r  pos i t ion  vectors w i th  respect  to ad j a c e n t  points ,  of  w h ich  

the  leas t  c lockwise  o f  the  ex te rna l  points  is the f irs t .

The m e t h o d  was  p ick ed  because  it  is g u a r an t eed  to w o rk  f o r  all sets of  

points  in 2 d imensions ,  un l ik e  some others  w h ich  th ey  cite.  In this 

app l i ca t i on ,  all  o f  the  points  in the  r e su l t an t  polygon were  d i l a t ed  w i th  respect  

to the  ce n t r e  of  g r a v i ty  o f  the  convex hul l,  to a l low a s a fe ty  f a c t o r  b e fo re  

segm en ta t i on  was  t r iggered.  De tect ion of  an y  excurs ion  out s ide  the  hul l  was 

also done  by r e fe r e n c e  to the  sign of  the  vec tor  cross p r o d u c t  of  each p o in t s ’ 

posi t ion  vectors  to the  two nea res t  points  in the convex hul l ,  w h ich  must  be 

taken  in c lockwise  o rd e r  in the  mul t ip l ica t ion.  When a po in t  is w i t h i n  the  

hull,  the  sign of  the  vec to r  cross p roduc t  will  a lways  be posi tive.

A convex hul l  was th o u g h t  to be super ior  to an e l l ip t ica l  th re sho ld  

because it  desc r i bed  the  a l lowable  locus of  impedances  more  ac cu ra te ly .  Thi s  

method w o r k e d  a n d  was e f f ec t iv e  in segment ing de fec ts  w i th  assoc ia ted  

signals smal le r  in m a g n i tu d e  th an  the Pilger noise,  but  it is more  com plex an d
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slower  t h a n  the  eq ua l ly  e f f e c t i v e  m e thod  (vii)  w hi ch  uses a s loping l ine  f i t t e d  

to the  Pi lge r  noise.

It does ho w e v e r  y ie ld  the  poss ib il i ty  of  an  a u t o m a t i c a l l y  ca lc u lab le  

s egm en ta t i on  b o u n d a r y  of  a r b i t r a r y  r a th e r  th an  mere ly  jus t  convex  shape 

a r o u n d  a n u m b e r  of  u n w a n t e d  s ignal  loci by m o d i fy i n g  the  a l g o r i t h m  to 

t r e a t  a po in t  set in regions,  by a d v a n c i n g  a long the  conve x  hull ,  t r e a t in g  

only  point s  w i t h i n  a r a d iu s  of  l imi t ed  size. Th e ex act  va l ue  o f  th is  r a d iu s  

w oul d  e f f e c t i v e l y  cont ro l  the  t ighness  o f  the  f i t  of  the  hul l  to the  de t a i l ed  

shape  o f  the  signals.

(iii) h ig h  pass f i l t e r ing ,  fol lowed by simple am p l i tu d e  t h re s h o ld in g .  In

theo ry ,  it  ough t  to have  been possible to separa te  n o n - b a n d e d  de fec t s  f r o m  

Pi lger  noise w i th  a h igh -o rd e r ,  h igh pass f i l t e r ,  w i th  a c u t - o f f  f r e q u e n c y  of  

1 cyc le / scan .  H o w e v e r  the  f i l t e r  was d iv e rg e n t  a f t e r  seve ra l  scans.  T h i s  m ay  

have been a resul t  o f  s to r in g the  p rev ious  f i l t e r  o u tp u t s  as by te  length  

var ia b les  w h ich  was u n a v o i d a b l e  (even wi th  o ve r la y ing )  d u e  to m em o ry  

const r a in ts .

(iv) s im ula t i on  of  a d i f f e r e n t i a l  probe. It was fo u n d  th a t  the  s ignal  f r o m  a 

d i f f e r e n t i a l  probe could  be synthes ised (see fig.  5.34) by t a k in g  the  mov ing  

d i f f e r e n c e  b e tw e en  the  pr esen t  sample  an d  a previous  one w h ich  was e q u i v a l e n t  

in lag to the  "rise t ime" o f  the  probe.  The  com parab le  u n d i f f e r e n t i a t e d  scans 

are p lo t ted  in f igs  5.13,14 & 16. In o rd e r  to use this t ech n iq u e  for  seg m en ta t i o n  

it h ad  to be fo l lowed  by code to detec t  the v a r i a t io n  o f  e i t h e r  the 

d i f f e r e n t i a t e d  x or y s ignals  a w a y  f r o m  zero,  an d  th en  "fill  in" the  gap 

bet w een  the  ex t r e m i t i e s  o f  an y  de f ec t  w i th in  one scan,  s ince it is only  the  

ex t re m it i e s  w h ich  regis t er  w i th  a d i f f e r e n t i a l  probe.  P a r t  o f  the  a lg o r i t h m
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deve lo ped  in c h a p te r  4 ( the pa r t  w h ic h  l inked the  posi t ive  a n d  neg a t iv e  

going swings  a t  the  s tar ts  an d  ends  o f  defects)  was used to do this.  T h e  

d i f f e r e n t i a t i o n  a p p r o a c h  r e q u i r ed  some r a th e r  invo lved  code to r e -o r i en t  scans  

in o rd e r  to work  fo r  both  b a n d e d  a n d  n o n -b a n d ed  defects .  It  w o r k e d  as well  as 

the  m ix in g  a p p r o a c h  (method(vi ) ) ,  w h ich  is as expe cted ,  s ince  bo th  m e th o d s  

e l im in a t e  Pi lge r  noise.

( v ) sub t rac t ion  of  wobble It i n i t i a l ly  a p p e a re d  th a t  the  slow a d v a n c e  o f  the  

cyclic Pilger  noise m igh t  be s u f f i c i e n t ly  re gula r  to a l low it to be t r a c k e d  an d  

p re d ic t ed  a n d  t h e r e f o r e  s u b t r ac te d  f r o m  each scan,  l eav ing  a n y  d e f e c t  on a 

zero level  da tum :  the  Pi lger loci was seen not  to change  in the  p resen ce  o f

defect s ,  i.e. the  d e f ec t  s ignal  could  be t r ea ted  as a "bulge", m ere ly  being  

a d d e d  to one segment  o f  the  scan t ime series. It  was  d e t e r m in e d  f r o m  

in spec t ion  o f  seve ra l  tube  plots t h a t  the  pe r iod of  Pi lger noise is 52 scans,  i.e. 

the pe a k  a d v a n ces  a r o u n d  the  bore  o f  the  tube  in 5.2 cm. On e typ ica l  Pilger  

scan was  p icked  as a p ro to type ,  a n d  co m p u ta t i o n a l ly  a d v a n c e d  a t  the  r a te  o f  

l / 5 2 nd re v o lu t io n  per  scan,  an d  su b t ra c te d  f ro m  each successive scan in turn .  

T he  resul ts  a re  sho wn in fig.  5.39. Close inspect ion of  cons ecu t ive  scans  in 

severa l  tubes  sho wed  h ow e ver  th a t  Pilger noise is less s imple  t h a n  it in i t i a l ly  

ap p ea r s  (fig.  5.40) an d  ca n n o t  be desc r ibed as a cycl ic f u n c t i o n  w h ic h  can be 

p re d ic t ed  by r o t a t i n g  the  p resen t  scan in a re c i r cu l a t in g  b u f f e r  by a smal l 

f r a c t i o n  of  one cycle.  Also, the  shape of  the  peak can change  q u i t e  m a r k e d l y  

f r o m  one scan to the  next .  S imple app roaches  l ike t r a c k i n g  an d  e x t r a p o l a t i n g  

the  posi t ion  o f  the  next  peak are  t h e re fo re  prec luded .  With the  v a r i a t io n s  in 

wave shape an d  the  no n c o n s t an t  incr emen ts  in peak posi t ion  f r o m  one scan 

to the  next ,  the  e f f o r t  involved  in evo lving an ad a p t iv e  cu rve  f i t t i n g  s t ra tegy  

(i.e. one  w h e re  both  the  shape of  su b t rac te d  Pilger noise scan to be s u b t r ac te d
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an d  the  deg ree  o f  its a d v a n c e m e n t  are  va r ie d )  w ou ld  have  been p r o h ib i t iv e ,  

especia l ly  g iven  t h a t  a s impler  metho d was developed,  as desc r i bed  next .

I f  the  Pi lger  noise loci had  re m a in ed  cons tan t  in size a n d  it  h a d  been f o u n d  

possible to t r a c k  the  a d v a n c e  of  the  s ignal  (as m en t io n ed  above) ,  it w ou ld  

have  been possible to s tore a scan of  p u re ly  Pilger noise a n d  re m o v e  it f r o m  

each scan in tu rn .  C ons ide rable  a d v a n ta g e s  ough t  to hav e  r e su l t ed  f r o m  this 

m ethod  in t h a t  de f ec t  loci to be c la ss i f ied  would  h av e  h ad  the  Pi lger  noise 

e lem en t  r e m o v e d  f ro m  them,  thus  e l im an a t in g  a source  of  s p u r i ous  v a r i a t i o n

be tween  loci f r o m  the  same class of  defec t ,  or  even f r o m  d i f f e r e n t  scans  t h ro u g h

the same defect .

(vi) by C o m p u ta t i o n a l ly  Developed Mix The sub ro u t in es  w h ich  d id  this

( A N N U L  a n d  MIX) op e ra ted  as fol lows.  A N N U L  was r u n  on a n o m i n a t e d

scan c o n t a i n i n g  only  Pi lger noise,  in o rd e r  to ca lc u la t e  the  r o ta t io n ,  an d

h o r izo n ta l  a n d  ve r t i c a l  m a g n i f i c a t io n  w h ich  r equ ir ed  to be app l i ed  to c h a n n e l  4,

in o rd e r  to m a tch  (and ho p e f u l ly  cancel )  the  Pilger noise loci in ch a n n e l s  X 2 &

Y . It d id  th is  by 
2

(a )  f i n d i n g  the  ce n t r e  of  g ra v i ty  of  Pilger noise in both  ch anne l s

2(220kHz)  a n d  4(600kHz),  in d iv id u a l ly ,  by ca lcu la t ion  of  the  x & y. T h en

(b) ro t a t i n g  both  loci unt i l  the pos i t ion  vectors  to t he i r  respect ive  

cent r es  o f  g ra v i ty  point  a long the +ve x-axis.

(c) c a lc u l a t in g  the  s t a n d a r d  dev ia t ions  along the major  (x) an d  m ino r  (y)
♦

axes  f o r  both  ch2 & 4.

(d)  c a lc u l a t in g  scal ing fac to rs  to match the s t an d a rd  d ev ia t io n s  be tw e en  ch2
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a n d  ch4.

Subseq uen t ly ,  s u b ro u t in e  MIX used the  two angles f o u n d  in s tep(i i) ,  a n d  the  

scal ing f a c to r s  f r o m  step(iv),  to gene ra te  the  same mix as was used by A N N U L  

to e l im a n a te  the  Pi lger  locus.

Mix ing  n o rm a l ly  d i s tor ts  the  c h a rac te r i s t i c  shapes  exp e c t ed  f r o m  the  v a r io u s  

d i f f e r e n t  types  of  def ec ts  w h ich  exist .  In pract i ce ,  d i s to r t io n  of  the  d e f ec t  

locus was not  t roublesome.  C er ta in ly ,  the  mixed  loci were  o f  a d i f f e r e n t  

shape  c o m p a r e d  to t he i r  u n m ix e d  p a r e n t  loci, b u t  the  e f f e c t  was not  

obj ect ionab le .  I f  a n y t h i n g  the  m ixed  d e f ec t  s ignals  were  closer to the  

ideal is ed  co m m a shapes  expec ted  f o r  cr acks  th an  the  u n m i x e d  o r ig in a l  loci (see 

fig. 5.41, m ix ed  locus). Th is  is because  o f  the  re mova l  of  the  Pi lge r  noise 

w h ich  t ends  to f a t t e n  the  locus. T h e  p re v io us  m e thod  w o u ld  also ha v e  r em oved  

this,  h a d  it  work ed .  O th e r  a u th o r s  h av e  pub l i shed  loci o f  def ec t s ,  w h ic h  

because  o f  m ix in g  took on a m uch  d i f f e r e n t  shape  a n d  phase  angle ,  m a k i n g  

i n t e r p r e t a t i o n  o f  the  loci d i f f i c u l t  because  all o f  the  ch a ra c te r i s t i c  

shapes  a n d  angles  h a d  changed.

Ini t ia l ly ,  the  m ix in g  a n n u l m e n t  s u b r o u t in e  used a l ine  f i t t i n g  s u b ro u t i n e

to f i n d  the  g r a d ie n t  of  the  locus, fo r  ca lc u la t io n  of  the  ro t a t i o n  r e q u i r e d

to m ap  the  locus on to the  +ve x-axis.  Ho we ve r ,  this m e th o d  f a i l e d  w h e n e v e r

the Pilger  loci was  not  l i nea r  in form,  because the l ine was a lways  f i t t e d  to the

major  axis,  w h ich  might  not necessar i ly  lie a long the c h a r ac te r i s t i c

Pilger d i rec t ion.  F u r t h e r m o r e ,  the in ter cep t  under  such cond i t ions  m igh t  not  be

zero. T h i s  caused the  ch an d  ch loci not to sup er impos e  well  a f t e r
2  H-

ro t a t ion a n d  scaling.  F u r th e rm o re ,  there  were problems in d e t e r m in i n g  w h ich  

q u a d r a n t  the  loci p r e d o m in a te d  because the  l inear  regress ion a lg o r i t h m  being
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used was only  ca pab le  o f  r e tu r n in g  the  slope, m ak ing  it a w k w a r d  to ca lc u la te  

the  ro t a t i o n  to be ad m in i s te red ,  when  us ing the  s t a n d a r d  fu n c t i o n  

tan  ava i l a b le  in F o r t ra n .  Subsequen t ly ,  the  ce n t r e  o f  g r a v i ty  was used to 

q u a n t i f y  the  c h a r ac te r i s t i c  angle  of  the  locus,  an d  s u rp r i s ing ly ,  p rov ed q u i t e  

adequ at e .

(v i i )  l i n ea r  th re sho ld  f i t t ed  to the  Pilger  locus , us ing the  u n m i x e d  c h a n n e l  

2: A l ine  was f i t t e d  to the  Pilger  noise locus us ing a l i n ea r  regresss ion 

a lg or i t hm .  T h e  th re sho ld  b o u n d a r y  was ca lcu la t ed  f r o m  the  eq u a t io n  o f  this 

l ine,  by a d d i n g  on an am o u n t  to the  in ter cep t  equa l  to 2 s t a n d a r d  

d ev ia t io n s  of  the  Pilger noise ab o u t  the  f i t t ed  l ine. The  m e th o d  w o rk e d  

accep tab ly  on the  samples  ava i lable .  It was more  sens i t ive  to smal l  d e f ec t s  in 

the pre sence  of  large Pilger noise^luu^or ins tance ,  the  nul l  po in t  r in g in g  

m e thod  in (i), because  of  the  d i f f e r i n g  sens i t iv i t ies  in the  OD a n d  ID 

di rec t ions .  It  was q u i ck e r  in o p e r a t ion  t h a n  the  conve x  hul l  m e th o d  because  

the seg m en ta t i o n  o p e r a t ion  consis ted  of  tes t ing  each po in t  to d e t e r m in e  i f  y 

> mx+c,  r a th e r  t h an  a large n u m b e r  of  vector  cross p ro d u c t  opera t ions .  

Ho we ve r ,  the  scheme would  have  to be am en d e d  to inc lude  a n o t h e r  para l le l  

th resho ld  plus two more,  p e r p e n d ic u l a r  to the  f i rs t ,  to be capabl e  o f  d e tec t in g  

ID de fec t s  an d  o the r  phenom ena .

5.6.4 Cho ice  of P ro to ty p e  Scan

It was fo u n d  to be essent ial  tha t  the scan picked for  a c a lc u la t io n  of  the mix 

or for  the  t r a i n i n g  of  a l inea r  th i ' .shold  as in method (vii)  con ta in  s t rong Pilger 

noise, w h ich  will  be g u a ran t ee d  to have a s t rongly l inea r  loci. Th i s  minimises  

any e r ro r  in the  d e t e r m in a t io n  of  the Pilger d i rec t ions  in ch2 & 4. P ro vi ded
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th a t  this was so, a mix ca lcu la t ed  upon one tube (scan 4, t u b l 4 c . r a w  tube  da t a  

f i le)  was f o u n d  to be app l i cable  to o ther  tubes,  even a l th o u g h  the  b r idge  in the 

ed dy  c u r r e n t  e q u i p m e n t  was nul led  separa te ly  on each tube  us ing the 

au t o m a t i c  b a l an c in g  fac i l i ty .  H av in g  fo u n d  such a robus t  mix,  i nv es t igat ions

w i th  more  co m p l ica ted  opt imisa t ions  by fu n c t io n a l  m in im isa t io n  were  t h o u g h t

unnecessary .

5.7 Feature Extraction

Within the  t ime av a i l ab le  a f t e r  the m u l t i f r e q u e n c y  d e f ec t  set was logged,  it 

was on ly  possible to test an ad hoc f ea t u re se t  (bas ica lly  because  of the 

prob lems e n c o u n te r e d  wi th  the sys temat ic  f e a t u r e  ex t r a c t i o n  method s

discussed in d e ta i l  in ch a p te r  3). The  des ign^ the  ad hoc f e a tu r e s e t  is now 

jus t i f ied .

The loci in all  f o u r  channel s  were very  s imi la r  except  in size an d  in angle  

and  s ince  th is  was t ru e  regardless  of  the type  of  de fect ,  the  f e a tu r e s  were  

d r a w n  essent ia l ly  f r o m  jus t  one channel:  cha nn el  2, the  ch a n n e l  in w h ich  

the d e f e c t  s ignals  a p p e a re d  to be most d i f f e re n t .  Th e f r e q u e n c y  was p icked 

by the  sponsors  fo r  greates t  sens i t iv i ty  to IGA. The i n f o rm a t io n  o b ta in ed  f r om  

the o th e r  ch a n n e l s  is encoded  in ad d i t io n a l  f e a tu res  w h ich  de sc r ibe  the

r e la t io nsh ip  bet w een  the  loci in these o ther  three channel s  an d  channe l  2.

5.7.1 Ad Hoc Im pG .ance  Plane  Features

The im p e d a n c e  pl ane  fe a tu re se t  bas ica l ly consis ted of

1. the  overa l l  angle  ( see f e a tu re  1 in table 5.1)
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2. the  size of  the  locus,

3. the  area  enclosed

4. the  c o n c en t r a t i o n  of  the  area  t o w ar d s  the  t ip,

5. t ow ards  the  or ig in

6. to w ard s  the  m idd le

F ea tu re s  were  also in c luded  to test  fo r  an y  s ig n i f i c an c e  in the  angle  and 

m a g n i t u d e  o f  the  d.c. bias in the  locus s ignal  or ig in  ( f e a tu r e s  7 & 8).

To q u a n t i f y  the  shape of locus, the  o u t w a r d  t r a j e c to ry  f r o m  the  nul l  po int  

to the  locus ex t re m a  was de sc r ibed  by the  6 c o e f f i c i en t s  o f  a 5th o rd e r  

p o ly n o m ia l  in x f i t t e d  to it ( f e a tu re s  9-15), a f t e r  the  locus ex t r e m a  had 

been a l igned  wi th  the  x- axis  to ease the  o p e r a t ion  o f  the  cu rve  f i t t in g  

a l gor i thm .

It m ig h t  have  been p r e f e r a b l e  to have  used a l ine w h ich  was  the  av e rag e  of 

the  o u t w a r d  an d  in w a r d  s ignal  paths ,  bu t  th is  w ou ld  have  t a k e n  too long to 

p ro g r am  s ince it is a c ta u l ly  a r a th e r  d i f f i c u l t  task  to p e r f o r m  d u e  to the

m ism a tc h  presen t  in sample  spacings  a long the  two paths.  F u r t h e r m o r e ,  the  two

pa ths  d id  not  d i f f e r  gr eat ly  in compar ison to the  overa l l  size of  the  locus (it was

not  c e r t a in  unt i l  the m ix ing a l g o r i th m  desc r ib ed  in sec tions 2.11 a n d  5.4 had

been deve loped th a t  the d i f f e r e n c e  in the  pa ths  was due solely to Pi lge r  noise).

The 16th f e a tu re ,  a boolean one,  ind ica ted  i f  the  o u t w a r d  locus crossed the 

i n w a r d  one: a ch a ra c te r i s t i c  seen in all of  the  t h i n n in g  loci. A n o t h e r  f e a t u r e  

V ased upon  the  16th one was at  one point  cons idered ,  to de tec t  w h e th e r  

the locus was desc r ib ed  in a c lockwise or an t i c lockw is e  m anner .  It w o rk e d  by 

d e t e r m in i n g  wh ich  path ,  in b o u n d  or o u t b o u n d ,  was u p p er m o s t  a f t e r  the  locus
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had  been a l igned  w i th  the  posi t ive going x-axis.  H ow e ver ,  this d i d  not  seem 

to be im por t an t :  a set o f  loci were  tested  w i th  the  m easu re  an d  they  were  all 

desc r i bed  clockwise .  Th is  could  not  have bben  d e t e r m in e d  by eye bec asue  the  

p lo t te r  wen t  too fa s t  an d  in b o u n d  an d  o u t b o u n d  paths  we re  too s im i l a r  fo r  the  

d i r ec t io n  o f  ro t a t i o n  to be v is ible in most cases).

A 5th o rd e r  pol ynom ia l  was chosen so th a t  the  s -shaped loci c h a r a c t e r i s t i c  of  

t h i n n in g  could  be ad e q u a te ly  descr ibed.  In fa c t  such a cur ve  is cap ab le  of  

being ad e q u a t e l y  model l ed  wi th  a 3rd o rd e r  curve ,  b u t  some ex t ra  l a t i t u d e  was 

inc luded  in the  m a x i m u m  ord e r  so th a t  the  curve  at  the  o u te r  end o f  the  locus 

wou ld  be des c r i bed  too. T h e  loci f r o m  the  o ther  classes of  d e f e c t  we re  all 

comma shaped,  w h ich  ough t  to be capab le  o f  d esc r i p t i on  wi th  a 2nd o rd e r  

curve .  It such cases, the  h igher  o rd e r  terms oug ht  to be zero,  a n d  indeed  

they were  w h e n  the  c u rve  f i t t i n g  ro u t in e  was tes ted  upo n the  o u t w a r d  

t r a j e c to ry  of  s imple  synthes ised f igures  ( Jou ko wski  aerofoi ls ) .

5.7.2 Ad Hoc Spectral  Features

The spec t ra l  f e a tu r e s e t  is g iven in table  5.2. It fo l lows the  im p ed an c e  p lan e  

fe a tu re s e t  in th a t  most of  the  f ea tu res  are  d r a w n  f r o m  channe l  2, w i th  the 

r e m a in d e r  a t t e m p t i n g  to descr ibe  the bulk  d i f f e r e n c e s  bet ween  the  spec t ra  f r o m  

the o the r  channe l s  a n d  t h a t  f r o m  c h anne l  2.

Some d i f f i c u l t y  was ex pe r i ence d  in i n t e rp re t in g  the spect ra  in plots 5.27-.32, 

in o rd e r  to devise  fea tu res .  The  d i f f e r e n c e s  in the  re la t ive  scales of  the  x 

and y spec t ra l  m a g n i tu d e  plots w i th in  each channe l ,  w h ich  were  u n a v o i d a b l e  

if the shape o f  the  d i s t r i b u t io n  was to be eas ily visible in all o f  the  plots,
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made  f e a tu r e s e t  design p a r t i c u la r ly  d i f f i c u l t .  In o rd e r  to p re se n t  the  

i n f o r m a t i o n  more  gr aph ic al ly ,  an d  s im p l i fy  the  ass im i la t i on  of  so m uch  

i n fo r m a t i o n ,  a n o t h e r  fo r m  of  d i s p lay ing  the  spect r a  was sought .  A new 

p ro g ra m  (SPCROT) was w ri t t en  w h ich  d i sp lay ed  each ch a n n e l  p a i r ’s 

s p ec t ru m  as a "corkscrew" view,  i.e. end on f r o m  the  low f r e q u e n c y  end 

of the  sp ec t r u m  (fig.  5.33).

The  m a g n i t u d e  a n d  phase  of the  d.c. o r d i n a t e  seemed to be re la t ed  to 

w h e th e r  a de f ec t  was an ax ia l  notch  or not.  In the S P C R O T  plots this was 

a lmost  i n v a r i a b ly  the  po in t  of  m a x i m u m  mag n i tude .  F e a t u r e  5 was des igned  

to i n d i c a t e  a peak  above the  5th o rd in a te ,  f e a t u r e  6 was th o u g h t  to be a 

s ig n i f i c a n t  d i f f e r e n c e  between  Z N C H  an d  H O L E  classes,  an d  f e a t u r e  7 was 

in c lu d ed  to give a m easure  of  in w h ich  spect ra  the  spec t ra l  ene rg y  was 

co n cen t ra ted .

The spec t r a l  phase  seemed to v a r y  only  s l ight ly  in the  lowest p a r t s  of  the  

spec t rum ,  i.e. in those pa r ts  w here  the  powe r  was co n c en t ra t e d .  Only  

when  spec t r a l  p o w er  was negl igible,  d id  ap p r ec iab le  phase  sh i f t s  occur .

5.7.3 Synthesis  of Axial  Scans

The f e a t u r e  e x t r a c to r  used to gene ra te  both  the im p e d an c e  p lan e  an d  spect ra l  

fea tu re se ts  h ad  the  ab i l i ty  to ope ra te  upon  an axia l  scan for  those classes of 

defects  w h e re  it was ap p r o p r ia te .  This  was done by a pre proce ss ing  s tage 

wi th in  the  f e a t u r e  ex t r a c to r  p ro g ram  w hi ch  d u m p e d  one po in t  f r o m  

each c i r c u m f e r e n t i a l  scan in to  a b u f f e r  w hi ch  at  the end of  w h ich  the  r e s u l t an t  

synthes ised i n p u t  s ignal  a r r a y  was in e f f e c t  a synthes is  o f  an  u n r o t a t e d
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axia l  scan.  The  same f e a t u r e  was a d d e d  to the  axia l  scan p lo t t i n g  p r o g r a m  to 

p roduce  the  synthes ised bo bb in  pro be plots in figs. 5.17-.21. F e a t u r e  e x t r a c t i o n  

in th is  p seudo -bob bin  probe mode was very  slow, due  to the  necess i ty  to read 

th ro u g h  the  en t i r e  f i le fo r  every  p a t t e r n  ad d e d  to the da t a  set, so only  every  

10th possible ax ia l  scan th ro u g h  each de f ec t  was ac tu a l ly  used.

5.7.4 Practical  Aspects

The f e a t u r e  ex t r a c to r  was tes ted fo r  co rrec t  ope ra t ion  by us ing the  f e a tu r e s  

associa ted  w i th  the  curve  f i t t in g  a lg o r i t h m  to r e cons t ru c t  the  o u t w a r d  going 

t ra j e c to ry  of  a test  locus f ro m  a real  defect .  The  pa r t  o f  the  f e a t u r e  ex t r a c t o r  

w h ich  p r o d u c ed  the  spect ra l  fe a tu re s  was tes ted in a s im i l ar  m a n n e r ,  ex cep t  th a t  

the x a n d  y t ime series were  r e cons t ru c ted  sep a ra te ly ,  us ing the  inver se  

t r a n s fo rm .  T h e  r eco n s t ru c t io n  was p e r fec t  when  the  w i n d o w i n g  an d  

s m oo th ing was  re moved  a n d  the  fu l l  set of  complex spec t ra l  am p l i t u d e s  was 

used as the  in p u t  series.  F ea tu re s  not  capable  of  being  tes ted  by 

r e co ns t ru c t ion  o f  a d e f ec t  locus were not  tes ted  as r igorous ly  bu t  were  tes ted  for  

cor rec t  o p e ra t io n  on s imple  shapes  w he re  the  expec ted  value  of  the  f e a t u r e  

could be checked  by h an d  calcula t ion.

The f e a t u r e  e x t r a c t o r  was ru n  twice  fo r  each class of defec ts ,  once to p roduce  

the t r a i n i n g  set of  f e a t u r e  vectors,  and once fo r  the test ing  set. On each occasion 

it was done  in bat ch  mode us ing a data  d r iv e r  f i le because  this made  

conc a t en a t io n  of  the  f e a t u r e  fi les eas ier wh en classes were  being g ro up ed 

together  fo r  s ep a rab i l i ty  tests (e.g. fo r  b an d ed  vs. n o n -b a n d ed  de f ec t s  as is 

done in the  nex t  sec tion),  an d  also because  of  the t ime t aken  for  each ru n  was 

long enough  fo r  ther e  to be a reasonab le  p ro b ab i l i ty  o f  a m ach in e  crash  (due

174



Chapter 5 M u l t i f r e q u e n c y  Work

to the age of  the  com p u te r )  an d  the  results  for  th a t  ru n  lost. At  the  t ime at  

wh ich  the  f e a t u r e  ex t r a c to r s  ru ns  were  done,  the  P D P 1 1 /4 5  was  being

dec omm is ioned a n d  the  m a in t en an c e  con t r a c t  on the P D P 11 /4 5  had  ex p i r e d

and  was not  being r enew ed ,  an d  m ach ine  crashes  had  become f r e q u e n t .

Ty p ica l l y  the  f e a t u r e  ex t r a c to r  took 3 hours  ove r n ig h t  (i.e. p r o b a b ly  w i th  no

other  users logged on) to process one class.

The process of  d e t e r m in i n g  the  axia l  a n d  c i r c u m fe re n t i a l  ex ten t  o f  the  d e f ec t s  

w i th in  the  tube  da t a  f i les  was p e r fo r m e d  by hand,  because  the  s e g m en ta t i o n  

t ech nique s  de s r ib e d  in the  previous  section had not yet  been deve loped .  H a n d  

segm en ta t i on  was one of  the  most  t ime cons uming  jobs in the  projec t ,

especia l ly because  it had  to be p e r f o rm e d  again  when  the  tubes  were  re- logged 

on B abcock’s P D P 1 1 /2 3  system. Th e h an d  segmen ta t ion  task  resu l ted  in the  da t a

d r iv e r  f i les  fo r  the  f e a t u r e  ex t r a c to r  g iven in table 5.5. These  scan n u m b e r

re fe re nces  ar e  spec i f ic  to the  tube  da t a  f i les  wh ich  we re  logged on the  PDP

11/45.

5.7.5 Feature Select ion and Transformation

In most  app l i ca t i o n s  o f  p a t t e rn  recogni t ion ,  the next  ope r a t i o n  a f t e r  the 

ex t ra c t ion  of  a big f e a tu re s e t  is to select  a subset  us ing some measu re  o f  the 

class sep a ra t i o n  a long each axis,  cu lm in a t in g  in selec t ing the best  subset  of 

fea tu res  (see sec tion 3.<f on f e a tu r e  selection).  Most p a t t e r n  recogn i t io n  text  

books expla in  why  co ns ide r in g  fe a tu re s  in d iv id u a l ly  is inco rr ec t  bu t  it is 

f r e q u e n t ly  don e out  of  necess ity a n y w ay  because sea rch ing  a l g o r i th m s  such 

as the B ran ch  a n d  Bound  method  were only deve loped  re la t ive ly  recent ly ,  and 

are d i f f i c u l t  to code,  whi l s t  exhaus t i ve  tes t ing of  all o f  the  poss ib le f e a t u r e
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subsets t a k e s a n  imposs ibly  long t ime. Consequent ly ,  it is not  u n c o m m o n  to see 

the  M ah a la n o b i s  d i s t an ce  ca lcu la t ed  fo r  each axis  i n d i v id u a l l y  bei ng used as the  

c r i t e r i on  fo r  the  e l im an a t io n  of  fea tures .

This  is no t  a des i ra b le  way to proceed,  so some d e v e lo p m e n t  w ork  was 

p e r f o r m e d  (see sect ion 3.4) to p roduce  a Branch  an d  B o u n d — based f e a t u r e  

selec tion m e th o d  w i th  a cr i t e r i on  fu n c t io n  p o w e r f u l  enough  to deal  w i th  the  

a w k w a r d l y  d i s t r i b u t e d  da ta  set avai lable .

Con seq uen t ly ,  tests were  run  upon all of  the f e a tu r e s  i n d i v id u a l l y ,  for  

i n t e r f e a t u r e  co r re la t ion ,  F ishe r  d i s c r im in a n t  powers  a n d  r a n k in g s  w i th in  

K a r h u n e n  Loeve t r a n s f o r m a t i o n  matr ices.  The  resul ts  o f  these were  used 

to r educe  the  d im en s io n a l i ty  of  the  f e a t u r e  vectors  to an  accep tab le  size (20) 

f o r  c l a ss i f i c a t io n  purposes  on the l imi ted-s ize  sample  set. T h e  f e a t u r e s  used 

T ab le s  £. ' tf<i)were those w h ich  were  not  in te r c o r r e l a te d  by 95% or more,  

wi th  the  h ighes t  i n d i v id u a l  F ishe r  d i s c r im in a n t  powers .  These  were  in most 

cases ab o u t  0.5.

F ig u re  5.35 shows a plot  of  the  2-space r a n k e d  u ppermos t  by the  K i t t l e r - Y o u n g  

t r a n s f o r m a t i o n ,  w h ich  was typical  of  several  done.  The  scans in each de fec t  

class f r a g m e n t e d  in to  clusters w hich  co r re spon ded to the  de fec t s  f r o m  

which  they  had  been t aken  (which d i f f e r e d  in depth) .  Fe a tu re s  1 an d  2 ( fi at 

R m ax  an d  R m a x )  were in i t i a l ly  though t  to be responsible  because  they are 

p r i m ar i l y  r e la ted  to d e fec t  dep th  and volume respectively .  It was reasoned  that  

i f these two f e a tu r e s  were re la ted  only to dep th  and volume,  then  for  ce r t a in  

com bina t ions  of  classes,  the  class s epa ra t ion would  be a long ot her  axes,  and 

that  i f  a f e a t u r e  axis t r a n s f o rm a t io n  was tes ted upon the  dat a ,  then  these two 

fe a tu res  would  not  be close to the d i rec t ions  g iving g reate s t  s epa ra t ion.  As a
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resul t ,  a K i t t l e r - Y o u n g  K a r h u n e n - L o e v e  t r a n s f o rm a t i o n  (see f ig  5.35) was 

p ro d u c ed  fo r  each class t ak en  again s t  the  re m a in in g  classes. S u rp r i s ing ly ,  even 

when  the  subspaces  co r re sp o n d in g  to the  h ighes t  r a n k ed  e igenva lues  we re  p lo t te d  

out,  the  classes were  still  f r a g m e n t e d  acco rd ing  to the  de fec t s  f r o m  w h ic h  the 

scans had  come. A n o n l in ea r  m a p p in g  of  a subset  o f  the  d a t a  us ing 

S a m m o n ’s m e thod  is shown  in f ig 5.36 fo r  compar ison.  Th i s  f u r t h e r  c o n f i r m s  the 

lack of  a co h e ren t  class s t ru c tu re  suggested by the l inea r  t r an s f o r m a t io n s .

5.8 C lass i f i ca t ion  Results

Both nea re s t  n e ig h b o u r  an d  mul tic lass  l inea r  c lass i fers  were  used on the 

data ,  an d  the  results  are  g iven in the  table  5.3. Th e l inea r  c la ss i f ie r  resul ts  are  

a l i t t le pess imis t ic  g iven the  m u l t im o d a l i t y  o f  the  class s t ru c tu re s  

d e t e r m in e d  in the  last  section.  T h e  nea res t  ne ig h b o u r  resul ts  w e re  all done 

wi th  a 1-NN rule  c la ss i f i er  in o rd e r  to observe  the  ru le  o f  t h u m b  t h a t  k in a k -  

NN c la ss i f ie r  shou ld  be about//n", whe re  n is the  class size. Since n here  is 

real ly the  c lus ter  size, an d  some clus ters had  only 4 or 5 scans  in them,  k=l  

was t h o u g h t  to be the  largest  tha t  k could val id ly  be. Th is  means  th a t  the 

c lass i f ier  results  are  pe rhaps  as much  as twice  as bad as a ( ideal)  Bayesian  

c la ss i f e r ’s would  be. Th is  is f u r t h e r  backed up by the fa c t  th a t  the  f e a tu re s  in 

general  h ad  low i n d iv id u a l  Fishe r  d i s c r im in an t  powers,  an d  the  F isher  

d i s c r im in an t  r a t io  ca lc u la t ed  over all of the fe a tu re s  between class pai rs  

was typ ica l ly  ab o u t  0.5 an d  such a ra t io would  have led one  to expect  a 

misc las s i f ica t ion ra te  of  abou t  30% between two classes, b c ' a u s e  in one 

dimension,  two norm a l ly  d i s t r i b u te d  classes (wi th equal  pr ior i  p r o b a b i l i t y  of  

occur ing an d  equa l  s t a n d a r d  dev ia t ion )  when sepa ra ted  by only 1 s t a n d a r d
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dev ia t i o n  ( e q u iv a l en t  to a Fishe r  D i s c r im in a n t  r a t io  of  0.5) o v e r la p  by

30.8% of  th e i r  c u m u la t iv e  p.d.f.’s ( f ro m  s t a n d a r d  s ta t i s t ica l  tables  o f  the

cu m u la t iv e  no rm a l  d i s t r i b u t io n  fu n c t i o n )

The resul ts  o b t a in e d  wi th  the  c l a ss i f i c a t io n  t echn iques  tes ted  upon  the  d a t a  

ce r t a in ly  were  not  as bad as this,  a l th o u g h  they  were  not  n ea r l y  as good as the

results o b t a in e d  w i th  the signals f r o m  the  single f r e q u e n c y  e q u i p m e n t  (which

supposedly  co n veyed  less i n f o r m a t i o n  ab o u t  the d e f e c t  because  the re  was 

only one channel ) .  Ho we ve r ,  ther e  we re  f e w er  d e f e c t  classes in th a t

ins tance .

The nea re s t  n e ig h b o u r  c lass i f ier  was ru n  upon several  d i f f e r e n t  g ro up ings  of 

the classes in the  de f e c t  set (see T ab le  5.3), in o rd e r  to d e t e r m in e  i f the

fe a tu rese t  w ou ld  a l low d i sc r im in a t io n  between  ax ia l ly  s y m m et r i c  p h e n o m e n a  

(i.e. good tub ing ,  u n i f o r m  IGA an d  th inn in g ) ,  or b e tw een  n o n -a x i s y m m e t r i c  

defects  ( C N C H ’s, Z N C H ’s, H O L E ’S an d  p a tch - type  IGA).  U s ing  a 1-NN 

class i fier ,  g ro u p in g  ax ia l ly  sy m m et r i c  de fec ts  (good tub ing,  t h i n n i n g  an d  

u n i f o r m  IGA ) ag a in s t  non ax ia l ly  sym m et r i c  defect s  ( Z N C H ,  HOL ES,  PIGA,  

CNCH),  a m isc l as s i f ica t ion  ra te  of  only  9.3% was a t t a in ed .  S epa ra t ion  of  the 

var ious  types of  non -a x ia l ly  sy m m et r i c  de fect s  f r o m  each o the r  was less

successful  (60% co r rec t  c lass if ica tion) .

The best  ra te  ac h ie ved  for  one stage d i sc r im in a t io n  between  the  7 classes 

m ent ioned  above  (6 d ef ec t  classes and good tubing)  was 61% correc t  

c lass i f ica t ion.  Thi s  may ap p e a r  poor,  but  it is not all th a t  bad co n s id e r in g  the 

i n ad eq u a te  d e f ec t  set ava i lable ,  especia l ly tak ing into ac coun t  tha t  w i th in  most 

of the  classes, more  o f t en  than not,  those scans were co r rec t l y  c l ass i f i ed  i.e. 

the le ad ing  d iagona l  in the conf us ion matr ix  is still more  hea v i ly
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p o p u la t e d  th an  the  rest  of  the m a t r ix  pu t  together .  T h e  co r rec t  c l a s s i f i c a t io n  

ra te  neve r  fel l  be low 54% with  the  excep t ion of  the  class c o n t a i n i n g  patches  

o f  IGA in t able  5.3(a). Con s ide r ing  th a t  ther e  were  seven classes,  an d  t h a t  six of 

these  had  a m u l t i m o d a l  class s t ru c tu re ,  the  results  are  rea l ly  su rp r i s in g ly  

good.

T h e  decis ion th a t  the  classes were  m u l t im o d a l  an d  t h a t  each mode  re p re se n te d  

the scans  f r o m  one tube  was m ade  a f t e r  c a re f u l  s c r u t in y  of  fig.  5.35, an d  6 

o the r  s im i l a r  plots not  shown, w hi ch  bore  out  essentia l ly  the  same result .  Each  

one was p ro d u c ed  by ru n n i n g  the  K i t t l e r  Y oun g t r a n s f o r m a t i o n  fo r  t h a t  class 

versus  the  un ion  of  all of  the o thers,  a n d  then  p lo t t i ng  the  two di m en s ions  

r a n k e d  high es t  by the i r  e igenvalues ,  in the  hope th a t  ther e  w ou ld  be a c lear  

b o u n d a r y  b e tw een  th a t  class an d  all of  the  others.  In o rd e r  to d e t e r m in e  

con c lus ive ly  th a t  each c luster  o f  points  w i th in  the class in ques t ion  was indeed

f r o m  one tube,  a l ine by l ine check by h a n d  was p e r f o r m e d ,  b e tw een  the

or i g inal  f e a t u r e  vector  f i le (which  co n ta in e d  a scan source  i d e n t i f i e r  fo r  

eve ry  vector)  a n d  a sca t t er  plot  wi th  all of  the points  i n d i v id u a l l y  n u m b e r e d  

specia l ly  fo r  t h a t  purpose.

When it bec am e a p p a r e n t  th a t  w i th in  each class, the f e a t u r e  vectors  scans  were  

g ro u p in g  acco rd in g  to the tube  f r o m  w hich  they were d r a w n  (i.e. f r o m  one

defec t  of  a p a r t i c u l a r  depth) ,  it had to be d e t e rm in e d  w h e th e r  or not  the

only d i f f e r e n c e  between de fect s  of  the same type  lay in the  size of 

the locus (cha ra c te r i sed  bv the m ax im u m  rad ius  R ) an d  in the  angle  of
v " max

the  m ajor  axis  w i th  respect* .o  the  ho r izon ta l  ( ^ at  ^ max)- ^  w cre t rue ,  

then  the  c lus ters  rep re sen t ing  each d ef ec t  would  sep a ra te  only  a long f e a tu re s  

a x e s 'R  * an d  "$ at  R ". This  was d e t e r m in e d  not to be so: a conc lus ion
m ax max
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a r r i v e d  a t  due  to the  fo l lowing  observat ions .

All of  the  f ea tu res  were normal is ed  w i th  respect  to R an d  fo r  the  locus
m a x

geom et r ica l  f ea tur es e t ,  the locus was ro ta ted  to remove the  e f f e c t  of  p r io r  to 

f e a t u r e  ex t ra c t ion ,  in o rde r  to p re v en t  R or 0 f r o m  bias ing the  o th e r  f e a t u r e  

values  because  o f  the volume or d ep th  of  the defect .  The s ca t t e r  plots of  

w h ich  fig.  5.35 is typica l ,  have  axes w h ich  are  m ade  up  of  a l i n ea r  w e ig h ted  

sum of  the  or ig inal  f e a tu re  axes. By inspect ion of  the  w e ig h t ings  of  the  

o r i g ina l  f e a tu re s  in the new axes,  it was c lear  th a t  these axes were  not  

p r e d o m i n a n t  in the  composi t ion  o f  the  t r a n s f o r m e d  f e a t u r e  axes,  so the  sp l i t t ing  

of  each of  the  classes into a c lus ter  per  de f ec t  was not c o n f in e d  to only  these 

two f e a t u r e  d imensions .

F u r t h e r  deta i l s  o f  the  da ta  s t ru c tu re  were  r e q u i r ed  in o rd e r  to m ak e  a n y  c lear  

s t a t e m e n t  co n ce rn in g  the  degree  of  s ep a rab i l i ty  of  the  classes,  g iven  the i r  

a p p a r e n t  m u l t im o d a l i t y ,  so Sammon’s n o n l in ea r  m ap p in g  was chosen fo r  this 

purpos e  because  had  a l re ady  been used successful ly  in C h a p t e r  4. An ea r l i e r  160

po in t  ver s ion of  the  da ta  set was used (see fig.  5.36) in o rd e r  to d e t e r m in e  i f  the

clus ters  w i th in  each defec t  class were rea l ly as severe ly i n t e r p e n e t r a t i n g  in

the fu l l  f e a t u r e  space d im ens iona l i ty  as fig. 5.35 wou ld  seem to imply .  Th e

results  are  d i sco ura g in g  because  the plot  indica tes  th a t  the  classes are  not  

s ep a rab le  to a n y  p ract ica l ly  useful  extent .  It would  have  been des i ra b le  to 

have been able to give a plot of  the same 432 point  d a t a  set as is g iven in 

fig. 5.35, but  since the t ime to i te ra te  to an ac cep table  r e p re s en t a t io n  e r ro r  

is r e l a t e  to (n )2, and  the t ime tak en  to p roduc e fig. 5.35 w i th  160 po ints
points

was ab o u t  an hour ,  this was not pract ical .

Given the small  size of the dat a  set it would  have been p r e f e r a b l e  to
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have used a leave  one out  app roach ,  w h e reb y  the  en t i r e  da t a  set is used as a 

t r a i n i n g  set, w i th  the  excep t  of  one point ,  w h ich  is then  c l as s i f ie d  a c c o rd in g  to 

the t r a i n i n g  set, an d  this p ro c e d u re  r ep ea ted  fo r  each poin t  in tu rn ,  wh i l e  

the  m isc l as s i f i ca t ion  ra te  is ca lc u la ted  as an ave rage  of  the  ag g r eg a ted  

results.  T h e  method  wou ld  have a l l ow ed  a large r  f e a t u r e  vec to r  to have 

been used,  bu t  ther e  was in s u f f i c i e n t  t ime to ru n  the  c l as s i f ie r  the  r e q u i r e d  

n u m b e r  o f  times.  Th is  would  have been ap p r o x im a te ly  800 t imes,  equa l  to

the  to tal  n u m b e r  of  d e fec t  scans in the  f i n a l  scan set.

5.9 Conclusions

At the  t ime th a t  the c la ss i f ic a t ion wor k des c r ibed  in Sect ions 5.6 an d  5.7

was done,  no a u to m a t i c  segm en ta t i on  met hod  existed .  Such a m e th o d  has  now 

been success ful ly  tested  upon rea l  loci (sect ion 5.6).

T h e  p rac t i ca l  prob lem s of  d e t e r m in in g  the  best  f e a t u r e  subset  fo r  c l a s s i fy ing  a 

n u m b e r  o f  classes of  s ignal  have  fue l le d  the  d ev e lo p m en t  o f  an a u t o m a t i c

f e a t u r e  selec t ion scheme wh ich is in t en d ed  to be ro bus t  enough  to f u n c t i o n

when  l i t t le  is un der s to od  abo ut  the m u l t i d im en s io n a l  class s t r u c t u r e  in the 

f e a tu re sp a c e ,  an d  so no as sumpt ions  can be m ade  c o n c e rn in g  the 

p a r a m e t r i c  fo r m  of  the data .  Such a measu re  has  been dev ised an d  

im p le m e n ted  (see section 3.^), and the resul t ing  measu re  has been tested  upon 

a syn th e t i c  da ta  set. Tes t ing on a fe a tu re se t  ex t r a c t ed  f r o m  real  loci can 

proceed as soon as a f e a t u r e  ex t r ac to r  is avai lable .

Th e design o f  the ad hoc f e a tu re  set has been expla ined.  Some ab i l i ty  to 

c lass i fy  def ec ts  by type  was obvious  in this fe a tu re se t  though  not  as much  as
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had  been hoped.  Work has  been p e r f o rm e d  on s y s tem a t i ca l ly  d e f in e d  

f e a tu r e s  in the  hope o f  p ro d u c in g  a be t t e r  f e a t u r e s t  (see sec t ion 3.3). 

H o w e v e r  the  re su l t ing  m etho ds  have not  yet  been success ful ly  ap p l i ed  to real 

loci because the fe a tu re s  p ro d u c ed  c a n n o t  yet re p ro d u ce  the o r ig in a l  locus 

(which  is as nea r  as it is possible to get to a v a l i d a t io n  test  fo r  the  method) .

T h e re  ar e  a n u m b e r  of  o ther  ways  in w h ich  the  results  m igh t  be i m p ro v ed  an d  

the  goal of  a c cu ra te  a u to m a t i c  c l a s s i f i c a t io n  ach ieved,  a n d  these  fo r m  the  bulk  

of  the  next  a n d  last  chapte r .
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CENTRAL SCAN THROUGH 80% THRU WALL CIRC. NOTCH 
INPUT FILE DP0 •• TUB 1 5C. RAW
AMP SPECTRUM OF SCAN 5 2  THETA -  13 0  TO 2 8 0

PLOTTED ON 1 1 - A U G - 8 4  AT 1 7 : 4 3
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INPUT FILE DP0:TUBE5F. RAW

AMP SPECTRUM OF SCAN 5 6  THETA -  17 5  TO 2 7 5

PLOTTED ON 1 1 - A U G - 8 4  AT I 7 : 5 2
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INPUT FILE DP0:TUB342. RAW

AMP SPECTRUM OF SCAN 10  THETA = 1 6 0  TO 2 6 0

PLOTTED ON I 2 - A U G - 8 4  AT 1 3 - 1 6
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INPUT FILE DP0;TUB342. RAW
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PLOTTED ON I 2 - A U G - 8 4  AT 1 3 . 3 1
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INPUT FILE DP0:TUB I8F. RAW

AMP SPECTRUM OF SCAN 6 5  THETA =■ 1 0 0  TO 3 5 0

PLOTTED ON I 2 - A U G - 8 4  AT 1 4 . 2 1
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SPCROT RUN ON 30-AUG-84 AT 15:43
LINE 56 POINTS 175 TO 275 FILE DP0 •• TUBE5F . RAW
BLEMISH CLASS ZNCH
Fig, 5 , 5 5  An alternative representation of the magnitude plot 

in Fig. 5 . 2 9
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Fig. 5.54 Differentiated Scans
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XI XE

TUPLOT RUN ON E4-DCC-05 AT 03'£0*10 PROM USE*TUB14C.RAW 
PLOTTED LINES I TO 2Z I SPACE FOR -& TO 43 5 
SCALE: 1 SCAN INTERVAL = 20.0 ADC INCREMENTS

fig 5.37(a) Tube 14c relogged at approx. 55 sample points 
/scan, in order to achieve a rectangular sampling grid. The 
tubeplot has been scaled by selection of the plotting space 
(-6 to 49, see above) to preserve this equality of 
resolution in both directions. Comparable plots are 5.23 
(old PDP 1 1 /45 work) and 5.37(c) (Medelec UV scope plot to 
confirm accuracy of logged plot).

100
80
&0
40
£0

0-

Y2

-£0-40
ADC « a l t a  e o r r a o t a d  f o r

60

t a p *  r a a o r d - a r  
a a t t l a g a .

g a l a

« >  sca * \ no.
30 50
t ig  5 . 3 7 ( b ) !

' a a  a x i a l  a o a a  t h r o a g b  
t h a  d a  f  a  a  t  w i t h  t k t  
PDP11/23 a x a o a t  p r o g r a a .  
D a f a c t  o l a a r l j  v l a i b l a
b a t v a a a  a a a a a  fO 4 2 0 .

100

PROGRAM AXCCN4* AXIAL SCAN PLOT* l CHANNEL PAIR 
INPUT FILE UGEITUB14C.RAW
THETA 30 TIJC SERIES (VERT SCALE = A.D.C. UNITS) 
WOTTED ON 34-DCC-K AT 03:28 (4 128 = 1 VOLT)



T U B E  N o . C / i f  FREQUENCY, 3 ? c

SC A N  N o . I P H A SE

f / Y  GAIN

PO SIT IO N  M EDELEC G A I N i

Dseer/TAPE attenuation i 1 
DATE / ">)i-t/xif

fig 5.37(c) A plot of channel yp(220kHz) made during the 
logging of tube14c to the Racal tape (to be compared with 
figs 5.2 3 & 3^4).
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no t ch

- 2 0  - 1 5  - 1 0  - 5  0 5 10 15 20
^̂ •8* 5.3 8(a.V? haracteristic Pilger directions at the 4 
inspection frequencies. The defect is a 56$ through wall 
Cnch (tube 14c, scan 14). Contrary to what would be expected 
with accepted eddy current theory, the Pilger loci rotate 
clockwise with increasing frequency.

P i l g e r  Noise + D efectP i l g e r  Noise Alone

CCCFC+ RUN CN 23-rCS-St AT i7>^
LlfC 5 POINTS i TO 56 FILE ATM! TUB3FA. PAN, 
BLEMISH CLASS PILG SCALE: 75. BY 75.

f i g .  5 . 3 8 ( b )  An ex a itp le  o f
o f  u n u su a l ly  f a t  P i l g e r  no:.se

KCPD+ RUN ON 23-FC8-06 AT 17'» f
LISE II POINTS 1 TO E6 FILE ATM: TUB3FA.RAB
BLEMISH CLASS ZNCH S O U : 133. BY133.



re m t  tp -p ilo*  rspiLOW -
e x t r a p o l a t e d  
p l l g e r  n o i s e

Xe-PILQR

PILGER RUN ON 06'-5EP-85 AT WXHtl FROM 
; PLOTTED LINES “t TO 30 (SPACE FOR ! TO 3 0 )

5WLE: 1 SCAN INTERVAL = 10.0 ADC INCREMENTS 
PILI5B NEGATION SCAN! 3 PILGQJ PtBIOO! W SCANS

fig 5.39 The results of picking one scan (the first one) and 
rotating it at the rate at which the Pilger noise advances 
around the tube wall, as determined by inspection (1 rev. 
every 52 scans or 52mm.) As can be seen from the central 
pair of plots, the method was not very successful. This was 
found to be because the Pilger noise did not advance 
angularly in a sufficiently regular fashion for linear 
extrapolation, such as this method, to work.
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f i g  5 . 4 0  S c a n s  3 , 4 , 5 ,  a n d  23  f r o m  c h a n n e l  y 2 0 f  t h e  t u b e  i n  
f i g  5.3*1,  w i t h  4 a n d  5 s u p e r i m p o s e d  u p o n  2 3 ,  t o  d e m o n s t r a t e  
t h e  l a c k  o f  a d v a n c e m e n t  i n  t h e  p i l g e r  n o i s e .  D e s p i t e  t h i s ,  
t h e  r i p p l e s  d u e  t o  t h e  P i l g e r  n o i s e  a r e  c l e a r l y  v i s i b l e  a s  
a d v a n c i n g  a r o u n d  t h e  t u b e  w a l l  i n  t h e  r a w  x 2 a n d  y £ p l o t s  i n  
f i g .  5 . 3 ? .  F r o m  a s e r i e s  o f  p l o t s  s u c h  a s  t h i s ,  i t  w a s  
c o n c l u d e d  t h a t  t h e  r o t a t i o n  o f  t h e  P i l g e r  n o i s e  c o u l d  n o t  be  
e a s i l y  t r a c k e d  by a p e a k  f o l l o w i n g  a p p r o a c h ;  n o r  w a s  l i n e a r  
e x t r a p o l a t i o n  s u f f i c i e n t  t o  s y n t h e s i s  i t .
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j (b) Mixed Channel 2

(a) Channel 2 unmixed

Fig. 5.42 Enlarged plots of scan 14, tube 14c (a) unmixed and (b) 
mixed with channel 4 as shown in fig. 5.41. The reduction of the 
mixed locus to one with coincident outward and inward bound 
trajectories is clear to see and this is desirable given that the 
defect is a symmterical V-section notch, but a 30% reduction of 
the signal to Pilger noise ratio from 17.5:1 to 12.5:1 is also 
apparent.



CHY£ m Y MIX SEQMENTY curt m i

X MIX SEQMENTX

TUPLQT RUN ON 30-AUQ-85 AT 0i»56«l£ PROM 
PLOTTED LINES 5 TO 20 (SPACE FOP 1 TO 20) 
SCALE! 1 SCAN INTERVAL = 10.0 ADC INCREMENTS

.RUN SEGPLT
SCAN F I L S P C ?  T U B 1 4 C . RAW
DO YOU WANT TO USE PREVIOUSLY CALCULATED M I X ?  N
L IN E  NUMBER FOR MIX ANULLMENT? 4
SEGMENTI ON THRESHOLD VALUE? 1 0 . 0
PLOTTER MIN & MAX Z COORDS? 1 , 2 0
ACTUAL START & F I N I S H  Z COORDS? 5 , 2 0
PLOT ALL CHANNELS? Y
SIGNAL VALUE FOR UNI T SCAN HEIGHT? 1 0 . 0  
I S  THE ABOVE CORRECT?Y  

P E N ,  <CR> TO CONTINUE:

fig. 5.43 G r a p h i c a l  o u t p u t  f r o m  a t y p i c a l  r u n  V ; f  t h e  
s e g m e n t a t i o n  p r o g r a m  u s i n g  m e t h o d  ( v i ) .  T h e  r a w  c h a n n e l  2 
s i g n a l s  a r e  p l o t t e d  ( " s e g m e n t  x" & " s e g m e n t  y")  w h e n e v e r  t h e  
m a g n i t u d e  o f  t h e  m i x e d  x a n d  y c h a n n e l s  e x c e e d s  a n  a n n u l a r  
t h r e s h o l d  ( 1 0 . 0 )  w h i c h  j u s t  e n c l o s e s  t h e  P i l g e r  n o i s e  
r e m a i n i n g  a f t e r  m i x i n g .



Table 5.1 The Impedance Plane Featureset

All  d e f i n i t i o n s  o f  all  f e a t u r e s  assume t h a t  the  or ig in  is d e f i n e d  
as t h e  1* po in t  o f  the  d e f e c t  se gm en t  (as d e f i n e d  e i th e r  in the  
f e a t u r e  e x t r a c t o r  d r i v e r  d a t a  f i les ,  or  by  the  s egm en ta t i on  
a l g o r i t h m  pass ing the  d e fec t s  to the  f e a t u r e  ex t r ac to r )  to avoi d  
i n c l u d i n g  d.c. s h i f t  w i t h  respect  to the  o r ig in  th a t  the  locus 
m ig h t  have.

Fo r  ca l c u l a t i o n  o f  f e a t u r e s  3-6 a n d  9-15, the  loci is r o t a t e d  so 
t h a t  i t  l ies its po in t  o f  m a x i m u m  m a g n i t u d e  a long the  +ve x- 
ax i s  a n d  a 5 o rd e r  C h eb y sh ev  p o ly n o m ia l  is f i t t e d  to  the  
o u t b o u n d  t r a j e c t o ry  us ing the  N A G  l i b r a r y  cu r v e  f i t t i n g  rout ine , .

1. 0, the  overa l l  angle ,  m easu red  an t i -c lo ckw ise  w i th  respec t  to 
the  h o r i zo n ta l ,  a t  the  po in t  of  m a x i m u m  m a g n i t u d e  w i t h i n  the  
locus,

2. R  , the  loci m a x i m u m  m ag n i tu d e ,
max

3. the  su m  o f  the  ver t i c a l  d i f f e r e n c e s  b e tw een  the  i n b o u n d  a n d  
o u t b o u n d  paths ,  no rm a l i s ed  w i th  re spect  to m a x i m u m  s ignal  
m a g n i t u d e ,  R  , a n d  the  n u m b e r  o f  po in ts  in the  lobe, np,  so 
t h a t  t h e  f e a t u r e ^ r e a l l y  measu res  the  "fatness"  o f  the  locus,

*  4. As f o r  f e a t u r e  3, b u t  b iased  in f a v o u r  o f  the  ar ea  enclosed
n e a r  to the  o u t e rm o s t  tip:

*
5. As f o r  f e a t u r e  3, b u t  b iased  in f a v o u r  o f  ar ea  n e a r  to the
orig in:

6. As f o r  f e a t u r e  3, b u t  b iased in f a v o u r  o f  the  area  n e a r  to
the  middle :

7 an d  8. T h e  angle  an d  r a d iu s  of  the  d.c. o f f se t  o f  the  f i rs t  
po in t  in the  locus

9-15. T h e  c o e f f i c i e n t s  o f  the  cu rv e  f i t t e d  to the  o u t b o u n d  
t r a je c to ry ,

CA 5 o r d e r  p o lynom ia l  in x was t h o u g h t  s u f f i c i e n t  to de sc r ibe  
the  shap e o f  a n y  lo c i )

'jk
16. A boolean  values  f e a tu r e ,  based up on  f e a t u r e  3,

to in d i ca t e  i f  the  locus was twis ted  and thus  the o u t w a r d  pa th  
crossed over  the  r e tu r n in g  t ra j ec to ry .

* 1 7 - * 2 0 - R c h / R ch.  V  -  sJ e tf*
* 1 8 .  0  -J0 * 2 1 . R /R  f tv  uSc fit  d c T lf iC



Table 5.2 The Spectral Featureset

l . a n d  2. T h e  m a g n i t u d e  a n d  phase  o f  the  d.c. o rd i n a t e  
* 3 .  T o t a l  sp ec t r a l  power ,  i.e. the  sum  o f  the  m a g n i t u d e  o f  the  

o r d i n a t e s  f r o m  d.c. to f s a m p / 1 0  (o r d in a te s  1 to 13 in th e  128 
p o i n t  p o w e r  spec t r a l  dens i ty  per io d o g ram )
4. C o n c e n t r a t i o n  o f  spect ra l  pow er
in  th e  h i g h e r  f r e q u e n c y  o rd inat e s ,  m e as u r e d  as

*  5. O r d i n a t e  7 / O r d i n a t e  5, a s sum ing t h a t  the  o rd in a t e s  a re  
n u m b e r e d  such t h a t  the  d.c. o r d i n a t e  is 1.

*  6. T h e  r a t i o  of  pow er  u n d e r  the  b o t to m  two  o rd ina te s ,  to the  
to ta l  sp ec t r a l  power .
7. T h e  r a t i o  o f  a r ea  in the  x spect ra  to a rea  y spect ra ,
8-14.  D e f i n e d  as pe r  f e a tu re s  1.-7., bu t  ap p l i ed  to the  s ignals  
f r o m  th e  2 20kH z  x a n d  y c h a n n e l s . u S t d )
15.-21.  D e f i n e d  as per  fe a tu re s  1.-7., bu t  app l i ed  to the  s ignals  
f r o m  th e  600 k H z  x an d  y c h a n n e l s f ? ;  f?, i f ,  uS<d)
22. P hase  D i f f e r e n c e  be tween  the  100 kfrz  a n d  220 k H z  c h a n n e l s ’ 
d.c. or d ina te s .
23. Phase  D i f f e r e n c e  be tween  the  220 k H z  a n d  600 k H z  c h a n n e l s ’ 
d.c. o rd ina te s .
24. R a t i o  o f  spec t ra l  a reas  u n d e r  l 8 13 o r d in a t e s  fo r  220kH z a n d  
100 k H z  channel s .OK

*  25. R a t i o  o f  spec t ra l  a r eas  u n d e r  1 13 o rd in a t e s  fo r  600 k H z  a n d  
220 k H z  chann el s .
26. R a t i o  o f  m ag n i tu d e s  o f  100kHz a n d  220 k H z  c h a n n e l s ’ d.c. 
com po nen ts .
27. R a t i o  o f  m a g n i tu d e s  of  100kHz a n d  220 k H z  c h a n n e l s ’ d.c. 
com ponen t s .

*■ "  / e f t W  s e l e c t

u s e . ss»'A'e^



T able  5.3: M ultifrequency C lassification  Results

T a b l e  5.3(a) :  R esu l t s  w i th  1-NN clas s i f ie r  on the  best  subset  o f  i m p e d a n c e  plane
f e a t u r e s  ( r es ul ts  o b t a i n e d  w i th  the  same set o f  poi n t s  w i th  a s ingle  s tage  7-class 
c l a s s i f e r  a r e  g iven  in the  last  column) .

True
C lass

T a b l e  5.3(b)  R esu l t s  w i t h  a 1-NN rule  c las s i f i e r  on the  bes t spec t r a l  d o m a i n  f e a t u r e s ,  
a g a in  w i t h  the  l i n e a r  c l a s s i f i e r  resul ts  in the  last  column.

True
C lass

T a b l e  5.3(c)  S e p a r a b i l i t y  of  B an d e d  a n d  N o n - b a n d e d  d e fec t s  1-NN r u l e  
c l a s s i f i e r  on  hel ica l  scan spec t ra l  f e a t u r e s
Class 1: N o n - b a n d c d  defects :  P iga,  Z nch ,  C n ch  & Holes: 137 scans  
Class 2: B a n d e d  "defects":  Good  t u b i n g ,T h i n n i n g  & Uiga:  218 scans

A ssigned  C lass
Nonbanded Banded

True Nonbanded 132 5
C lass Banded 28 190

t o t a l  c o r r e c t  c l a s s i f i c a t i o n  r a te :  9 0.7%

T a b l e  5.3(d) S e p a r a b i l i t y  o f  N o n -a x i s y m m e t r i c  D e fe c t s  1-NN ru le  c la s s i f i e r  on im p e d an c e  
p l an e  f e a t u r e s  hel i ca l  scan.

A ssigned  C lass
Hole Znch Cnch Piga

Real Hole 40 25 3 4 55%
C la ss Znch 3 22 1 1 81%

Cnch 7 3 30 4 68%
Piga 48 0 0 26 35%

O v era l l  c o r r e c t  c l a s s i f i c a t i o n  r a te :  60%

Good Znch Hole Thin Cnch Piga t o t a l  l i n . c l a s s .
Good 21 0 0 8 1 0 21/30(70%) 13/30
Znch 1 16 5 0 5 0 16/27(59%) 15/27
Hole 0 2 2 0 1 2 2/7(29%) 2/7
Thin 4 0 0 27 0 0 27/31(87%) 28/31
Cnch 7 2 0 3 9 1 9/22(41%) 2/22
Piga 0 1 1 0 20 53 53/75(71%) 16/75
total

C lass  Assiqned
3ood Znch Hole Thin Cnch Piga Uiga t o t a l l i n .  c l a s s

dood 14 0 0 5 0 3 8 14/30(47%) 57%
Znch ^0 39 24 0 2 3 4 39/72 (54%) 56%
Hole 0 3 22 0 1 1 0 22/27(81%) 22%
Thin 1 0 0 26 10 0 6 26/31(84%) 32%
Cnch 1 9 3 0 26 2 3 26/44(61%) 71%
Piga 0 31 0 0 1 22 1 22/55  (29%) 50%
Uiga 1 2 0 17 0 2 60 60/82(73%) 22%

o v e r a l l  c o r r e c t  c l a s s i f i c a t i o n  r a te :  61.5%
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D e fe c t D epth * Tube L in e  Nos. C ircu m .

ty p e th ru F i le In v o lv ed C o-ords

and s e t w a ll name

■ n b e r s h ip

P atch  IGA hno3 16% Tube 7 63-74 80-280

( t r a in in g ) HNO3 10% Tube 8 82-105 160-360

P o ly . 25% Tube 343 70-100 75-300

P o ly . 69% Tube 346 90-115 125-375
( t e s t i n g ) hno3 1h% Tube 9 805-105 160-360

HNO3 12% Tube 10 80-106 100-350

P o ly . 54% Tube 342 82-108 50-250

ZNCH 34% Tube 2FB 55-65 200-300

78% Tube 5F 52-61 175-275

75% Tube 11 39-56 190-270

31% Tube 8FA 34-67 50-250

60% Tube 9FA 43-59 190-290

59% Tube 3FB 45-58 190-270

100% Tube 6F 62-72 175-275

58% Tube 3FA 60-75 200-300

72% Tube 4F 33-45 170-260

69% Tube 10F 46-61 190-270

56% Tube 9FB 37-52 180-270

CNCH 100% Tube C01 45-50 180-280

( t r a in in g ) 100% Tube C03 50-55 150-280

50% Tube C08 55-59 170-290

100% Tube C02 50-56 160-280

45% Tube C09 55-65 150-275

80% Tube 15C 49-55 125-325

T e s tin g 75% Tube C06 55-60 170-270

50% Tube C11 50-58 190-300

56% Tube 14C 60-70 150-325

34% Tube 13C 60-70 175-325

Uniform ~48% Tube 18F 57-75 1-400

T hinning 48% Tube 17F 58-65 1-40C

(THIN) 32% Tube 16F 58-75 1-400

16% Tube 13F 57-65 1-400

HOLES 100% Tube 346 7-14 150-250

( t r a in in g ) 100% Tube 343 2-9 150-250

100% Tube 353 5-12 175-260

100% Tube 352 152-158 160-260

100% Tube 342 8-14 150-250

( t e s t i n g ) 100% Tube 354 152-160 150-250

100% Tube 26 105-115 160-275

c i r c u n f e r e n t i a l l y 81% Tube 352 66-90 1-256

uniform  IGA 27% Tube 353 70-95 1-256

( t r a in in g ) 43% Tube 26 39-61 1 -2 ‘6

( t e s t i n g ) 63% Tube 24 22-56 I - . ’1./

68% Tube 354 68-100 1 -2 ‘6

42% Tube 106 72-85

T a b l e  5 . 5 The com plete  s e t  o f d e f e c ts  i r  In



6 Conclusions and Further Work

In  th is  f i r s t  h a l f  o f  this c h a p te r  the  m a in  topics  d i scussed a r e  the  re l i a b i l i t y  

a n d  e x t e n d a b i l i t y  o f  the  resul ts ,  an d  the  tasks  nec es sary  to d eve lo p  the  

t e ch n i q u e s  desc r ib ed  in ch a p te r s  3,4 a n d  5 fo r  use ou t s ide  o f  a l ab o ra to ry .  In 

th e  l a t t e r  h a l f ,  the  s o f tw a r e  d ev e lo p m e n t  a n d  d e f ec t  sam ple  r e q u i r e m e n t s  fo r  

f u r t h e r  e x p e r i m e n t a t i o n  ar e  q u a n t i f i e d .

6.1 S ing le  F requency  Work Conclus ions

6.1.1 Accura c y  of  M anua l  C la ss i f i ca t ion

T h e  c l a s s i f i c a t io n  e r ro r  ra tes  were  s u f f i c i e n t ly  close to co m plet e l y  co r rec t  

c l a s s i f i c a t io n  t h a t  the  ac c u ra c y  o f  the  m a n u a l l y  a t t r i b u t e d  r e f e r e n c e  

class lab el l ing  becomes s ign i f i can t .  Doctor(1983) has  r e p o r t e d  t h a t  on ro u t in e  

in -se rv ice  inspect ions ,  an  e r ro r  ra te  o f  5% fo r  missed de f ec t s  a n d  w ro n g

c a te g o r i sa t io n  dec is ions  is typica l ,  a n d  even am ongs t  the  best  in spec t ion

teams,  the  e r ro r  ra te  was still  ab o u t  2%. Th is  was t ru e  even w h en  they  knew  

t h a t  t h e i r  w o rk  was being supervi se d a n d  checked  a n d  thus  were  s t ro ng ly  

m o t iv a t e d  to p e r f o r m  well.

T h e  t e ch n ic ia n  wh o  d id  the  or ig inal  d iv i s ion  o f  the  samples  in to  classes of  

def ec t ,  c l ass i f i ed  the  sample  set us ing a U V  plot  of  the  en t i r e  set of  scans

f r o m  each d e fe c t  to dec id e  upon  w h ich  type  it was. It w ou ld  th e r e f o r e  be

u n l ik e ly  f o r  one s ingle scan to be w ro n g ly  label led  unless  the  w ho le  p a r e n t  

b lemish was  s im i l a r ly  misc lass i f ied .
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I t  is h o w e v e r  poss ible th a t  the  m a n u a l l y  a t t r i b u t e d  class m e m b e r s h i p  o f  some 

bl em ishes  was  w r o n g  s ince m a n y  o f  the  misc l as s i f ied  s ingle scans  we re  f r o m  

bl em ishes  o f  a u n i f o r m l y  low a m p l i t u d e  a n d  con se q u en t ly  these  w e re  as l ike ly  

to co n f u s e  a h u m a n  op e ra to r  as a m ach in e ,  even w h en  the  h u m a n  o p e r a t o r  h ad  

t h e  a d v a n t a g e  o f  looking  a t  a p lo t  o f  the  e n t i re  de fect .  In c o n n e c t io n  

w i t h  th is  i t  s hou ld  be no ted  t h a t  a l t h o u g h  de fec t s  t en d  to be a m a n i f e s t a t i o n  

o f  on ly  one p h e n o m e n o n  over  a g ro u p  o f  scans , it is poss ible f o r  an  ax ia l  

c r a c k  to d eve lo p  f r o m  i n t e r g r a n u l a r  c r ack ing.  H o w e v e r  th is  re q u i r e s  yea rs  o f  

ex p o su r e  to w o r k i n g  t e m p e r a tu r e s  a n d  pressures ,  an d  s ince  all  o f  the  d e fec t s  

he r e  ca m e  a b o u t  d u r i n g  m a n u f a c t u r e  a n d  h ad  not  had  a n y  long t e rm  expos ure  

to e l ev a t ed  t e m p e r a t u r e s  or pressures ,  or a n y  g reat  st ress or v i b r a t i o n ,  such a 

t r a n s m u t a t i o n  a t  the  ends  o f  a n y  d e f e c t  is unl ikely .  On  the  o th e r  h a n d  it  was 

imposs ible  to d e t e r m in e  t h a t  the  sample  set  was e n t i r e ly  f r e e  f r o m  such 

t r a n s m u t a t i v e  spec imens  w i t h o u t  sec t i on ing  all  o f  the  de f ec t s  c o n t a i n i n g  

m isc la ss i f i ed  scans.

In s u m m a r y  th en ,  i n d i v id u a l  scans  a n d  complete  b lemishes  o f  low a m p l i t u d e  

seem to hav e  been responsib le  fo r  the  ob served non-ze ro  m isc la s s i f i ca t io n  ra te ,  

r a t h e r  t h a n  a n y  in n a t e  d e f i c i e n c y  in the  f e a tu re s e t  or c l ass i f i e rs  invoked.

6.1.2 E x ten d a b i l i t y  of  Methods

T h e  seg m en ta t i o n  method  deve loped in c h a p te r  4 could  be ap p l i e d  to the 

s ignal  f r o m  an y  o th e r  d i f f e r e n t i a l  pro be  p ro v id ed  t h a t  the  s ignal  is f i rs t  

col lec ted  in a b u f f e r  long enough  to co n ta in  the  e n t i r e  d e f e c t  in the 

d i r e c t i o n  o f  the  scan.  T h e  m e thod  is based upo n the  swings  in the  s ignal  at  

the  ex t r e m i t i e s  d e l i n e a t in g  the  edges o f  the  defect .  In o r d e r  t h a t  the  b u f f e r  be
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long en o u g h ,  the  m a x i m u m  n u m b e r  o f  samples  w h ic h  eve r  occu r  b e tw e en  

th e  d e f e c t  en d  po in ts  must  be d e t e r m in e d .  Also, the  m e t h o d  is l im i t e d  in

t h a t  d e f ec t s  m ay  no t  over lap;  in f a c t  it p re sumes  t h a t  the  m i n i m u m  d i s t an ce

b e tw e e n  de fec t s  must  be g re a t e r  t h a n  the  m a x i m u m  d i s t an c e  b e tw e en  the  

d e f e c t  ex t r e m i t i e s  in a scan.  In the  s ingle f r e q u e n c y  s tudy ,  th is  was  no t  a 

ser ious  l i m i t a t i o n  because  the  t u b in g  h ad  nev e r  seen ac t i v e  service  a n d  thus  

cou ld  no t  hav e  a c c u m u la t e d  v o lu m e t r i c  d e fec t s  such as f r e t t i n g  in d u c e d  

t h in n in g .  O the rw ise ,  the  m a x i m u m  d e f e c t  w i d t h  p a r a m e t e r  in the  seg m en ta t i o n  

a l g o r i t h m  w o u ld  h a v e  had  to h a v e  been increas ed  to a l eng th  e q iv a l e n t  to

seve ra l  ro ta t ions .  T h e  co m b in a t io n  o f  e l l ip t ic a l  t h i n n in g  a n d  a n e a r b y  cr ack ,  or 

a d e n t  a n d  a c r ack  could  not  then  be s ep a ra t e d  by the  a lg o r i t h m ,  b u t  such 

d e fe c t s  do not  occ ur  in 316 t u b in g  in the  types  o f  hea t  e x c h a n g e r  in w h ich  it is 

used,  a n d  in an y  case,  an  ID d i f f e r e n t i a l  p ro be wi th  as smal l  a t ip  as the  one 

used  (a n d  w i t h  a m a x i m u m  d e p th  o f  p e n e t r a t i o n  less t h a n  the  t u b e  wall  

th ickn es s ,  t a k in g  in to  ac co u n t  the  coo l ing f ins )  cou ld  not  h av e  p icked  up  an y  

s ignal  f r o m  such defects .  H ow ever ,  it  is not  obv ious  how the  seg m e n ta t i o n  

scheme cou ld  be m o d i f i e d  to ov er co m e the  above  l im i t a t i o n s  were  it to

becomes necessary  to do so because,  f o r  ins t ance ,  o f  the  occu re nce  of

o v e r la p p in g  defects .

T h e  m a in  v a r i a t i o n  be tw een  one type  o f  n o n - f e r r o m a g n e t i c  meta l  an d

a n o t h e r  f r o m  the  po in t  of  v iew of  e d d y  c u r r e n t  tes t ing  is in the  co n d u c t iv i t y .  

For  s ingle f r e q u e n c y  inspect ion,  most  big i n t e r - m a te r i a l  d i f f e r e n c e s  can be 

ca ncel led  out  by a l t e r a t io n s  to the  exc i t a t i o n  f r e q u en c y ,  an d  so in p r i nc ip le  

s im i l a r  de fec t s  in d i f f e r e n t  m a te r ia ls  can be m ade  to p r o d u c e  s im i l a r  loci. 

So a l t h o u g h  the  s egm en ta t i on  th re sho ld  levels (and the  c l as s i f ie r  we igh t

vec tors)  ar e  spec i f i c  to the  signals f r o m  f i n n e d  316 s tain less  steel tub ing,
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the  m e th o d s  cou ld  p ro b a b ly  be eas ily  ap p l i ed  to o th e r  a l loys p ro v i d e d  t h a t  they 

a r e  n o n - f e r r o m a g n e t i c  an d  t h a t  they  are  being  inspected  f r o m  w i t h i n  the  tube,  

in s ea rch  o f  s im i l a r  classes of  ID defects :  not  u n r e a s o n a b l e  con d i t i o n s

es pecia l ly  i f  the  tu b in g  is f r o m  a hea t  e x c h a n g e r  o f  some desc r i p t i on .

6.1.3 S y n ta c t i c  C lass i f i ca t ion

It is u n l ik e ly  t h a t  the  p e r f o r m a n c e  o f  the  adhoc  f e a tu r e s e t  w h ic h  has  been 

d ev e lo p ed  could  be im pro ved  on the  av a i l ab le  d e f ec t  set whi ls t  c o n t i n u i n g  to 

t r e a t  th e  scans t h r o u g h  a d e f e c t  in d iv id u a l ly .  Good F i sh e r  D i s c r i m i n a n t  ra t ios  

h av e  been ach ie v ed  an d  a lmost  co mplet e  l inea r  s ep a rab i l i ty  o f  the  classes 

is a p p a r e n t  in the  t r a n s f o rm e d  f e a t u r e  axis  plots.

Were a sy n t ac t i c  a p p r o ach  to be used,  it w oul d  p ro b a b ly  have  to be up o n  the  

en t i r e  set o f  scans  f r o m  a def ec t ,  because  w i th in  one scan,  the  shap e o f  the  

f i g u r e  co n ta in s  more  or less the  same p r im i t i v e  co n s t i t u en t  cu rves  in the  same 

o rd e r  eve ry  t ime (the essent ia l  d i f f e r e n c e  be tween  loci is not  so m u ch  the 

o rd e r  o f  p r im i t i v e s  bu t  the  degree  of  w h a t  can be b r o a d ly  desc r i bed  as 

c u r v a t u r e  w i t h i n  each,  a va r i a b l e  w h ich  rea l ly  best sui ts  s t a t i s t i ca l  

p a t t e r n  recogn i t ion) .  H a v in g  dec id ed  th a t  the  only  course  to t ak e  wi th  

s y n tac t i c  p a t t e r n  r ecogni t ion  is to cons ider  whole  de fec ts  as one s ingle sample,  

the  p ra c t i c a l  p ro b lem of f i n d i n g  enoug h de fec t s  to t r a in  a c l as s i f i e r  upon 

become acute .  Con seq uen t ly ,  syn tac t i c  c l as s i f ic a t ion was im p rac t i ca l  in this 

projec t .

T h e r e  are  two o ther  points  w hi ch  re q u ir e  to be made con c e rn in g  this type  of 

c la ss i f i e r ,  neg lec t ing its im p r a c t i c a l i t y  for  a moment .
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(a)  A sy n tac t i c  a p p r o ach  m igh t  im p ro v e  c l a ss i f i c a t io n  ra tes ,  bec ause  of  

the  i m p r o v e m e n t  in c la ss i f i e r  p e r f o r m a n c e  obs erved  w h e n  v o t ing  was 

used ove r  complete  b lemishes  because  of  the  t e n d e n c y  of  

m isc la s s i f i ca t io n  to t ake  p lace  a t  d e f ec t  ex t re m it i e s ,  b u t  s ince in 

p ra c t i c e  m a jo r i t y  vot ing w o u ld  p ro b a b ly  be used a n y w a y ,  t h a t  is not  w h a t  is 

a t  issue here.

(b) S y n ta c t i c  m etho ds  te nd  to be more  co m p u t a t i o n a l l y  in ten s iv e  an d  

d i f f i c u l t  to p r o g ra m  th a n  s ta t i s t ica l  methods ,  an d  f e w  re por t s  o f  the i r  

success ful  a p p l i c a t io n  to s i tua t io ns  r e q u i r in g  rea l - t ime respeonses  have  been 

p ubl i shed .

T h u s  a decis ion was m ade  not  to d iv e r t  e f f o r t  in to  s y n tac t i c  c l a s s i f i c a t io n  

in v iew of  the  fa c t  t h a t  s ta t i s t ica l  p a t t e r n  re co g n i t io n  a p p e a r e d  to be

s u f f i c i e n t l y  p o w e r f u l  fo r  the  task  in han d .  P ro b a b ly  the  most  t h a t

w o u ld  be gai ned  i f  more  so ph i s t i ca t ed  sy n tac t i c  m e th o d s  were  

em p lo y ed  w ou ld  be im p ro v ed  in d i v id u a l  scan m isc la ss i f i ca t ion  ra tes  fo r  tai l  

en d  scans.

A l th o u g h  syn tac t i c  m etho ds  m ay  a p p e a r  here  to be being eq u a te d  wi th  

image  process ing,  this is not  so. T re a t i n g  a sequence of  scans  s y n tac t i ca l l y  

l ike  "the wo rds  in a sentence"  is not  su i t able  fo r  this a p p l i ca t i o n  for  

the  reasons  g iven above,  d i s t in c t  f r o m  image process ing (as b r i e f ly

ex p e r i m e n t e d  wi th  in C h a p te r  4) w hi ch  was not p u rs ued  because  of  a lack 

of  su i t ab le  h a r d w a r e  i.e. a sys tem fas t  e n o u g h ,  small  and po r t ab le  enough

an d  ch e ap  enoug h to be inco rp o ra t ed  in a site por tab le  system.
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6.2 Multi frequency Work

C h a p t e r  5 desc r i bed  in d e ta i l  the  s tages  in a m u l t i f r e q u e n c y  d e f ec t  

c l a ss i f i c a t io n  system.  It is a p p r o p r i a t e  in this c h a p te r  to ex p la in  the  reasons  

b e h in d  the  choice  of  me thods  in vo lved  in the  sys tem of  c h a p te r  5, an d  

to stress t h a t  the  sys tem desc r i bed  in t h a t  c h a p te r  was not  the  f i n a l  

sys tem to be devised,  but  t h a t  it was the  most  a d v a n c e d  one w h ich  was 

f u l ly  tested  on the  t u b in g  set. In fac t ,  the  f i n a l  sys tem is t h a t  o f  fig.  3.3, 

b u t  t h a t  one has not  yet  been f u l l y  f r e ed  f r o m  bugs. T h e  t r a n s f o rm - b a s e d  

f e a t u r e  ex t r a c to r s  in C h a p t e r  3 an d  the  f e a t u r e  se lec tion w ork  was all 

don e la t t er ly  on the PDP11 /2 3 ,  a f t e r  most  of  the  w ork  fo r  c h a p te r  5 had 

been done  b u t  prob lems w i th  the  F F T  an d  F D  m ethods  ( t h a t  became 

a p p a r e n t  only  d u r i n g  the  t es t ing  stages) we re  not  resolved b e f o re  th is  thes is  

was  wr i t ten .

T h e  o r ig inal  p ro g r am  sui te  has been a lmost  com plet e l y  r e w r i t t e n  in 

o r d e r  to use the  signals f r o m  the  Zetec  m u l t i f r e q u e n c y  eq u ip m en t .  

Ad -h oc  geometr ica l  a n d  spec t ra l  im p ed a n c e  plane  f e a tu r e s e t s  f r o m  

i n d iv id u a l  scans  have  been devi sed  in o rd e r  to express  eve ry  de ta i l  o f  the 

loci th a t  m igh t  possibly have been an essential  d i f f e r e n c e  b e tw een  one 

type  an d  the  o thers,  an d  the re su l t ing  sets of  f e a t u r e  vec tors  have  been 

tes ted  fo r  c la ss i f ic a t ion power  wi th  nea res t  n e i g h b o u r  an d  l inea r  c lass if iers.

Ana lys is  of  the class m em b er sh ip  of  the de fec t s  w h ich  were 

misclass i f ied  would  h * - c  been g re at ly  a ided  if the  2-space p lo t t ing  

p rog ram  of  fig. 5.35 had been capable  of  f l a sh in g  all o f  the po ints  belon ging  

to an y  one tube,  in a m a n n e r  ana logo us  to the  way in w h ich  an  i l lu m in a te d
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pub l i c  s t ree t  m ap  h igh l igh ts  all of  the  th ea t r e s  in a town up on  the  press  of  

a bu t ton.  Du e to the  w ay  in w h ich  they  work,  n e i t h e r  the  T e k l ib  g ra ph ic s  

l i b r a r y  on the  P D P l l ’s no r  the  G i n o g r a f  l i b ra ry  on the  GEC 4180  was 

capab le  of  this,  bu t  the  h a r d w a r e / s o f t w a r e  d e v e lo p m e n t  sys tem suggested  

f o r  f u t u r e  use in the  nex t  sec t ion is.

6.2.1 Feature Set Development

A f t e r  the  r a t h e r  pess imist ic  resul ts  were  o b ta in ed  in C h a p t e r  5, a 

p ro g r a m  o f  w o rk  was u n d e r t a k e n  w i th  v a r io u s  n o n -a d h o c  

fe a tu re se ts ,  a n d  w i th  a sys tem at ic  f e a tu r e s e t  e v a lu a t io n  a n d  se lec tion 

scheme,  w h ich  is desc r ib ed  in C h a p t e r  3.

The essent ia l  ch a r a c te r i s t i c  o f  the  f e a tu r e s e t  sou gh t  was  t h a t  it be 

insens i t ive  to an y  d i f f e r e n c e  in size or b u lk  angle  b e tw een  loci (w h ich  are  

p r i m a r i l y  d i c t a t e d  by de f ec t  vo lum e an d  dep th  re spect ively) .  It  was 

des i ra b le  t h a t  it be sens i t ive  only  to ge nu ine  d i f f e r e n c e s  in shape.  By 

sa t i s fy in g  this c r i t e r io n  it seemed r easonabl e  to expect  t h a t  i f  the  scans  

still  c lus tered  acco rd in g  to d e f ec t  dep th ,  then the re  must  be a gen u in e  

d i f f e r e n c e  in shape between  a de f e c t  of  one d ep th  an d  a n o t h e r  both  

belong ing to the  same class (this was not  expec ted  to h a p p e n  because  it 

seemed f r o m  inspec t ion o f  figs. 5.12-16 th a t  there  was a m uch  s t ro nge r  

u n i f o r m i t y  of  shape across classes t h a n  across loci of  s im i la r  d e p th s  bu t  of  

d i f f e r e n t  types).

It a p p e a re d  f r o m  the  l i t e r a tu r e  th a t  F o u r i e r  De sr ip to rs  w ou ld  be ideal  

because  o the r  au th o r s  c la imed  to have fo u n d  them to be in sens i t ive  to
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n o n c o n s t a n t  a r c  length  sample  spac ing,  whi l e  t h e i r  use o f  t h a t  sam e arc  

l ength-based ,  r a th e r  t h a n  t ime-based,  s t ra t egy in the  t r a n s f o r m  supp os ed ly  

a l l ow ed  com press ion of  the  shap e in f o r m a t i o n  in to  a smal le r  n u m b e r  of 

c o e f f i c i e n t s  t h a n  the  F F T  could.  T h e  a t t r a c t io n  o f  i n s en s i t iv i t y  to 

n o n c o n s t a n t  sample  spac ing a long the  locus was t h a t  th is  w o u ld  a l low a 

scan based f e a t u r e  e x t r a c t o r  to be used on a b a n d e d  d e f e c t  w i th o u t  

r e o r d e r in g  the  sample  point s  in to  an ax ia l ly  a l igned  scan.  For

ins tan ce ,  cons ider  the  po in t  desc r i b in g  a locus w h ich  moves  out  to the 

e x t r e m i t y  o f  the  locus an d  s tays there  fo r  a n u m b e r  of  s cann in g  

r e v o lu t io n s  a n d  then  col lapses  back to the  orig in .  Th is  h a p p e n s  wi th

b a n d e d ,  ax ia l ly  sym m et r i c  de fec t s  such as u n i f o r m  t h i n n i n g  an d  IGA

w h ich  a re  co n seq u en t ly  not  wel l - su i t ed  to t ime d o m a in  based spect ra l  

f e a tu re s e t s  such as those based upon  the  FFT .  T h e  lack of  a n y  in c re m en ts  

in the  a rc  length  w ou ld  p re v en t  these a d d i t i o n a l  point s  f r o m  a l t e r in g  the 

c o e f f i c i e n t s  coming out  o f  the  FD -b ased  t r a n s f o r m  a n d  thus  p ro d u c in g  a 

resul t  an y  d i f f e r e n t  f r o m  th a t  w h ich  would  have  been o b ta in e d  had  the 

cu r so r  s tayed ou t  a t  the  e x t r e m a  fo r  only  one sample  point.

T h e  only  one t r a n s f o rm - b a s e d  f e a t u r e  ex t r a c to r  to have  w o rk e d  so f a r  

( the  F F T )  was not  ru n  on the  ful l  m u l t i f r e q u e n c y  d e f e c t  scan set because  

the  f e a t u r e  vecto r  p r o d u c ed  was too large fo r  the  size o f  the  scan set, 

an d  p rob lem s have been exp e r i en ce d  in compre ss ing  the  shape

i n fo r m a t i o n  in to a fe w  m easurem en ts ,  as ex p la ined  in sec tion 3.3.

6.2.2 Feature Select ion Development

While assessing f e a t u r e  subset  selec t ion as a p p r o a c h  to over co m ing
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the  sample  set  size prob lem,  re vea led  a d e f i c i en cy  becam e a p p a r e n t  in 

the  ra n g e  o f  p ra c t i c a l  c r i t e r ion  f u n c t i o n s  wh ich  are  u se fu l  in p ra c t i c e  in 

p a t t e r n  recogni t ion .  On e w h ich  o ve r cam e  the p ro b lem  was dev ised  and 

has  been tes ted  upon sy n th e t i c  data .  A real  f e a t u r e s e t  has  not  yet 

become av a i l a b le  fo r  it  to be tes ted  upon  because the  f e a t u r e s e t  da t a  fi les 

f r o m  c h a p te r  4 a n d  5 could  not  be t r a n s f e r r e d  to the  PD P 1 1 /2 3 ,  and  

th e re  was no po in t  in tes t ing  it up on  f e a t u r e  ex t r ac to r s  s tu d ied  in C h a p t e r  

3 un t i l  they  were  k n o w n  to be able  to a c cu ra te ly  des c r i be  shape in 

s u f f i c i e n t ly  f e w  coe ff ic ient s .  Also the  f e a tu r e  se lec tor  could  not  have 

been sens ibly  ru n  upon an y  of  the  f ea tu re se ts  because  fo r  in s tance  fo r  a 

typ ica l ,  32 d im en s io n a l  f e a t u r e  vector ,  it was imposs ible  to ac com oda te  

the  w orkspace  necessary  on the  PDP11 us ing Dec F o r t r a n  (greates t  wh en  

us ing v i r t u a l  mem ory ,  a n d  even then  m a x i m u m  real  a r r a y  size is 32768 ).

6.2.3 Further Work

A p r io r i t y  fo r  f u r t h e r  d ev e lo p m en t  on should  be the  d ev e lo p m e n t  of  a 

cu rve  p a r a m e t e r i s a t i o n  scheme fo r  the  loci f r o m  absolut e  probes  wh ich 

can des c r i be  the  cu rv e  w i th  fe w  en ough  p a r am e te r s  fo r  s ta t i s t ica l  v a l id i ty  

of  an y  c l a ss i f i c a t io n  resul ts  g iven the  sample  set ava i lable .  It will  then be 

possible to d e t e r m in e  i f  samples  f r o m  the  same d e f ec t  type  bu t  of 

d i f f e r e n t  dep ths  can be g ro upe d  together .  I f  this is successful ,  it will  be 

possible to use R o b e r t s ’(1985) em pi r i ca l  p h a s e /d e p t h  cu rves  once the class of 

an u n k n o w n  d e f ec t  has  been d ec id ed  to d e t e r m in e  its dep th  f r o m  its 

phase  as m easu red  a t  R . Such a means  of  p a r a m e te r i s in g  a locus m ight
m a x

be by f i rs t  m ix in g  out  an y  Pi lger noise,  an d  then f i t t i n g  a f u n c t i o n  of  $
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to the  values  of  r i* the  re su l t ing  t r a j ec to ry  w h ich  shou ld  be the  same

fo r  both  the  in b o u n d  an d  o u t b o u n d  traces.  A l t e rn a t e ly ,  a J o u k o w sk i  

a e ro fo i l  (w h ich  has  a l r e ad y  been used to im i t a t e  the  s ignal  f r o m  an

abso lu te  probe )  could  be f i t t e d  to the  point  set, an d  here  it m ig h t  not

be necessary  to remove Pilger  noise by m ix ing  b e f o r e h a n d .  In both  cases,

in v iew  of  the  prob lem s e n c o u n te r e d  in C h a p te r  3, p re sca l ing  o f  all loci 

w o u ld  be necessary,  to ach ie ve  u n i f o r m  p e r im e te r  length ,  fo l low ed  by 

r e s am p l in g  in o rd e r  to get the  same n u m b e r  of  po in ts  in all loci, w i th  an 

eq ua l  arc  length  sample spacing.

6.3 Suggestions  for Further Work

6.3.1 Size of the Requirement for More Defects

One o f  the  p r i m e  re q u i r em en t s  w h ic h  will  be necessary  p r io r  to f u r t h e r  

ex p e r im en t s  w i th  the  stages bey ond  the  f e a t u r e  e x t r a c t o r  is more  defects ,  

becasue  the u pper  l imi t  upon the  f e a t u r e  vector  d i m e n s io n a l i ty  a t  the 

c l as s i f ie r  is a t  presen t  being d i c t a t ed  by the size of  the  sample  set r a th e r  

t h an  by the  n u m b e r  of  f e a tu re s  th a t  it is des i red  to inc lude.

It is possible to p red ic t  the  m i n im u m  n u m b e r  of  samples  t h a t  will  be 

r e q u i r e d  for  f u r t h e r  work,  f r o m  the  d im en s io n a l i ty  o f  the  f e a t u r e  vector .  

The  scans  of  the Inconel  600 tub ing  con ta in  55 points.  Th is  is a resolut ion 

e q u iv a l e n t  to th a t  o f  the  s ignal  coming out  of  the e d d y  c u r r e n t  

equ ipm en t .  For  c i r c u m f e r e n t i a l  scans  t h rough  an y  n o n b a n d e d  de fec t ,  a 

seg men t  o f  length  16 samples  has been fo u n d  to be ad eq u a te .  For  the
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specia l  case o f  "broad" d e f ec t s  l ike  IGA,  a segment  w h ich  c a p tu r e s  only  

the  s tep  up on to the  d e f e c t i v e  ar ea  con ta ins  en ough  shape i n f o r m a t i o n  to 

i n d i ca t e  the  de f ec t  type.  S ixteen samples  is also a p r e f e r r e d  len g th  fo r  a 

segm ent  to be used as the  in p u t  to F F T - ty p e  t r a n s f o rm -b a s e d  f e a t u r e  

ext rac to rs .  In the wors t  case, w he re  it is not possible to t r u n c a t e  the  32 

d im ens iona l  vec tor  w h ich  resul ts  f r o m  using all of  the  16 complex 

va lu ed  o rd in a te s  d i r ec t ly  as a f e a t u r e  vector ,  a m i n i m u m  of  66 samples  per 

class w ou ld  be r e q u i r ed  to assure  the  d e t e r m in a t i o n  o f  a va l id  l inea r  

h y p e r p l a n e  when t r a in in g  a l in ea r  c lass i f ier .  The  n u m b e r  w ould  not  be 

s u b s t an t i a l ly  d i f f e r e n t  fo r  a k nea re s t  ne ig h b o u r  c lass i f ier .

For  the  l eg i t ima te  use of  s ingle scans  as r aw  in p u t  p a t t e r n s ,  the  

class t h a t  wo uld  r e q u i r e  the  larges t  n u m b e r  o f  who le  d e fec t s  w o u ld  be

t h a t  of  c i r c u m f e r e n t i a l  c r acks  an d  notches ,  w i th  e leven who le  d ef ec t s

being needed ,  because  they  ty p ica l ly  encompass  only  6 scans  each  when

a c i r c u m f e re n t i a l  s cann in g  p a t t e r n  is employed.

I f  the  segm en ta t i on  scheme were  to p e r f o r m  r e o r i en t a t i o n  of  the  sc ann in g  

d i r ec t io n  s y m p a th e t i c  to i n d i v id u a l  de f ec t  o r i en t a t i o n s  as per  method 

(vii)  in Sect ion 5.6Mhen in d i v id u a l  holes or pits would  become the lowest 

y ie lder  of  scans fo r  each complete  defect .  In th a t  case, a m i n im u m  of  6 

holes would  be r equ ir ed  in the  de f ec t  set because a hole typ ica l ly  spans  11 

scans.

Were the same f e a t u r e  set to be used to es t imate  dep th  (or even i f the 

c lass i f ie r  were  to swi tch  to an a l t e r n a t iv e  set of  f e a tu re s  of  the same rank ,  

bu t  w i th  fe a tu re s  more  a t t u n e d  to the  des c r i p t i on  o f  dep th  than  type),  

then the  above class size m in im a  would  appl y  to each of  the fou r
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co m m o n ly  ac cep ted  d e p th  regimes  in d iv id u a l ly ,  w i t h i n  each d e f e c t  type  

a n d  so f o r  ins t ance ,  24 holes or c i r c u m f e r e n t i a l  c r acks  w o u ld  be n ee d ed  in 

the  t r a i n i n g  set.

H ow ever ,  th is  u n l ike ly  to be necessary  in p rac t i ce  because  once  d e f ec t  

c la ss i f i c a t io n  by type  has  been p e r fo rm ed ,  t h r o u g h  wal l  d e p t h  can be 

ca lc u l a t ed  f r o m  a set of  cu rves  w h ich  have  been f i t t e d  to po in t  plots of  

d e f e c t  dep th  vs. phase  (ft at  R ) fo r  each type  of  d e f e c t  (Roberts,  1985).
m a x

T h e  i m p o r t an ce  of  k n o w in g  the  type  of d e f ec t  b e f o re  a p p ly in g  one 

p a r t i c u l a r  d e p t h  phase cu r v e  lies in the  fa c t  t h a t  the  p a r a m e t e r s  of  the  

( d e p th / p h a s e )  curves  v a r y  w i th  the  volume of  the  d e f e c t  (w h ich  is 

d e p e n d e n t  upon the  d e f e c t  type).

6.3.2 Production of  More Defect  Loci

As p ic tu r e d  in c h a p te r  4, a t t em p t s  have  been m ad e  a t  p ro d u c in g  real  

cracks .  All of  the  d e f ec t s  used in th is  thesis have  been a r t i f i c i a l l y  

p ro d u c e d  to some degree.  T h e  d e fec t s  used in a lmost  all o the r  ap p l i ca t i o n s  

of  p a t t e r n  r eco gn i ton to N D T  s u f f e r  f r o m  the same cr i t i c i sm,  because  of  

the  t ime r e q u i r ed  to induce  n a t u r a l  de fect s  an d  then measu re  them 

(see fo r  ex ample  Lem aignan,1983 or Foster ,1984). Due to the  cost and 

d i f f i c u l t y  o f  m a n u f a c t u r i n g  defects ,  a d ef ec t  set s u f f i c i e n t ly  big fo r  

p a t t e r n  recogni t ion  purposes  is not l ikely to become ava i l ab le  unless access 

to a w o rk ing  s team gen e ra to r  is ob ta ined .  F o r tu n a t e ly ,  there  arc  o the r  ways  

to ove rcom e this problem.

One way  is to use f i n i t e  e lement  (FE) synthes is  as S a t i s h  and Lord(1983)
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have  done.  T h e y  have c o m p u t a t i o n a l l y  s im ula te d  the  s ignal  f r o m  a de f ec t  

by  in ch in g  a p ro be pas t  a d e f e c t  whi l s t  ca lc u l a t in g  the  m ag n e t i c  f ie ld  

a n d  ed d y  c u r r e n t  in t ens i ty  a t  eve ry  po in t  in a mesh la id  over  the  cross 

sec t ion of  the  de fec t ,  an d  s u m m in g  the  c o n t r ib u t io n s  f r o m  all o f  the  nodes  

in the  mesh to p re d ic t  the  coil im p e d a n c e  at  each po in t  a long its pa th .  T h re e  

d im en s io n a l  FE s im u la t i ons  have become ava i la ble ,  th o u g h  they  re q u i r e  

to be r u n  on su per co m pute rs .  Such s imu la t i ons  wi ll  be necessary  fo r  the  

s im u la t i o n  o f  s u r fa ce  probes  i n t e r a c t i n g  wi th  de f ec t s  w h ich  are  not

s y m m et r i ca l  ab o u t  the  m ai n  axis  of  the  probe.

A n o t h e r  ap p r o a c h  m igh t  be to use ex is t ing  real  de fec t s  f r o m  sources  o ther  

t h a n  PWR steam g en e ra to r  tub ing.  T h e r e  are  lots of  boi lers  a n d  hea t

ex changer s  c o n t a i n i n g  sets of  rea l  defect s ,  such as the  hea t  e x changer s

f o u n d  in oil r igs c u r r e n t l y  ly ing in disuse,  w h e re  the  d e fec t s  a re  in 

m a te r i a l s  a n d  tu b in g  d i am e te r s  d i f f e r e n t  to those o f  im m e d ia t e  in terest .  

More  d e f ec t s  m igh t  be a d d e d  to the  sample  set by re co rd in g  the  s ignals  f r o m  

d e f ec t s  in Inconel  600 an d  f r o m  d e fec t s  f r o m  these o th e r  m a te r ia ls  

p ro v i d i n g  t h a t  they  are  s im i la r ly  n o n - f e r ro m a g n e t i c ,  in o rd e r  to f i n d  a 

means  of  t r a n s f o r m in g  the  loci f r o m  de fec ts  in one m a te r i a l  in to  those of 

de fec t s  in the  o ther .  It is un l ik e ly  th a t  this method will  be of  an y  ben e f i t  

w he re  IGA is conce rn ed  (since this is a corros ion p h e n o m e n a  p ecu l i a r  to 

the  corros ion  res is tan t  Nicke l  al loys now being used in PW R’s), but  it may 

he lp fu l  fo r  c r a ck in g  and p i t t i ng - t ype  defects.

T h e r e  is a n e e d  to d e v e l o p  t he  d e f e c t  s<A f r o m  one  w h i c h  c o n t a i n s  on l y

d e f e c t s  in s t r a i g h t  t u b i n g  to i n c l u d e  d e f e c t s  c o i n c i d e n t  w i t h  o t h e r  

a r t e f a c t s  w h i c h  a f f e c t  t he  EC s ignal .  T h e  c u r v e d  sec t i on  o f  an  i n v e r t c d - U
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tube,  a n d  tube  su p p o r t  p lates  an d  tube  sheets,  especia l ly  at  the  point

w h e re  the  tubes  em erge f r o m  these sheets,  have  all caused p rob lems  in

the  past.  De te c t ion  is d i f f i c u l t  at  these po ints  because  an y  small  

(us ua l ly  c i r c u m f e r e n t i a l  c r ack - ty pe )  de fect s  will  be mas ked fo r  ins tance

by the  edge of  the  f e r r o m a g n e t i c  tube  sheet,  an d  the  v a r i a t i o n  in

p r o b e / t u b e  wall  co up l ing  due to the  tube  roll. Also, in p rac t i ce  de tec t io n  can 

be f u r t h e r  co m p l ica ted  by ex t e r n a l  tube  wall  coppe r  deposi ts  a n d  th ick  

deposi t s  of  e l ec t r ica l ly  co n d u c t iv e  s ludge th a t  m ay  be ly ing a r o u n d  the 

out s ide  of  tubes  on the  tube  sheet.

In an  a t t e m p t  to test  inspect ion u n d e r  more  real  (and d i f f i c u l t )  

co ndi t ions ,  a length  o f  he avy  steel t ub ing  w hi ch  f i t s  t i gh t l y  a r o u n d  the 

shor t  leng ths  of  Inconel  has been used to s im u la te  a tube  sheet  by the 

sponsors,  a n d  the  ex is t ing  set of  de fec t s  could  now be re logged wi th  the 

e n t r y  po in t  in to  the  s leeving pl aced progress ively  at  v a r io us  posi t ions  

w i th  respect  to each d e f ec t  in each tube.  A u to m a t i c  mixes could  then 

be dev e lo ped  w h ich  remove  these s ignals,  leav ing only  the  m ixed  d e fec t  

s ignals  to be recognised.

Ho w ever ,  a l th o u g h  the  e f f e c t  of  a tube  passing t h r o u g h  a s u ppor t  p late 

can be im i t a t e d  by a th ick  t i g h t l y - f i t t i n g  col lar ,  in o rd e r  to g a th e r  samples  

t h a t  a c cu ra te ly  re p ro d u ce  the s ignals  f r o m  the exi t  of  a tube  f r o m  the top 

of  the  tube  sheet,  the tube  will  have  to be e x p a n d ed  as shown  in fig. 1.4 to 

fo rm  a tube  roll region and some means  of s im u la t i n g  the usual  layer  

of co n d u c t iv e  slm.- e will have  to be p ro v id ed  too.
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6.3.3 Software  Development Problems

C onvers ion  of  all p ro g ram s to Pascal  f r o m  F o r t r a n ,  a n d  a w a y  f r o m  DE C 

h a r d w a r e  has  become des i rable ,  fo r  severa l  reasons . Before  a n y  other  

s o f tw a r e  d ev e lo p m en t  is a t t e m p te d ,  a move shou ld  be m ad e  a w a y  f r o m  

F o r t r a n  to a languag e such as Pascal  in o rd e r  to t ak e  a d v a n t a g e  of  such 

f ac i l i t i e s  as ru n  t ime a r r a y  b o u n d  checking .  Also,  it is essent ia l  to 

u p g r a d e  the  s u ppor t  f o r  g r a p h ic a l  o u t p u t  (and in p u t )  i f  the  p r o g r a m  sui te 

is to become user  f r i e n d ly  e n ough  to be useable  in an i n t e r a c t i v e  m a n n e r  

by a n y o n e  o the r  than  the p r o g r a m m e r  of  the  p a t t e r n  r eco g n i t io n  sys tem 

himsel f .  F u r t h e r m o re ,  w h a te v e r  h a r d w a r e / s o f t w a r e  e n v i r o n m e n t  is 

chosen fo r  f u r t h e r  d ev e lo pm e n t ,  the  h a r d w a r e  shou ld  s u f f i c i e n t ly  

s t a n d a r d i s e d  th a t  the  s o f tw a r e  can d i s t r i b u t e d  to in spec t ion  teams by 

f l o p p y  disk,  so th a t  it can  be used im m e d ia t e ly  w i t h o u t  a n y  need  f o r  it to 

be m od i f i ed .

T u r b o  Pascal  on an IBM PC (or co m p a t ib le  clone) w ou ld  seem p a r t i c u l a r l y  

su i t ab le ,  because  it sa t i f i es  all of  the  c r i t e r i a  above  a n d  is also fa s t  and 

cheap.  Also, d eb ugg ing  can be acco m pl ished  w i th  ease,  and 

r e com pi la t i on  ( typi ca l ly  30 seconds  fo r  p ro g ram s  of  the  size necessary) ,  and 

consequen t ly  p ro g ram  d eb ugg ing  an d  d e v e lo p m e n t  can be speeded  up. On 

the PDP11 /2 3 ,  a m o d i f i c a t io n  to the f e a t u r e  e x t r a c t o r  (a p ro g r am  o f  typical  

size) took abo ut  f ive  m inutes  to re com pi le  an d  l ink.

T he reason that  the DE C PDP11 fa m i ly  of  processor bo ar ds  an d  

pe r ip h e ra l  I / O  ca rds  has  been so po p u la r  fo r  r ea l - t ime app l i ca t i ons  

in the past  (and c o n t in u ed  to be so r igh t  up to the  in i t i a t i o n  of  this 

projec t )  was largely the a v a i l a b i l i t y  o f  w o r ld w id e  p ro d u c t  suppor t .  A
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change  to more  modern  h a r d w a r e  w ou ld  be w o r th  the  e f f o r t  g iven  the 

av a i l a b i l i t y  o f  su ppor t  fo r  the  h a r d w a r e  advocat ed .

Moving to Tu rb o P asca l  w ould  involve  d r o p p in g  the  D EC o p e r a t i n g  

system RT11,  an d  the  D EC P D P 1 1 /2 3  h a r d w a r e  because  T u rb o P a s c a l  is 

not  com pa t ib le  w i th  e i ther .  It  is u n f o r t u n a t e  th a t  this change  o f  systems 

wi ll  r e qu ir e  a n o th e r  r e w r i t i n g  o f  the  p ro g r am  sui te,  this t ime in to  Pascal

f r o m  F o r t r an ,  (not  jus t  as b e f o re  to ru n  u n d e r  a s l ight ly  d i f f e r e n t

o p e r a t i n g  system).  H ow ever ,  in the  long ru n  (ie over  severa l  m o n th s  of 

p r o g r am  deve lopment)  the  o v e r h e a d  will  be r e p a id  due to the  c u r r e n t  

f r e q u e n c y  o f  p a r t i c u la r ly  a w k w a r d  bugs w h ic h  are  d i f f i c u l t  to f ix  u n d e r  

RT11 p r im a r i l y  due  to the  lack o f  m em ory  because  the  a p p l i c a t io n  has 

o u tg ro w n  the  h a r d w a re ,  r a th e r  t h a n  because  of  the  lack of  a n y  p a r t i c u l a r  

deb u g g in g  tool.

T h e r e  are  f u r t h e r  ad van ta ges .  C o n v e r t i n g  the  sys tem in to a RO M -b as ed  

f o r m  i n co rp o ra t ed  in a s ingle b o a r d  c o m p u te r  w i t h i n  an ed d y  c u r r e n t  

i n s t ru m e n t  (which  m igh t  be the  a i m  of  f u r t h e r  work  on this topic) will  be 

more  easily ac h ie ved  w i th  the  IBM PC ’s open a r c h i t e c t u r e  and 

consequen t ly  f r ee ly  av a i l a b le  h a r d w a r e  d o c u m e n t a t i o n  t h an  fo r  the 

eq u iv a l e n t  series of P D P 1 1 -d e r iv a t iv e  s ingle bo ar ds  com pu ter s ,  an d  is 

ce r t a in ly  possible w i th o u t  a n o t h e r  change  of  h a r d w a re .  Any  a d v a n ta g e  in 

speed th a t  the  PDP11 m ight  have  over  the  PC’s 8086 could  be easily

ou tw e ighed  wi th  the inclus ion of  an 8087 fas t  maths  processor.

Also, the 8086 has a supe r io r  m em ory  ad dres s ing  capab i l i ty .  A l though

Tu rb o P asca l  does impose some m a x i m u m  mem ory  size co n s t r a in t s  (a 

m ax im u m  of  64kbytes  each fo r  the  code space,  s t a c k / h e a p  space and
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d a t a  space respect ively) ,  these are  a consi der ab le  im p ro v e m e n t  

c o m p ar ed  w i th  the  l imi ts  fo r  the  P D P 11 /4 5  r u n n i n g  R S X l l m  (64kbytes) ,  

an d  fo r  the  11/23 wi th  RT11 (44kbytes) .  F u r t h e r m o r e  these l imi ts  are  not  

as r ig id  as the  P D P l l ’s, because  a PC can addr es s  up to 640 kby te s  of 

RAM , an d  u n d e r  vers ion 3.2 o f  MS-DOS an d  above,  most  o f  the  spare  

440 kbytes  can be used as a "RAM  disk",  a means  of  us ing m em ory  to 

m imic  an ex t r a  f l oppy  disk  d r iv e  fo r  d isk  access in tens ive  programs,  

whi ls t  not  i n c u r r in g  the  usual  d isk  access t ime penalt ies .  Th is  could  

be used at  ru n  t ime to hold  a very  large f i le of  d i re c t  access records  to 

m ak e  p ra c t i ca l  the  m a n i p u l a t i o n  of  large matr ice s  fo r  f e a t u r e  se lec tion,  for  

example ,  w h ich  could  not  no rm a l ly  be acco m o d a ted  in the 64 kb y te  da ta  

space.  T h e re  also exis t  p ro ced u re s  in T u rb o P asc a l  to a l low the  heap  to 

ex p a n d  up to 512k, a n d  an  IBM PC AT or c loned e q u iv a l e n t  can add res s  2.5 

Megabytes  of  RAM,  th us  im p ly ing  t h a t  a large pa r t  of  a h a r d  d isk  could  be 

m ap p ed  in to  m em ory  fo r  rea l ly  big m a t r ix  m an ip u l a t i o n  tasks.

6.4 Summary

T h e  re c o m m en d a t io n s  w i th in  this ch a p te r  conce rn ing  the  im m ed ia te  

f u t u r e  of  the  projec t  may be r e duced  to two ma t t e rs  w hich  must  be 

a t t a c k e d  b e fo re  a n y t h i n g  else. F i rs t ly ,  there  is still  a prob lem co n ce rn in g  

the a v a i l a b i l i t y  of  de fec t s  to fuel  this s tudy.  Thi s  should  be resolved 

b ef o re  f u r t h e r  work commences ,  as it con s t ra ins  the type of  app roaches  

t h a t  can be t aken  to the  c l as s i f i ca t io n  prob lem  in general .

The second suggest ion is one r e g a rd in g  the  a t t r a c t iv en ess  of  a c ha nge  of 

h a r d w a r e  despi t e  the  d es i r ab i l i ty  of  c o n t in u in g  wi th  the  P D P 1 1 /2 3  sys tem
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w he re  all of  the  p ro g r a m  su i te  is c u r r e n t l y  based.  It is suggested  t h a t  in 

the in tere s ts  o f  a v o id in g  e n v i r o n m e n ta l  cons t ra in t s  upon the  ease of 

d ev e lo p m en t  o f  program s,  th a t  all f u r t h e r  p ro g r am  d e v e lo p m e n t  shou ld  be 

on an IBM PC A T  or e q u iv a len t ,  in o rd e r  th a t  the p ro g ram s  m ay  be w ri t t en  

in T u r b o  Pascal.

I f  both  of  these r e co m m e n d a t io n s  are  fo l lowed,  an d  the  genera l  

s t ra t egy  o f  C h a p t e r  3 bears  f r u i t  (i.e. a f e a t u r e  ex t r a c t o r  an d  selec tor 

c o m b in a t io n  w h ich  can be a l l owed  to t r a in  unsu p erv is ed  upon  an y  set of  

loci), then  a s t an d a lo n e  sytem for  use by ope ra to rs  w i th  l i tt le 

i n t e r p r e t a t i o n a l  skill  could  be p r o d u c ed  w i th in  the  nex t  th ree  years.
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7 Append ix:  Logging Sys tem Deve lopment

7.1 T h e  Mk 1 (Single F requ ency)  System

T h e  or ig i na l  sys tem used f o r  logging the  316 t u b in g  de f ec t s  is show n  in 

f ig .A.I .  I t  was  dev e lope d  by Dr.  Macleod a n d  D u g a ld  Cam pbel l ,  the  

sen ior  D e p a r t m e n t a l  T echn ic ian .  It  logged the  tube  to f l o p p y ,  w h ich  was 

th en  t r a n s f e r r r e d  f ro m  the  s ingle b o a rd  co m p u te r  sys tem to the  PDP11 

m i n ic o m p u t e r  us ing a pa i r  of  f i le  t r a n s f e r  p ro g ram m es ,  one  fo r  each 

m ach in e ,  bo th  ca lled $micro.  Files we re  t r a n s f e r r e d  in 4-bi t  w ide  nybbles  

r a t h e r  t h an  bytes ,  so there  exis t ed  a p ro g r am  on the  PDP11,  N y b t ra n ,  

w h ic h  r e f o r m a t t e d  the  da t a  back in to  bytes.  The last  p r o g r a m  in the  da ta  

logging process was Chop scan ,  w h ich  was i n t ro d u ce d  to chop  in o rd i n a t e l y  

long scans  (w h ich  occ ured  occas ional ly  because  o f  a missed sync,  pulse)  

in to  400 sample  long sections  an d  also to equal ise  th leng th  o f  all o f  the  

scans  to 400 points.  The c i r c o g r ap h  eq u ip m e n t  g en e ra t ed  a once  per 

r e v o lu t io n  pulse.  T h e  logging s o f t w a r e  was m ade  to det ec t  this,  a n d  to 

inser t  a byte  s ig n i f i y in g  an end o f  scan (80H) in to  the  s t re a m  o f  b y t e ­

v a lued  samples.  T h e  inclus ion of  this byte  m ade  it possible to plot  the 

hel ica l  scan as a set o f  sep a ra te  scans such that  the i r  beg inn ings  are  a l i gned,  

in the  fo r m  t h a t  looks as i f the tube  h ad  been cut  open a long  its length  and 

lain out  flat .

Th e  logging p r o g r am  was w r i t t en  in Mic ro sof t  F o r t r an ,  on the  Z- 80  SBC100-  

based system,  wi th  all of  the  real  t ime sampl ing  an d  sync,  pulse detec t ion 

p e r f o rm e d  in an  assembly lan gu age sub ro u t ine .  The p ro g ram  s tored the 

samples  w i th in  the 56 kbytes  av a i l ab le  to the  user an d  a f t e r  it was
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s topped by user  i n t e r v e n t io n  f r o m  the  key b o a rd ,  saved these to disk.  

S to r ing  blocks  of  samples  to d isk  w i t h o u t  i n t e r r u p t i n g  the  r e g u la r i t y  o f  the  

sam p l in g  process  would  have  r e q u i r e d  a dua l  processor  sys tem wi th  one 

processor  to control  d isk  o p e ra t ions  d u r i n g  sam pl ing  (whi ch is not  possible 

on the  S100 bus). The  sys tem d id  not  re q u i r e  an y  b u f f e r i n g  o f  the  s ignal  

in o rd e r  to slow the  s ignal  d o w n  (u n l ike  the  m u l t i f r e q u e n c y  system 

desc r i bed  next),  so the  sys tem cou ld  have  been con n e c t ed  d i r e c t ly  to the 

c i r c o g r ap h  h ad  it not  been f o r  t r an s p o r t a t i o n  problems.  H ow ever ,  s tor ing  

the  samples  in R A M  did  l imi t  the  m a x i m u m  tube f i le  size to 56 k by te  ( the 

eq u i v a l e n t  of  70 s ingle f r e q u e n c y  scans  wi th  400 p o in t s / s c a n  in each).

7.2 The Multi frequency Systems

A l th o u g h  it was des i r ab le  to ha v e  a d a t a  logging sys tem t h a t  could  

tac k le  a long length  of  t ubi ng ,  such as one who le  in v e r t e d  U-t ube ,  this  

r e q u i r e d  t h a t  an y  em pty ing  of  the  sample  b u f f e r  to d isk  should  have no 

e f f e c t  up on  the  sampl ing process,  w h ich  must  c o n t in u e  w i th o u t  sample  loss 

or delay .  C on seq u en t ly  a system such as a p d p l l  w h ic h  stops w o rk  to service  

a h a r d  disk (because it is serviced wi th  the  h ighes t  p r i o r i ty) ,  even if for  

only  a f e w  mil l i seconds,  is not  to lerable.

A system was deve loped  wh ich  used the  SBC100 to cont rol  the  s ampl ing

process,  an d  the  PDP11 to store the  da t a  a synchronou s ly .  The d a t a b y te s

were  to have  been have been s t reamed to the  P D P 11 /4 5  via a
♦

h a n d s h a k in g  pa ra l l e l  in t e r f a ce ,  w hi ch  would  have blocked the da ta  and 

d u m p e d  it pe r io d ica l ly  to its h a rd  d isk,  thus  a c h ie v in g  an a r r a n g e m e n t  

w h ich  would  be able  to process an u n l im i ted  length  of  tube,  the
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o v er co m in g  the  SBClOO’s m em o r y  size l im i t a t i o n  w i th o u t  los ing samples  

d u e  to d isk  accesses (because  the  SBC100 sys tem had  enough  R A M  to 

b u f f e r  a n y  samples  t a k en  un t i l  the  PDP11 became f r ee  again) .

T h e  a p p r o a c h  fa i l ed  to w o rk  because  the  p ro g r am  on the  P D P 1 1 /4 5  wh ich  

was  to have  con tro l l ed  c o m m u n i c a t i o n  w i th  the  SBC100 an d  the  b locki ng  

o f  the  d a t a  onto  its ow n h a r d  d isk  could  not  be debu gg ed,  because  it 

could  not  be loaded in to  m em o ry  once  the  DEC  m a c r o l l  deb u g g e r  O D T  was 

a l r e a d y  there .  T h e  f a u l t  d id  no t  occur  in the  p ro g r am  sections  

s epa ra te ly ,  only  whi l e  they  were  together ,  so d eb u g g in g  the  p ro g r am  in 

s mal le r  ch u n k s  was not  a solu t ion,  so u n f o r t u n a t e l y  this ap p r o a c h  had  to be 

a b a n d o n e d .

7.3 The Mk2 System

D ete c t io n  of  the  sync,  pulse  was not  re l iable ,  an d  th is  toge the r  wi th  some 

o th e r  prob lems  such as an  i n a b i l i t y  to use the  Zetec  MIZ12 w i th  the 

c i r c o g rap h  p ro be fo rced  a n u m b e r  o f  chang es  in the  tube  logging h a r d w a re ,  

the  most  maj o r  of  w h ic h  were

(i) the  sam pl ing based pulse d e tec t io n  sys tem was con v e r t ed  to a 

m onos tabl e  based design so th a t  the  sync pulse could  not  be missed by the 

p d p l l ,  because  once  the  m onos tabl e  was set, it had to be c lea red ,  a n d  this 

only  h ap p e n ed  wh en  it was read  by the p d p l l .

(ii) A s teppe r  motor  d r iv en  tube  inspect ion rig was bui l t  by Babcock,  in 

o rd e r  to ove rcome the s h u d d e r in g  an d  probe l i f t - o f f  ex p e r i en ced  when 

us ing the  Ci rcograph.

T h e  Mk II (m u l t i f r e q u e n c y )  logging system ce n tr ed  a r o u n d  a 256 byte  c i r cu la r
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b u f f e r ,  w h ich  received the  8 A D C  samples  f r o m  the  8 ch anne l s  a f t e r  every  

s am pl ing  in te rv a l ,  an d  b e tw een  these  occasions  was c o n t in u a l ly  em p t i e d  via 

an  RS232 l ink  to a 600kby te  c a r t r i d g e  da ta lo g g e r  r u n n i n g  at  9600baud .  The  

sync pulse monostable  was ch ecked  a t  this point ,  an d  reset  when  f o u n d  to be 

set. S ince  the  "most recen t  dat a- in"  po in t e r  to the  b u f f e r  could  not  be a l l owed 

to lap the  "next  da t a  to be sent  out" po in ter ,  the  m a x i m u m  sa m pl ing  (ie b u f f e r  

f i l l ing)  ra te  was d ic ta t ed  by the  ser ia l  po r t  o u tp u t  ra te  ( a p p r o x im a te ly  960 

b y tes / s ec  a t  9600 baud).  T h i s  p ro ved  to be too slow fo r  d i r ec t  co n n ec t io n  to

the  Zetec,  a n d  so re q u i r ed  the  s ignal  to be s lowed do w n  by a f a c t o r  of  16,

w h ich  was do ne  by r e co rd ing  it at  15 inches / sec  (i.p.s.) an d  then  r e p la y in g  it at  

15/16 i.p.s.. T h e  s t a n d a r d  tape  speed fo r  logging used by Babcock  was 7.5ips, so 

the en t i r e  d e i f e c t  set had  to be r e - re co rd ed  at  15 i.p.s.in o rd e r  to get the 

necessary  slow do w n  f a c t o r  of 16:1, because  the  slowest  speed was  only  15/16 

ips.

Th i s  s lowing down gave a sca n n in g  r a te  of  one scan every  6.5 seconds , or 

a t  a 60Hz sam pl ing  ra te ,  390 sam ples / scan ,  a ra te  w h ich  had  been d e l ib e r a te ly  

chosen to ap p r o x im a te  th a t  used wi th  the  single f r e q u e n c y  tu b in g  d a t a f i l e  

set. U l t im a te ly ,  this s ampl ing  ra te  p rove d  to be h i gher  th an  necessary  by a 

f a c to r  of  abou t  7, especial ly s ince the probe used was an abso lu te  type,  g iv ing 

a more  slowly v a ry in g  signal.  H o w e v e r  the  probe type  change  d id  re qu ir e  

the use of  the Raca l  14 channe l  FM tape recorde r ,  to record  s ignals  w i th  a 

d.c. com pon en t ,  a fac i l i t y  which the the more  conven t iona l  tape  re co rd e r  used

in the f i rs t  sys tem did not have.

The high sam pl ing ra te  d e t r i m e n t a l l y  a f f e c t e d  fi les izes an d  t r a n s f e r  

somet imes  by as much as a fa c to r  of  7 co m pared  wi th  the  old s ingle f r e q u e n c y
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programs.  For  ins tance  the  i n d i v id u a l  f i le  t r a n s f e r  t imes f r o m  the  SBC100

to the  b igger  d e p a r t m e n t a l  com pute r s  were:

(i) 80 minu te s  fo r  a typi cal  0.8 m by te  f i le  to the  4180, fo l lowed  by 3 hours  

fo r  the  8 channe l  t u b ep lo t t i n g  p ro g r am  to produc e a p lot  fi le,  a n d  2 hours  

to ac tu a l ly  p roduc e  this plot.

(i i)  20 minu te s  fo r  the  same f i le  to the  PDP11/45;  bu t  w he re  h igh  enough

q u a l i t y  plots such as those in f i g u re s  5.22 to 26 were  not  possible.

A non -sy s tem fi le f o r m a t  was used to s tore the  tube  d a t a  f i les  on the  PDP11 (to 

save  diskspace) ,  an d  was in c o r p o r a t e d  in the $m icro  pa ra l l e l  f i le  t r a n s f e r  

p ro g r am ,  an d  so u n fo r t u n a t e l y  the  f i les  could  not be read us ing n o rm al  F o r t r a n  

I / O  s ta tements .  The fi les had to be read  using a cus tom set o f  assembly 

la n g u ag e  rout ines .  C o r re sp o n d in g  ro u t ines  to wri te  f i les  d id  not  exist ,  and 

because  the  d o c u m e n ta t i o n  con c e rn in g  the  $micro  f i le f o r m a t  a n d  these 

cus tom sub ro u t in es  was very  poor,  no a t t e m p t  was m ad e  to devise  any.  

C o n seq u en t ly  no a t t em p t  has been m ade to r ew r i t e  an y  o f  the  tube  f i les  a f t e r  

s egmen ta t ion.

7.4 T h e  Mk3 System

Upon t r a n s f e r r i n g  the work to B abcoc k’s PDP11/23,  the  logging p ro g r am  was 

r e w r i t t e n  again .  This  was p a r t l y  because  it was more co n v e n ie n t  to be able to 

log the tubes  on the premises ,  and  pa r t l y  because t r a n s f e r r i n g  of the 

a rch iv ed  data  fi les on the 4180 to the 11/23 would  have been d i f f i c u l t  g iven 

v ■ 11/23’s lack of any fo rm  of m agtape  r eade r  or modem  wi th  w h ich  to 

co m m u n ica t e  wi th  the U n iv e r s i t y ,  an d  also because of  the  sheer  size of the 

d a ta f i le s ,  10 of  which would  have en t i re ly  f i l led  the h a r d  disk.
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T h e  m k l l l  p r o g r a m /s y s t e m  w hich  was thus  crea t ed  used a s l ight ly  m o d i f i ed  

vers ion  o f  the  sy n ch r o n is in g  pulse d e tec t io n  monos table ,  b u t  r e v e r t ed  to the 

p re v io us  "memory f i l l i n g /  single d u m p  to disk" s t ra t egy ,  because  the  c o m p u te r  

d id  not  have  an y  spare  RS232 ports  to d r iv e  a ca r t r i d g e  d a t a  logger.

T h e  logging p ro g r a m  had  to be comple te ly  r e w r i t t e n  in M a c r o l l  in o rd e r  to use 

RT11 sys tem su b ro u t in e s  to d r i ve  the  11/23’s ADC an d  pa ra l l e l  i n t e r f a c e  cards.  

T h e  d o c u m e n t a t i o n  fo r  this vers ion is he ld  by the  co m p u te r  services g ro up  at 

B a b c o c k ’s R es ea rch  Centre .
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