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COMPUTER-ALDED DESIGN OF MULTIFREQUENCY EDDY-CUKKENT TESTS 
FOR LAYERED CONDUCTORS WITH MULTlPLE PROPERTY VARLATLONS* 

___l___ll__----- l _ _ l l ~  

W. E:, k e d s ,  C, V, Dodd, and G. W. S c o t t  

AB s TRACT 

Our program i s  p a r t  of a l a r g e r  p r o j e c t  designed EO develop 
m u 1  tiE requcncy eddy-current  inspect. i o n  techni  cpiees for mult i -  
l a y e r e d  conduc to r s  w i t h  p a r a l l e l  p l a n a r  boundar ies  e To reduce 
t h e  need t o  s p e c i a l l y  program ?ach m w  problem, w e  developed a 
f ami ly  of programs t h d t  hand le  a large class of r e l a t e d  problems 
with on ly  minor ed i  torial and i n t e r a c t i v e  changes e iJe developed 
programs for two type:; o f  cy1 i ndric~l. coil p r o b e s :  t h e  ref-lec- 
tion probe ,  which c o n t a i n s  t h e  d r i v e r  and pickup c o i l s  arid i t 3  
Used fr0111 O n E  Si d C  Of tlte speC~llle.n, alld the through-transmission 
p robe  set which places the d r i v e r  a d  pickup coi.1.s on o p p o s i t e  
s i d e s  of the condurtor  s tack ,  

The programs perform t h e s e  b a s i c  t unc t ions  :: ( k ) simulat i iin 
of  an idrnk instrumenty s r e sponse  t o  s p e c i f i c  conductor  m d  
d e f e c t  c o n f i g u r a t i o n s  (2 )  cont ro4- of an eddy-current  i n s t rumen t  
i n t e r f a c e d  t o  a minicomputer t o  a c q u i r e  and r e c o r d  actuaL i n s t - r u -  
rnent responses t o  test spec imens  ( ’ 3 )  cous t ruc t ion  of complex 
function expans ions  to relate instrument r e s p o r i s ~  t i )  conductor  
and d e f e c t  properties by u s i n g  measured or computed rthsponst-.a 
and  p rope r t i e s ,  and ( 4 )  simulation of a microcomputer on b o ~ r d  
t h e  in s t rumen t  by the i n t e r f a c e d  mir:icotnputer t o  t es t  t h e  
a t d y r i c a l  programming f o r  the microcomputer. The programs are 
w r i t t e n  mostly in Fort-ran I V  t o r  the ModComp LV FR4 Compiler ,  
which i s  s t a n d a r d  (ANSI X3,9-1966) For t r an  1 V  w i t h  LI T ~ w  addf- 
t i u r i a l  f e a t u r e s .  A few segmerts are written i n  the M~dComp 
assembly language f u r  ~ n t r o l  of che computer- instrument d a t a  
a c q u i s i t i o n  i n t e r f a c e ,  

Our r e p o r t  con ta ins  t h e  basic e q u a t n ~ n s  f o r  the con- 
p u t a t i o n s ,  the m a i n  and subrocltine programs I i n s t r u c t i o n s  f o r  
e d i t o r i a l  changes and program e x e c u t i o n ,  a n a l y s r s  of the main 
programs file reqlni remeiits and o t h e r  misce l l aneous  ai cis For 
the use r .  
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c o i l s ;  t h e  s i z e ,  shape ,  and e l ec t r i ca l  p rope r t i . e s  of t h e  conduc to r s ;  the  

p r e s e n c e  of t h e  conduc to r s ;  and the rate of change of t h e  f i e l d s  praduced 

by the c u r r e n t s .  This makes i t :  p o s s i b l e  t o  s t u d y  v a r i o u s  p r o p e r t i e s  of 

c o n d u c t o r s ,  b u t  i t  a l s o  r e q u i r e s  c o n s i d e r a b l e  care 610 d i s t i n g u i s h  t h e  

e f f e c t s  o f  i n t e r e s t  from t h o s e  caused by changes i n  t h e  other p r o p e r t i e s .  

To de te rmine  a g iven  p r o p e r t y  unambiguously when s e v e r a l  o t h e r  prop- 

e r t i e s  may be s i m u l t a n e o u s l y  v a r y i n g ,  one needs a t  least  as many pieces of 

i n f o r m a t i o n  as t h e r e  are parameters t h a t  may change t o  d i m i n a t e  t'lw 

unwanted v a r i a b l e s  The u s u a l  ways of obtai .ning t h e  n e c e s s a r y  i n f o r m a t i o n  

from eddy-current  measurements i n c l u d e  tlie use of e i - the r  d r i v  i.ng currt 'nts 

t h a t  c o n t a i n  mul%-i.ple s i n u s o i d a l  harmonics , pu l sed  ampl i tudes  o r  s w e p t -  

f r equency  c u r r e n t s  t h a t  can be F o u r i e r  ana lyzed  i n t o  v a r i o u s  harmonic com- 

ponen t s  or  sampled a t  v a r i o u s  L i m e s .  The o b j e c t i v e  o f  t h e s e  methods i s  (30 

o b t a i n  more b i t s  of i . n fo rna t ion .  

S i n c e  t h e  t h e o r e t i c a l  a n a l y s i s  of eddy-current  problems has k e n  

developed more e x t e n s i v e l y  f o r  s i n u s o i d a l  d r i v i n g  c u r r e n t s ,  we s h a l l  con- 

s i d e r  on ly  t h e  use of  m u l t i p l e  s i n u s o i d a l  d r i v i n g  c u r r e n t s ;  n e v e r t h e l e s s ,  

ou r  r e s u l t s  and programs ( w i t h  some rnodif i c a t i o n s )  w i l l  a p p l y  e q u a l l y  well 

t o  t h e  F o u r i e r  components o f  pu l sed  os swept-frequency cursepics, The 

data-f  itting programs are a l s o  a p p l i c a b l e  t o  time-domain r e a d i n g s ,  tlhat 

i s ,  r e a d i n g s  sampled a t  v a r i o u s  t imes  dur ing  c.urrent p u l s e s  or  f r equency  

sweeps. 

O u r  programs hand le  a p p l i c a t i o n s  i n v o l v i n g  c o a x i a l  c y l i n d r i c a l  c o i l s  

w i t h  t h e i r  common axis  p e r p e n d i c u l a r  t o  a system of conductslrs bounded hy 

p a r a l l e l  p l a n e s ,  

Four s t a g e s  i n  the complete process  of de t e rmin ing  t h e  p r o p e r t i e s  of 

unknown samples are: d e s i g n  o p t i m i z a t i o n ,  a c q u i s i t i o n  nf d a t a  from stsn- 

d a r d  samples , f i t t i n g  the known p r o p e r t i e s  of the s t a n d a r d s  Ydth empirical 

formulas  i n v o l v i n g  t h e  eddy-current  r e a d i n g s ,  and u s i n g  t h e  empir ical .  

fo rmulas  to c a l c u l a t e  t h e  p r o p e r t i e s  o f  unknown samples  from measured 

r e a d i n g s  e 

The f i r s t  s t e p ,  o p t i m i z i n g  t h e  c o i l  and c i r c u i t  d e s i g n s  f o r  d e t e c t i n g  

c e r t a i n  p r o p e r t i e s  , i.s per f  orraed w i t h  ei ther t h e  MuJ.tilayer K e f  l e c t i . o n  

C o i l  Design Program (MULKFD) o r  H u l t i l a y e r  Through-Transmission Design 

Program (MULTRU), 'rhese prompt the u s e r  t o  t ype  in d e s i g n  pa rame te r s .  
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'They t h e n  make c a l c u l a t i o n s  and pe rmi t  t h e  u s e r  t o  de t e rmine  the e f f e c -  

t i v e n e s s  of the d e s i g n  f o r  d e t e c t i n g  v a r i o u s  p r o p e r t i e s .  The PIULTRU 

program i s  used f o r  m u l t i l a y e r  through.- t ransmission problems and i s  

p r e s e n t l y  w r i t t e n  t o  i n c l u d e  110 d e f e c t s .  In bo th  programs t h e  u s e r  can 

t r y  v a r i o u s  combina t ions  of tes t  f r e q u e n c i e s  and v a r i o u s  empirical .  f o r -  

mulas o f  polynomial  expans ions  t o  f i t  the v a r i o u s  p r o p e r t i e s .  He o r  she 

c a n  q u i c k l y  o b t a i n  a f a i r l y  a c c u r a t e  i d e a  of how well a g iven  p r o p e r t y  

can be measured i n  a g i v e n  expe r imen t .  

The second s t e p  of t h e  p r o c e s s ,  r e c o r d i n g  data from s t a n d a r d  samples, 

i s  accomplished by the R e f l e c t i o n  Co i l  Keading Program (RFLRDG), which is 

a p p l i c a b l e  t o  m u l t i l a y e r  problems u s i n g  r e f l e c t i o n - t y p e  c o i l s .  'The 

program prompts the user  t o  type i n  t h e  d a t a  f o r  t h e  v a r i o u s  p r o p e r t i e s ,  

t a k e s  t h e  co r re spond ing  r e a d i n g s  from a m u l t i f r e q u e n c y  eddy-current  

i n s t r u m e n t ,  and then writes a l l  the data i n  a random access d a t a  (RAD) 

f i l e .  Defect  p r o p e r t i e s  can be incl-uded. 

The t h i r d  and f o u r t h  s t e p s  of t h e  p r o c e s s ,  f i n d i n g  t h e  b e s t  approxi-  

ma t ion  formulas  and then  u s i n g  them t o  defrermine the p r o p e r t i e s  o f  unknown 

s a m p l e s ,  are hand led  by t h e  R e f l e c t i o n  C o i l  F i t t i n g  Program (RFLFIT). It 

t a k e s  t h e  d a t a  r e c o r d e d  in  t h e  RAD f i l e  by the RFLRDG program, prompts t h e  

u s e r  t o  g i v e  t h e  type  of p r o p e r t y  Lo be f i t t e d  and the t ype  of polynomial 

t o  be used,  performs a least  s q u a r e s  f i t t i n g  of t h e  c o e f f i c i e n t s  i n  t h e  

polynomial  t o  approximate t h e  p r o p e r t y ,  s t o r e s  t h e  r e s u l t i - n g  c o e f f i c i e n t s  

i n  a n o t h e r  RAD f i l e ,  and u s e s  the r e a d i n g s  from unknown s a m p l e s  w i t h  t h e  

c o e f f i c i e n t s  t o  c a l c u l a t e  t h e  d e s i r e d  p r o p e r t i e s .  It i s  p r e s e n t l y  set up 

t o  hand le  s i x  p r o p e r t i e s :  r e s i s t i v i t y ,  p e r m e a b i l i t y ,  t h i c k n e s s ,  l i f t - o f f ,  

d e f e c t  s i z e ,  and d e f e c t  l o c a t i o n  i n  one d i r e c t i o n  in  any l a y e r  of a mul t i -  

l a y e r  set of conduc to r s ,  

A b r i e f  summary of t h e  t h e o r e t i c a l  b a s i s  i s  ia the next s e c t i o n ,  

fo l lowed  by u s e r s '  g u i d e s  t o  t h e  v a r i o u s  programs. D e t a i l e d  a n a l y s e s  and 

e x p l a n a t i o n s  of t h e  programs fol lowed by p r i n t o u t s  o f  sample r u n s  are 

g i v e n  i n  Appendices A t h rough  D. The s u b r o u t i n e s  used i n  t he  v a r i o u s  

programs are b r i e f l y  d e s c r i b e d  and l i s t e d  i n  Appendix E ,  Appendix F con- 

t a i n s  b r i e f  programs that o b t a i n  and man ipu la t e  the d a t a  f o r  v a r i o u s  

e x i s t i n g  coils. 
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THEOXY 

De te rmina t ion  of Mul t i -p l e  T e s t  P r o p e r t i e s  

P r o p e r t i e s  of conduc to r s  
~ ................ . __ 

I f  a coi l .  i s  e l i c i t ed  by a s i n u s o i d a l  d r i v i n g  c u r r e n t ,  one can gener-  

a l l y  measure t w o  q u a n t i t i e s  a t  a t i m e ,  eitiner: t h e  nragnitude and phase 

o i  the v o l t a g e  indi.iced i n  t h e  coil .  by eddy c u r r e n t s  i n  nearby conduc to r s ,  

the iw-phase  and out-of --phase couiponents of t h e  inrli.iced voltage, t h e  rea l  

and imaginary pa r t s  of the c o i l  impedance, or  other  combinat ions.  Bow- 

ever, t h e s e  two q u a n t i t i e s  arc a f f e c t e d  by the co i l - to -conduc to r  spac ing ;  

the f r equency  of t h e  s i n u s o i d a l  c u r r e n t ;  t h e  shape ,  s i z e ,  r e s i s t i v i t y ,  and 

p e r m e a b i l i t y  of any conduc to r s  i n  the v l c i n i t y ;  and the s i z e s ,  shapes ,  

o r i e n t a t i o n s ,  and l o c a t i o n s  of any d e f e c t s  i n  the conduc to r s .  The c0i-r- 

d r i ~ t o r  r e s i s t i v i t i e s  and p e r m e a b i l i t i e s  may al.so depend upon the p a s t  

h i s t o r y  of the s a m p l e ,  present f i e l d  s~rengths , and ths cornpos:iti.on of t h e  

conduc-tors.  

Obviously,  inore than  two iueasurements are n e c e s s a r y  t o  e l i m i n a t e  

undesi-cable  v a r i a b l e s  slid t o  unambiguously deterni ine t h o s e  of Interest .  

i\.mong t h e  ways t o  accomplish t h i s  are: (1) h k e  r e a d i n g s  a t  several .  €re-- 

qiie\Ieies s i rnu l t anecus ly  ( t h e  mul.tif requency t e c h n i q u e ) ,  ( 2 )  u s e  nail.-. 

s i n i i s o i d a l  amplitude.-rnodulates4. ( p u k e d )  d r i v i n g  c u r r e n t s ,  o r  ( 3 )  use  

f T e ii 11 e ti c y -no d u 1 a t  e d ( s w ep -t- fi-eque m y  ) e d d y c u r  r :? II i: 8 I 

these t e c h n i q u e s  can a l s o  be used. The nonsi.ixusoida1 c u r r e n t s  can have 

t h e i r  ouI;puts F o u r i e r  ana lyzed  i n t o  harmonic components so t h a t  t he  d a t a  

can  be handled as i n  the f t r s t  metihod. However, t h e  pu l sed  or  s w e p t -  

Ei-equency c u r r e n t s  can a l s o  be measured as fiiixctions of t ime, and v a r i o u s  

p a t t e r r ,  r w o g n i t i o n  t e c h n i q u e s  can be used t o  c o r r e l a t e  t h e  p a t t e r n s  and 

prc9perties. By t h e  F o u r i e r  theoreiu one can t h e o r e t i . c a l l y  t r a n s f o r m  back 

and f o r t h  bctlweea the t i m e  and f r equency  domains, b u t  there are p r a c t i c a l  

di . t fesences and advan tages  f o r  each method. 

C om b i na It i. on 5 of 

The Cheary of m u l t i p l e  test properties w i l l  be a p p l i e d  t o  thc 

f r e q u e n t l y  o c c u r r i n g  prohl.ems of :  ( 1  1 f i t t i n g  a n  expans ion  of f u n c t i o n s  

o f  a se t  o f  cornyuted readings  (;i) s i m u l a t e  t h e  c a l c u l a t e d  r e sponse  of a n  

iiistrwent t o  t h e  coi-iductor p r o p e r t i e s  from which t h e  r e a d i n g s  were 
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computed; ( 2 )  f i t t i n g  a similar expans ion  by u s i n g  instrument:  readings 

froin s t a n d a r d s  t o  the p r o p e r t i e s  of t h o s e  statadartls, as measured by an 

independent  method; and ( 3 )  u s i n g  a f i t t e d  f u n c t i o n ,  de te rmined  by method 

(1)  o r  ( 2 )  above, t o  compute an  imknown p r o p e r r y  from a se t  of a c t u a l  

iastrurnerit: readings (measurements) I) These probl-ems occur  i n  the des ign ,  

cali-hratl  on, and o p e r a t i o n  phases  r e s p e c t i v e l y ,  of many olu l t  icon 

i n s p e c t i o n s .  In  each  case t h e  t a s k  is t o  assure independence of d e s i r e d  

variables through adequa te  numbers of r e a d i n g s ,  p r o p e r t y  sets and expan- 

s i o n  terms. 
A t  p r e s e n t ,  Pcf us assume that: we have p i e c e s  o f  information or 

""readings" taken  by either multifrequency, pulsed ,  or s w ~ p t - . f ~ e q u e n c y  

methods. L e t  u s  a l so  assume that a11 N r e a d i n g s  R% &a % , 2 , ,  e ,N) are 

IIiraearLy independent We i n i t i a l l y  assume t h a t  m g iven  p r o p e r t y ,  PROP,, 

i s  n l i n e a r  f u n c t i o n  of t h e  r e a d i n g s  so t h a t  

n= 1 

The c o n s t a n t  t e r m  i n  the expansion, C'r,lo9 w i l . 1  be  the " o f f s e t " ;  t h e  devia-  

t i o n  from t h e  o f f s e t ,  Prn, is a measure o f  t h e  p r o p e r t y  va lue .  

t h e  v a l u e s  PG, PG*, . . . , ?A"' 
can wri te  a set of liriear equat ions : 

(K) I f  K sets of r e a d i n g s ,  I?;, 8;*e I I R, , are made on specimens w i t h  

r e s p e c t i v e l y ,  of the g i v e n  p r o p e r t y ,  then we 
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whi.ch can he sol-ved un ique ly  f o r  t h e  c o e f f i c i e n t s  C,, i f  K = N and t h e  

e q u a t i o n s  are I. i .nearly if idependent . 
T . t  some specimens have the  s a m e  v a l u e s  of t h e  g iven  p r o p e r t y ,  then  

soine of t h e i r  o t h e r  p r o p e r t i e s  must d i f f e r  i.f t h e  r e a d i n g s  are t o  be 

l i n e a r l y  independent ,  Fo r  exaiuple t h e  r e a d i n g s  f o r  a g iven  s a m p l e  with 

and wi thout  a deEect should  produce s l i g h t l y  d i f f e r e n t  readings.  IJefects 

w i t h  d i f f e r e n t  s i z e s  or l o c a t i o n s  should  a l s o  produce d i f f e r e n t  ( i . e + ,  

l i n e a r l y  independent )  r e a d i n g s ,  even though t:he p r o p e r t i e s  such as rcsis- 

t i . v i t y ,  permeabil-i- ty,  and t h i c k n e s s  are unchanged. I f  K < N a unique set 

of c o e f f i c i e n t s  cannot  be found. Usua l ly ,  an i n f i n i t e  se t  of combinat ions 

of c o e f f i c i e n t s  can be found t o  s a t i s f y  t h e  underdetermined system. I f  

K > N ,  t h e  system i s  overde termined ,  and no set o f  c o e f f i - c i e n t s  w i l l  

s a t i s f y  a l l  o f  t h e  e q u a t i o n s  ( e x c e p t  i.i? t h e  unusual  case t h e n  a t  least  

j y  LnJ of t h e  eqixitions are not l i n e a r l y  independent) .  In the non- 

degene ra t e  overde termined  case (ic > N )  we must be s a t i s f i e d  wi.th t h e  

cornpromise set of c o e f f i c i e n t s  that .  wri l . l  g ive  t h e  most r easonab le  approx i -  

ination t o  t h e  t r u e  p r o p e r t i e s  Pm \ h e n  tihe v a r i o u s  sets  o f  r e a d i n g s  R, 

are p u t  i n t o  E q .  ( 2 ) .  The usual. way i s  t o  d e f i n e  t h e  d i f f e r e n c e s ,  

( k )  

and t h e n  minimize t h e  sum of t h e  s q u a r e s  of t.he d i f f e r e n c e s ,  

by a d j u s t i n g  t h e  se t  of N c o e f f i c i e n t s ,  

least  s q u a r e s  coe:E:Eicients f o r  t h e  p r o p e r t y  Pin s i n c e  they  occur on ly  Lo 

t h e  f i r s t  power i n  the e q u a t i o n s ;  f u r t h e r m o r e ,  they  g i v e  t h e  "bes t"  f i t  

( i n  t h e  l i n e a r  least  s q u a r e s  s e n s e )  t o  t h e  set  of p r o p e r t i e s  pi$K) i n  terms 

o f  t h e  K sets of r e a d i n g s  :?Ak). 

Cmd. These are. c a l l e d  t h e  l i n e a r  

Any number of p r o p e r t i e s  I?, can be E i t t e d  i n  t h l s  way i f  enough sets 

of r e a d i n g s  are t aken  t o  determhne t h e  coefficients. However, thi.s does 
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not mean t h a t  any number of propert  tes ran be uni~t i ie : ly  d e ~ . e r a h e d  Iron a 

f i n i t e  number, N ,  of independent  r ead ings .  I€ FJ IS less thai~ the ~iumber 

o f  p r o p e r t l e s  t h a t  may va ry ,  s e v e r a l  combina t ions  of p r o p e r t i e s  m y  produce 

t h e  same set of r e a d i n g s ,  T n e r e f o r e ,  w e  cou ld  n o t  d i s t i n g u i s h  which con- 

b i n a t i o n  w a s  a c t u a l l y  occur r ing .  I f  on ly  N p r o p e r t i e s  can  bc! determined 

w i t h  N independent  r e a d i n g s ,  and a l a r g e r  number of p r o p e r t i e s  may 

i n f l u e n c e  t h e  r e a d i n g s ,  t h e n  one must e i t h e r  c o n t r o l  some of t h e  p r o p e r t i e s  

s o  t h e y  do no t  va ry  i n  t h e  g i v e n  exper iment  o r  i n c r e a s e  t h e  number, W, of 

independent  r ead ings .  Thus, i f  M is  t h e  number of p r o p e r t i e s  that can  be 

u n i q u e l y  de te rmined  w i t h  a s i n g l e  set of r e a d i n g s ,  N i s  t h e  number of 

independent  r e a d i n g s  t a k e n  i n  t h a t  set ,  and L i s  t h e  number of sets of 

independent  or  " c a l i b r a t i o n "  measurements t a k e n  t o  de te rmine  t h o s e  coef - 
f i c i e n t s ,  t h e n  w e  have t h e  f o l l o w i n g  r e l a t i o n s h i p s :  

C a l i b r a t i o n  measurements are t a k e n  on samples  w i t h  known {i.e., indepen- 

d e n t l y  measured) v a l u e s  of a p r o p e r t y  t o  de te rmine  the c o e f f i c i e n t s  used  

f o r  measuring samples w i t h  unknown v a l u e s  of t h e  p rope r ty .  

The impor t an t  l i m i t a t i o n  t o  remember i s  t h i s :  a l t h o u g h  t h e  number of 

p r o p e r t i e s  t h a t  can be f i t t e d  is  l i m i t e d  i n  p r i n c i p l e  o n l y  by t h e  t o t a l  

number of c a l i b r a t i o n  r e a d i n g s  (K), t h e  number O F  p r o p e r t i e s  t h a t  can be 

uvliqzeeZy dete'rm-ined (MI w i t h  a s i n g l e  test is  l i m i t e d  by t h e  number of 

r e a d i n g s  mde i n  t h a t  tes t  ( N ) ,  

The i n e q u a l i t y  between iV and L may seem s u r p r i s i n g ,  but, w e  need not  

assume t h a t  a l i n e a r  expans ion  [ such  as Eq, (211 I s  t h e  b e s t  o r  on ly  type  

t h a t  can he used. In f a c t  i t  i s  n o t  i d e a l ,  excep t  f o r  vary 8mcx~z v a r i a -  

tions i n  t h e  p r o p e r t y ,  

A mvre g e n e r a l  expans ion  might c o n t a i n  h i g h e r  powers and cross prod- 

For s i m p l i c i t y  assume t h a t  o n l y  the  magnitude,  MI, u c t s  of t h e  r ead ings .  

and phase ,  P h i ,  a t  a s i n g l e  f r equency  are measured. We can  eas i ly  

g e n e r a l i z e  t o  more r e a d i n g s  a t  more f r e q u e n c i e s .  Fo r  rhe k t h  p a i r  of 

s ing le - f r equency  r e a d i n g s ,  Ml(k' and P?-,,("), we could de te rmine  the fol low- 

i n g  polynomial  approx ima t ion  f o r  p r o p e r t y  P ('): 



I f  the t o r a l  nclmbcr of c o e f f i c i e n r s ,  L ,  i s  less Lhan o r  r q u a l  t -o  the 

nuinher of independent  se ts  of measurements,  K ,  t h e  c o e f f j c i e n t s  can bc 

de te rmined ,  and L can obv ious ly  be much g r e a t e r  t h a n  W = 2 reladings. I n  

g e n e r a l ,  t h e  greater L the mort. a c c u r a t e l y  a given set  of values  ol: t h e  

p r o p e r t y  p ( k )  can be f i t t e d .  

ol: thp r e a d i n g s  i n  the expansion because small e r r o r s  i n  the r e a d i n g s  mzy 

produce unreasonably large f l u r ? u a t i o n s  i n  t h e  computed va lue  of P. A 

polynomial o f  high degree may f i t  a given. set of p r o p e r t y  v a l u e s  e x a c t l y  

but  g i v e  absu i  (1 v a l u e s  a t  i n l e r m e d i a r e  p o i n t s .  Thus, t h e  h i g h e s t  degree 

of any t e r m  in t h e  polynomial expansion should not  exceed the number of 

d i f f e r e n t  p r o p e r l y  v a l u e s  t o  be E j t t e d  and,  i n  f a c t ,  s h o u l d  g e n e r a l l y  be 

less than  t h a t  niiinber. 

However, i t  is  r i s k y  t o  USE v e r y  h i g h  powers 

However, t h e r e  i s  a n o l h e r  mzthod t h a t  can produce e x c e l l e n t  f i t s  w i t h  

ve ry  l i t t l e  r i s k  of e r r o r s  caused by f a u l l y  r e a d i n g s .  Suppose, f o r  

example, tha i  a partiriilar p r o p ~ r t y  v a r i e d  e x a c t l y  as t h e  l o g a r i t h m  of t h e  

magnitude a t  i h e  f i r s t  f r equency ,  c a l l  i t  l o g  M,: 

P G log Mi . ( 7 )  

Then a r e a l l y  good f i t  would r e q u i r e  a v e r y  long sequence of powers of M , ,  

and t h e  c o e f f i c i e n t s  of  a l l  t h e  o t h e r  r e a d i n g s  would be zero.  Bowever, i f  

a power series in log  M, were used i n s t e a d  of one i n  :.TI, a p e r f e c t  f i t  

would be o b t a i h e d  with o n l y  m e  t e r m  r a t h e r  t han  a poorer  f i . t  with many 

powers  of Mi. r‘i1i.s rather extreine example shows t h e  p o s s i b i l i t y  of 

g r e a t l y  improving ac.curacy and s i m p l i c i t y  by u s i n g  a p p r o p r i a t e  f i i nc t ions  

of t h e  r e a d i n g s  as t h e  v a r i a b l e s  i.n a power seri.es expansion.  If only 

f i r s c  powers of t h e  f u n c t i o n s  ( s u c h  as l o g a r i t h m ,  e x p o n e n t i a l ,  r e c i p r o c a l ,  

and o the r s )  are r e q u i r e d  f o r  the f l t ,  the polynomial i s  s a i d  t o  be 
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l i n e a r i z e d ;  bu t  t h i s  is not  a lways p o s s i b l e  f o r  Large ranges of t h e  

v a r i a b l e s ,  a t  least  no t  when on ly  s imple  f u n c t i o n s  of t h e  r e a d i n g s  are 

used. 

To be [nore d e f i n i t e  assu~ ie  t h a t  ?j = ,?;(Ri) is  some f u n c t i o n  of t h e  

it11 r e a d i n g  (R7;>, a c a l c u l a t e d  f u n c t i o n  or  one o b t a i n e d  from a l o o k ~ p  

t a b l e .  ASSUIW a l s o  t h a t  a d e s i r e d  p r o p e r t y  can be expanded ia a power 

series o f  v a r i o u s  chosen f u n c t i o n s  of the r e a d i n g s  : 

PROP 

S i n c e  t h e  v a r i o u s  powers of t h e  f u n c t i o n s  .Z;'l, P2, .". are l i n e a r l y  inden- 

pendent ,  as many of t h e  c o e f f i c i e n t s  Cii and U;j can be de te rmined  as 

t h e r e  are v a l u e s  of PROP - Co f o r  which independent  r e a d i n g s  R7; have been 

made (and  which de termine  t h e  v a l u e s  of t h e  f u n c t i o n s  Fj). 

of p r o p e r t i e s  have been measured than  t h e  number of c o e f f i c i e n t s  t o  be 

de t e rmined ,  t hen  an op t imiz ing  p rocess  such as least  s q u a r e s  must: be used. 

If more sets 

Once t h e  b e s t - f i t t i n g  set of c o e f f i c i e n t s  has  been found for  a g iven  

p r o p e r t y ,  a number of o t h e r  p r o p e r t i e s  can be f i t t e d  i n  a s i m i l a r  manner. 

The t o t a l  number that can be f i t t e d  is ,  i n  p r i n c i p l e ,  l i m i t e d  o n l y  by the  

number of d i f f e r e n t  sets of r ead ings .  In  f a c t ,  i f  d i f f e r e n t  f u n c t i o n s  of 

a g iven  r e a d i n g ,  such as log MI, exp I d l s  h'M19 and o t h e r s  are allowed, 

even more p r o p e r t i e s  might be de te rmined .  Howezler, t h e y  c c d d  not  be 

u n & p ~ l y  determined .  

produce t h e  same set o f  r e a d i n g s ,  and one cou ld  no t  t e l l  which combinat ion 

had occurred .  Ln Fact, t h e  expans ions  us ing  those  r e a d i n g s  would lead m e  

t o  b e l i e v e  that all. such combina t ions  had occurred. So t h e  s a f e  procedure  

i s  t o  measure a t  least as many magnitudes and phases ( a t  various f r e -  

q u e n c i e s )  on each sample as t h e r e  are parameters  t h a t  might v a r y  i n  t h e  

test.. 

S e v e r a l  combina t ions  of v a r i o u s  p r o p e r t i e s  might 
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A s  a simple example, i n  a s ing le - f r equency  rneas1.x n t  a change i n  

the t h i c k n e s s  of t h e  sample can produce the same effecl: as a coinbination 

of l i f t - o f f  and r e s i s t i v i t y  changes.  With on ly  twcs p i e c e s  of d a t a  

a v a i l a b l e ,  one cou ld  no t  t e l l  which rase had ac tua l . l y  occur red  or  i f  a 

combinat ion o f  a l l  t h r e e  changes had occur red .  Li1 t h e  g e n e r a l  case, one 

cannot  un ique ly  de t e rmine  from a s i n g l e  set o f  r e a d i n g s  more proper?.i.es 

t h a n  there a r e  pieces of i n fo rma t ion  available ( t w l . c e  t h e  number o f  fre- 

q u e n c i e s  used ) .  T h e r e f o r e ,  one must l i m i t  t h e  v a r i a b l e s  i.n a given 

problem t o  no t  more t h a n  twice t h e  number of f r e q u e n c i e s  ( i n  a m i l t i f r e -  

queacy expe r imen t )  or n o t  more Zhan t h e  number of da1I.a channe l s  i n  a 

pu l sed -cu r ren t  or  sygepi--frequency experiment  e 

The r e a d i n g s  t h a t  de t e rmine  the expansion coef i i c i e n t s  t aken  on 

s a m p l e s  whose p r o p e r t i e s  are known f r o m  o t h e r  t ypes  o f  measurements are 

“ c a l i b r a t i o n  r e a d i n g s .  ‘‘ Once c o e f f i c i e n t s  f i t s  t he  known p r o p e r t i e s  of the 

c a l i b r a t i o n  s t a n d a r d s ,  t hey  can be used t o  c a l c u l a t e  t h e  p r o p e r t i e s  02 

unknown samples from measurements t aken  on i h m .  One can a l s o  o h ~ a i n  sets 

of c o e f f i c i m t s  f o r  t_he v a r i o u s  p r o p e r t i e s  e n t i r e l y  by use of t h e  computer 

programs, w1iic.h c a l c u l a t e  expec ted  readibgs  f o r  v a r i o u s  combinat ions of 

t h e  p rope r t i e s  by s i m u l a t i n g  instr?iment  response.  However, these c o e f f i -  

c i e n t s  w i l l  u s u a l l y  be less a c c u r a t e  tihan t h o s e  o b t a i n e d  e m p i r i c a l l y  from 

the s t a n d a r d s .  This  i s  because t h e  a c t u a l  c o i l  and c i r cu i t  parameters  and 

t h e  i n s t r u m e n t a l  c a l i b r a t i o n  w i l l  g e n e r a l l y  be s1ight l .y  d i f f e r e n t  from t . 1 ~  

v a l u e s  assumed i n  t h e  computer s imul-at ion.  

The p r i n c i . p a l  l i r n i t a t i t r n s  on t h e  dece rmina t ion  of m u l t i p l e  p r o p e r t i e s  

can  be suininarized as f o l l o w s :  

(1)  The number of d i f f e r e n t  p r o p e r t i e s  that: can be un ique ly  d e t e r -  

mined f o r  a given s a m p l e  i s  less t11a.n o r  e q u a l  t o  t h e  number of r e a d i n g s  

t a k e n  on t h a t  s a m p l e  ( t w i c e  the number of f r e q u e n c i e s  used i n  a m d t i f r e -  

quency measurement). 

( 2 )  The h i g h e s t  u s e f u l  degree of any term in a polynomial expansion 

f o r  a g iven  p r o p e r t y  i s  less than t:he number of different v a l u e s  of t h e  

p r o p e r t y  t io  which the polynomial i s  f i t t e d .  Thus, i f  on ly  two d i f f e r e n t  

v a l u e s  of a p r o p e r t y  are used t o  de te rmine  Lhe polynomial,  t hen  making 

more than a l inear  i n t e r p o l a t i o n  i s  not  j u s t i f i a b l e .  



( 3 )  'l'he t o t a l  number of c o e f f i c i e n t s  t h a t  can be determined f o r  a 

given p r o p e r t y  expans ion  i s  less than  or equal t o  the t o t a l  number of 

v a l u e s  of t h a t  p r o p e r t y  f i t t e d  by t h e  polyriomial, This  inclliides p r o p e r t y  

values  t h a t  are c o n s t a n t  while o t h e r  p r o p e r t i e s  are vary ing .  T'nat i s ,  i f  

t h e r e  are N1 dij'fereiik v a l u e s  of t h e  g iven  p r o p e r t y  each oE which i s  com- 

b ined  w i t h  N2 d i f f e r e n t  sets of v a l u e s  of t he  o t h e r  p r o p e r t i e s ,  t hen  a 

t o t a l  of NliY2 e q u a t i o n s  can be w r i t t e n  t o  de te rmine  t h e  v a l u e s  of up t o  
N1?J2 expans ion  c o e f f i c i e n t s  

P roDer t i e s  of d e f e c t s  

F o r  programming purposes  d e f e c t s  a r e  c h a r a c t e r i z e d  by their (P, s> 

l o c a t i o n ,  r e f e r e n c e d  t o  t h e  c o i l  and conductor  p o s i t i o n s ,  and t h e i r  s i z e  

parameter ,  r e f e r e n c e d  t o  a sphe re  having t h e  same volume as the d e f e c t .  

Thus d e f e c t s ,  l i k e  conduc to r s ,  have t h r e e  a s s o c i a t e d  p r o p e r t i e s ,  I f  t h e r e  

i s  more than  one d e f e c t  i n  t h e  conductor  s t a c k ,  p o s i t i o n e d  so t h a t  a l l  

d e f e c t s  of concern  i n t e r a c t  wi th  t h e  probe c o i l s  s imul t aneous ly ,  then t h e  

complete d e f e c t  p r o p e r t y  set i n c l u d e s  a l l  t h e  p r o p e r t i e s  of a l l  the 

d e f e c t s .  

To determine  t h e  e f f e c t s  of d e f e c t s  two s e t s  af computat ions are 

performed - the f i r s t  on t h e  conductor  s t a c k  wi thout  d e f e c t s  and t h e  

second w i t h  d e f e c t s .  The no-defect  p r o p e r t y  sets have ze ro  f o r  t h e  d e f e c t  

volume and nominal values f o r  t h e  d e f e c t  l o c a t i o n .  Ln p r a c t i c a l  cases 

some d e f e c t  parameters  can be f i x e d ,  u s u a l l y  t h e  r - c o o r d i n a t e  and t h e  

s i z e .  

In s t rumen t  Design Theory 

Eddy-current  measurements are based on t h e  e l e c t r o m a g n e t i c  i n d u c t i o n  

eEEects between c o i l s  and sys t ems  of conductors .  I n d u c t i o n  c o i l  impedance 

changes i n  p r e d i c t a b l e  ways, which depend on t h e  p r o p e r t i e s  of conductors  

i n  close proximi ty .  The methods developed by ORNL for s o l v i n g  eddy-curent 

i n d u c t i o n  problems have been e x t e n s i v e l y  documented e l sewhere ;  hence,  

we s h a l l  i n c l u d e  only the o u t l i n e  of the method, a p p r o p r i a t e  results, and 

r e f e r e n c e s  t o  earlier developments.  We f i r s t  c o n s i d e r  t h e  complete 

in s t rumen t  c i r c u i t  and c a l c u l a t e  i ts re sponse  i n  terms of i n d u c t i o n  (probe)  
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coil impedances. Then we examine t h e  c a l c u l a t i o n  of those  impedances f o r  

r e f l e c t i o n  probes  and transmissi.on c o i l s  and the e f f e c t  of conductor  

p r o p e r t i e s  on the s e s u l - t s .  

F i g u r e s  1 and 2 show the c o i l  and conductor  a r rangements  f o r  r e f l e c -  

t i o n  and t ransmi-ss icn  t e s t i n g  methods. These have both  s i m i l a r i t i e s  and 

d i f f e r e n c e s  of methods f o r  o b t a i n i n g  t h e  a n a l y t i c a l  and computa t iona l  

s o l u t i o n s  t o  t h e s e  problems.  

ORNL DWS 71-1395lRI 

PICKUP COILS (WOUND 
OPPOSING EACH OTHER 

CONgUCTOR 

ELECTRICAL CONNECTIONS 

BASE MATERIAL 
COAT I N G M AT E R I A L 

PHYSICAL ARR4NGEMENT 

Fig .  1. C o i l  and Conductor Ar rangewnts  f o r  R e f l e c t i o n  T e s t  Me&iiod. 
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ORNL-DWG 78.128 

. ................... 

C'3 N DUC TCH 
+ 

PICK!JF' COIL 

- EI..ECTRll)AL CONNEC-I IONS 

.............. 

CONDUCTOR 

DRIVER COIL 

PHYSICAL ARRANGEMENT 

Fig.  2. C o i l  and Conductor Arrangements f o r  ' l ' ransmission T e s t  Method. 

l n s t r u m e n t  c i r c u i t s  

F i g u r e  3 shows t h e  i n s t r u m e n t  c i r c u i t  common t o  bo th  r e f l e c t i o n  and 

t r a n s m i s s i o n  methods. The p h y s i c a l  d i f f e r e n c e s  i n  t h e  pickup c o i l  a r r ange -  

ments ( see  Figs. 1 and 2 )  produce changes i n  kf and Zp and i n  t h e  e lectr ical  

r e s p o n s e  of t h e  c i r c u i t ,  The opposed pickup c o i l  windings i n  t h e  r e f l e c -  

t i o n  probe form a b r i d g e  c i r c u i t ,  which g i v e s  z e r o  ou tpu t  v o l t a g e  when t h e  

probe is removed from conduc to r s .  (During probe assembly t h e  pickup c o i l s  

are  p o s i t i o n e d  symmet r i ca l ly  w i t h  r e s p e c t  t o  t h e  d r i v e r  c o i l  t o  produce a 

n u l l  o u t p u t . )  

o u t p u t  o n l y  when the c o i l s  are s e p a r a t e d  by a l a r g e  d i s t a n c e  or when enough 

c o n d u c t i v e  material is  i n t e r p o s e d  between t h e  probes t o  r educe  p e n e t r a t i n g  

f i e l d s  below a d e t e c t a b l e  ampl i tude .  

The t r a n s m i s s i o n  pickup is  no t  a b r i d g e ;  i t  produces ze ro  
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ORNL-DWG 7 2 - 6 i 1 4  

R6 -w-7 _- 

I -  T 
DRIVING VOLTAGE 
SF.IIIES RESISTANCE IN I'HE URlVlNG CIRCUIT 
SHUNT CAPACI I 4NCE OF T h E  DRIVING CIRCUIT 
D.C. HESISTANCE OF THE DRIVER COIL 
IMPEDANCE OF THE DRIVER COIL. 
MLJTIJAIL IMPEDANCE BETWEEN THE DRIVER AND PICK-UP CO1I.S 
IMPFDPNCE OF i H k  PICK--UP COIL 
D.C. RESISTANCE OF THE PICK-UP COIL 
SHIJNT CAPACITANCE OF THE PICK-UP CIRCUIT 
AMPLIFIER INPlJT IMPEDANCE 
LOOP C 1.1 t? F! E NT 
AMPLIFIER G A l N  

%'ig. 3.  Ins~rurnc:!nt C i rcu i t .  (hamon t o  Both Ref l ec t ion  aid 'l'ransiuissioii 
'Lest Methods. 

1 l o  determine the c i r c u i t  out.put, w e  first m i t e  f o u r  Loop equatIoi is,  
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W e  use d e t e r m i n a n t s  t o  s o l v e  f o r  the c u r r e n t  i n  t h e  f i n a l  Poop, 1-4 

produced by a n  applied voltage, 

... 

u 

t h e  i n p u t  vo.8tage t o  

to d e t e r m i n e  the  



1 6  

'The remainder  of t h e  b a s i c  in s t rumen t  incl.udes c i r c u i t s  t h a t  .measure 

bo th  t h e  amp1.itiade of Vouc and ills phase r e l a t i v e  t o  that of I/',,. The 

r e s i s t a n c e s  and c a p a c i t a n c e s  art: e a s i l y  measured p a s s i v e  components of 

el- L I ~  c i r c u i t .  

Z p r  and the mutual  i nduc tance ,  T V f ,  are inuch more d i f f i c u l t  t o  de te rmine .  

Thei s computati-on r e q u i r e s  most o f  t h e  cornupter--aided design eE:Eort and 

u s e s  a l a r g e  f r a c t i o n  of t h e  coliiputer t i m e  i n  t h e  MULFRD and MUETRU 

programs. 

The d r i v e r  c o i l  impedances,  ZD, t he  pickup c o i l  impedance, 

Probe c o i l  impedances ____ ......... _ _ ~  
The coil-  impedances,  ZD and Lp, and mutual i n d u c t a n c e ,  M,  are d e t e r -  

mined from e x a c t  s o l u t i o n s  t o  t he  e l e c t r o m a g n e t i c  i n d u c t i o n  problem of 

p l a n a r  conduc to r s  between or  a l o n g s i d e  c y l i n d r i c a l  c o i l s  by t h e  fo l lowing  

s t e p s  : 

1. Wr!.te t h e  d i . i f u s i o n  approximat ion  t o  t h e  Helmholtz e q u a t i o n  fo r  

t h e  electromagnetic v e c t o r  p o t e n t i a l  A .  Assume c o a x i a l  c o i l s ,  p a r a l l e l  

pl .anar conductor  boundar ies  normal t o  the. c o i l  a x i s ,  and l i n e a r  i s o t r o p i c .  

homogeneous media. [Wri te  the  e q u a t i o n  i n  c y l i n d r i c a l  c o o r d i n a t e s  ( s e e  

Figs .  4 2nd 51.1 A s s u m e  t h e  d r i v i n g  c u r r e n t  t o  be s i n u s o i d a l  and 

c o n s t r a i n e d  t o  a sing1.e 6 - func t ion  c u r r e n t  loop. 

t 

2 .  Determine t h e  g e n e r a l  soluii i  on t o  t h e  d i f f e r e n t i a l  equa t ion .  

3.  Apply boundary c o n d i t i o n s  f o r  t h e  d e s i r e d  coiiductor s t r u c t u r e  and 

de te rmine  the  Green ' s  f u n c t i o n  for  t h e  particular problem. 

4 .  Bui ld  up t h e  vetitor p o t e n t i a l  f o r  a c o i l  of f i n i t e  c r o s s - s e c t i o n a l  
3 area by i n t e g r a t i . n g  the Green ' s  f u n c t i o n  over t h e  c o i l  r eg ion .  

rrnine the v o l t a g e  induced i n  a second coil .  by f ind i -ng  t h e  

i n t  e g r a1 

-+ 
o v e r  t h e  second c o i l 2  ( d s  i s  the d i f f e r e n t i a l  e lement  of l e n g t h  a long  

a t u r n  of the c o i l ) .  

6 .  T h e  mutua l  i nduc tance  between c o i l s  is  g iven  by2 



F ig. 4. R e f l e c t i o n  Probe Above Plult i p l e  Conductors 

7, The separate co i l  impedances are computed by making each c o i l ,  in 

L I ~ I ,  the driver coil and by integrating the mmgnetic vector potential over 

the same c o i l , ?  Then 

The rhToiagh-txansmjssion case is c~mpletely ..;r:,l.ved by the sequent ia l  

a p p l i c a t i o n  of s teps  I through 7. Solu t ion  of the  reflection c o i l  problem 

requires some repetition of s t e p s  4 through 7 t o  inc lude  the e f f e c t s  of 

fhe s p l i t  p i c k u p  c0i.l. These calculations yield tlie r e s u l t s  t ha t  follow. 

There is  no d i f f e r e n c e  i n  the self-impedance of a d r i v e r  coil between 

t he  reflection and transmission systems, so it is gLven by: 
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D R I V E R  / 
COll. ’ 

/ 

COIL I 

.........--....--.. ’ 

- .... i...... .... -.---- 
PICKUP 

COI 1 

?. r i g .  5. C o i l  Arrangeuznt ,  Conductor S t r u c t u r e  and Coord ina te  Systeai 
f o r  Through T r a n s m i s s i o n  Eddy-Current In s t rumen t  S imula t tons  



Mutual iriductances f o r  the two cases are given b y  ( supe r sc r ip t  2'' 

represents t ransmiss ion  case and R thc re f lec t ion  case in the fo1lowLng 

e q u a t i o n s )  : 

and 



20 

and 

The f uric t i o n  

where J1 i s  the f i r s & - o r d e r  B e s . ; d  f u n c t i o n  of the  f i r s t  k i n d ,  and t h e  

remain ing  symbo1.s are  d e r i n e d  i n  T a b l e  1 and i n  F i g s .  4 and 5 .  I n  thpse 

equal i o n s  a l l  l e n g t h  d imens ions  ( L ' s  and R ' s )  are normal ized  t o  t h e  mean 

r a d i u s  of t i l e  d r i v e l  c o i l ,  

that i s  ~3 = (12 - Z,)/F and so for t l i .  

The i n t e g r a t i o n  v a r i a b l e ,  a ,  i.s d e r i v e d  from t h e  separatzion c o n s t a n t  

f o r  t h e  d i f f e r e n t i a l  e q u a i i o n  ( s t e p  1 above). 'The i n t e g r a l s  i n c l u d e  t h e  

r e q u i r e d  range of v a l u e s  of a f o r  t h e  coiiipl.ecie so1.11tion. 

The y - f a c t o r s  (yg, YM, yp> i n c o r p o r a t e  t h e  e f f e c t s  o f  conduc to r s  

p l aced  between the  t r a n s m i s s i o n  coi.1-s o r  i n  f r o n t  of t h e  reflection 

probe  e T h e i r  p rope r  t i es  incl .ude : 

1. yD and rp re;I.ate t o  f i e l d s  that are e f f e c t i - v e l y  r e f l e c t e d  f r o m  

t h e  c-onductnr s t a c k ;  hence, t h e y  d i f f e r  f o r  t h e  through-transmission c o i l s  

because they  are compeated for o p p o s i t e  sides o f  the stack. (OilPy Yg 

appea r s  i n  t h e  r e f l e c t i o n  impedances because both c o i l s  are on the s a m e  

s i d e  of the stack.)  



2 1. 

Table  1 e Symbol sa  f o r  Eddy-Current Lmpedance 
and Induc tance  Equat iorns  

Paraine ter 

Oute r  R a d i u s  

Coi.1 Length  

Number of Wire Turns on Coil .  

Fixed Spac ing  of Coil  Lnsulation (T) or 
O f f s e t  Between Pickup and Dr ive r  ( R )  

Probe L i f t - o f f  from Specimen S u r f a w  

Boundary Value C o e f f i c i e n t  f o r  
Se 1 f - Lmp ed anc e 

Bsundar Value C o e f f i c i e n t  f o r  
MutuaY Induc tance  

Magnetic P e r m e a b i l i t y  of Air 

a ( ~ )  - transmissLon case. (K) - r e f l e c t i o t a  case. 

2. When t h e  c o i l s  are moved away from any c o n d u c t o r s ,  yl, and y p  

approach  z e r o ;  t h e  remaining p a r t s  of the impedance i n t e g r a l s  are the 

v a l u e s  f o r  t h e  c o i l s  i n  a i r .  

3, yM relates t o  f i e l d s  t h a t  are lransrnitted th rough  t h e  conductor  

s t a c k .  Ma themat i ca l ly ,  It  may be computed by s t a r t l n g  f rom either s i d e  of 

the stack, but  the result will be the same. Thus, i t  I s  a symmetric func- 

t i o n  of t h e  s t a c k  v a r i a b l e s .  When the conduc to r  s tack i s  removed from 

between t w o  c o i l s ,  yl>l approaches ,-aT, where 9 i s  the t h i c k n e s s  of the 

removed s t a c k .  

A l l  t h r e e  y-factors are complex when conduc to r s  are p r e s e n t  and thus 

add  imag ina ry  term t o  o t h e r w i s e  real i n t e g r a l s .  The i n i t i a l l y  p u r r  

reactive i n d u c t a n c e s  a c q u i r e  a resistive component. The imaginary 



components of t h e  Y- fac to r s  depend on tho t h i c k n e s s ,  e l e c ' e r i c a l  ri.s:is 

t i  v i t y  (o r  c o d u c t i v i t y ) ,  and rnagwlcic p e r m e a b i l i t y  of each l a y e r  and t h e  

o p e r a t i n g  f r equency  01 the  d r i v e r  c o i l  .Iv3 This  f r equency  dcpendencr 

R ~ ~ O W  rhe de tp rmina r ion  of t h e  coilductor p r o p c h t i e s  from a s e r i e s  o i  

measurements a t  di f f  e r e n t  f r e q u e n c i e s  e 

For each unknown parameter one nust mpasure a t  l eas t  one niagnltuda o r  

phase o f  thr ou tpu t  v o l t a g e ,  V o u t  3t soing frequency.  (Each f r equency  

p r o v i d e s  two independent  measurernents, one magnitude and o m  phase e ) 

Thc probe: l i f t - o f f  appears i n  a l l  of the i ndwtance . ;  and impedances 

(except r 7 ( ' j )  i n  a way t h a t  allows i t  t o  a f f e c t  bo th  of the  complex 

components. i t  may rcaquirc: t r e a t m e n t  as an innlinnm u n l e s s  i t  ic care- 

f u l l y  c o n t r o l l e d ,  foL example ,  by m a i n t a i n i n g  t h e  p r o b e ( s )  i n  intimaLc 

c o n t a c t  on :he sppciinen. 

/P 

C a l c u l a t i o n  of gamma f a c t o r s  

A s  no ted  above, the Y-faCt0I-s c o n t a i n  t h e  e f f e c t s  of coriductor prop-  

e r t i e s  on the i n d i v i d u a l  and mutual probe coi l .  impedances. E f f i c i e n t  

t e c h n i q u e s  t o  compute the y-fac tors  contrj.bi1t.e s igraif  i c a n t - l y  t o  the 

b r e v i t y  of ou r  programs. Their  o r i g i n  and sl:ructnre has been disclussed 

i n  d e t a i l  i n  earlier ~ o r k . ~ ? ~  We siirilnarize the r e s u l t s  hnlow f o r  ready 

r e f e r e n c e .  

The general. s o l u t i o n  t o  the vEctor  Eklmholtz e q u a t i o n  i.n c y l i n d r i c a l  

c o o r d i n a t e s  for the  case of a s i n g l e  sou rce  c o n s i s t i n g  of a g - func t io i l  

curre:nt r i n g  ( s t e p  1 above) h a s  the forin 

2 2 2 where a, = ~1 f - ( I )  IlnEn, and un9 O n ,  and E~ are t h e  p e r m e a b i l i t y ,  

c o n d u c t i v i  cy ,  arid p e r m i t t i v i t y  of the n t h  region, r e s p e c t i v e l y .  
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Boundary c o n d i t i o n s  between l a y e r s  r e q u i r e  matchling v a l u e s  of A ( P ~ S )  and 

(l./lln> (aA/az) and yield boundary e q u a t i o n  sets that  typi.ca1.l.y look  3.ike 

i i  I) d 

wIae7-e Pjq = an / r i n .  

T h e  s o u r c e  c o i l  l o c a t i o n ,  z*, must be t r e a t e d  as a boundary ,  arid t h e  

s rs lu t ion  above t-he c o i l ,  i n  t h e  k’ reg ion ,  must remain f i n i t e ;  so Ck = 0 

and the lmundary e q u a t i o n s  become: 

and 

w h e r e  t h e  l a s t  term i n  Eq. (29) r e s u l t s  from t he  s o u r c e  a t  t h e  boundary. 

A t  the lowes t  boundary,  z l r  the a l lowed solution in. t h e  lowest -region 

must rerntjin f i n i t e  f o r  .z -t - 03, 50 HI -- 0 arid the boundary q u a t  ions are 

A sys tem s f  k l a y e r s  ( exc lud ing  k ”  from the coarnfr) h a s  2k boundary 
3 e q u a t i a n s  and 2k: uraknown roef  r i c i e n t s  I( A matrix t r a n s f o r m a t i o n  ~echnfque  

d r a m a t i c a l l y  s i m p l i f i e s  t h e  c a l c u l a t i o n  and alLows selection O F  the 

x-c.ql.aired so l -ut . ions 0 
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Equations (26) and (27) can be w r i t t e n  as 

where 

The T-matrices c a n  be  combined to yield 

where t h e  V-matrix is the product of t h e  T-1natri.ces: 

Note that only  t h e  second column elements of [ V I  are  needed: 

Combining Eqs. (36) and (37) with (28) and (29) allows solution f o r  Rk” 

ana cl: 
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From Rk-- and (.I1 any R, o r  Cn may b e  computed and the  s o l u t i o n  i n  any  

When the Creen’ s  f u n c t i o n  s o l u t i o n  i s  i n t e g r a t e d  ove r  c o i l  r e g i o n  found. 

r e g i o n s  of f i n i t e  s i z e ,  t he  impedance e q u a t i o n s  l i s t e d  i n  t h e  second 

section above are obtai.ned. 

Three  ( k e e n ’ s  f u n c t i o n s  are of i n t e r e s t  f o r  the  r e f l e c t i o n  and t r a n s -  

m i s s i o n  problems.  For t h e  r e g i o n  above t h e  coil 

where Bk-- is  g i v e n  by Eq.  (38). 
conductor  s t a c k ,  

For the  r e g i o n  between t h e  c o i l  and t h e  

where 

and 

exp(--azl)“”’dl (GYPP) 

26 Ck = 

For t h e  r e g i o n  below the conductor  s t a c k ,  

( 4 3 )  

where C1 i s  g i v e n  by Eq. (39) .  
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For a d r i v e r  c o i l  o f  f i n i t e  s i z e  t h e  f i e l d  w i t h i n  t h e  range  of c o i l  

h e i g h t  a t  a p o i n t  z i s  found by i n t e g r a t i n g  G(k’) over  t h a t  segment of t h e  

c o i l  be low z and add ing  t h e  i n t e g r a l  of G ( k )  over  t h e  seg~tic!nt of t h e  c o i l  

above z. 

From t h e  e q u a t i o n s  f o r  t h p  d r i v e r  s i d e  of t h e  conductor  s t a c k  we get 

From t h e  e q u a t i o n  f o r  t h e  p ickup s i d e ,  we g e t  

When t h e  d r i v e r  c o i l  i s  se t  up on t h e  o p p o s i t e  s i d e  of t h e  same conductor  

s t a c k ,  we can  i n v e r t  t h e  c o o r d i n a t e  sys tem,  as shown i n  F ig .  6 ,  t o  com- 

p u t e  yp. We g e t  

and a l s o  

From r e c i p r o c i t y  we know that 

Details of m a t r i x  element. (Vij) computa t ion  are inc luded  i n  t h e  pro- 

g ram d i s c u s s i o n s .  

D e f  ec 1: § --.- .. .- 

The e f f e c t s  of d e f e c t s  on instrument r e s p o n s e  can be i n c o r p o r a r e d  

d i r e c t l y  i n t o  t h e  e x p r e s s i o n  f o r  Vout [ E q .  (1411 by add ing  impedance 
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COIL 

Fig. 6 .  Inverted Coordinate System Used for Calculating Pickup C o i l  
Impedance f o r  Through-Transmission Case. 

changes t o  the existing coil impedances. For example, the driver coil 

impedance becomes 

where Z,7, is given by E q .  (18) and ZgA is calculated below, 

Small defects (relative to coil and layer thickness dimensions) can 

be represented as the sum of a current defect (discontinuity in resistivity) 

and a magnetic defect4 (discontinuity in permeability). Our programs were 

initially designed for use with nonmagnetic materials, so the magnetic terms 
were not included, (Guidance for development and inclusion of these terms 

is available in refs. 5 and 6 . )  
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A l a r g e  c lass  of d e f e c t s  i s  adequate]  y a p p r o x i m a t d  by a s p h e r e ,  so 

w e  t reat  t h e  case of a s p h e r i c a l  d e f r c t  l oca t ed  i n  Lhe nth ronducting 

Layer ( 1  G n G k - 1 )  d e t e c t e d  by a r e f l e c t i o n  probe .  

c o i l  program c o n t a i n s  t h e  d e f e c t  s i m u l a t i o n . )  The impedance changes f o r  

i n d i v i d u a l  c o i l s  produced by a d e f e c t  a t  (i0,z)  are g iven  by 

(Only oiic r e f l e c t i o n  

(52) 

J 

o r i e n t a t i o n  f a c t o r ?  which e q u a l s  u n i t y  

change between d r i v e r  and p ickup c o i l s  

where A,$) i s  t h e  v e c t o r  p o t e n t i a l  i n  t h e  n th  l a y e r  a t  (F,z), 1, is t h e  

c o i l  c u r r e n t ,  V p  i s  d e f e c t  ( " f l aw")  volume, and a 7 7  i s  a d e f e c t  shape  and 

f o r  a S ~ ~ C L P .  The mutual i rd i i c t ance  

i s  given by 

where U and P r e f e r  t o  t h e  d r i v e r  and p ickup,  r e s p e c t i v e l y .  The v e c t o r  

p o t e n t i a l s  a re  g iven  by 

and 
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Computation of  t h e  m a t r i x  e l emen t s  V i j ( z , l )  i s  similar t o  t h a t  f o r  

q j  ( k  9 I> 9 

PROGRAM FEATURES, STRUCTURE A N D  FUNCTIONS 

Common Frogram F e a t u r e s  

]?lost of our  programming is  w r i t t e n  i n  F o r t r a n  I V  and is  compat ib le  

w i t r h  t h e  FB4 Compiler i n s t a l l e d  i ~ i  our  ModCotnp Max L V  System P r o ~ e s s o r . ~  

T h i s  compi l e r  compl ies  w i t h  s t a n d a r d  For t ran '  and i n c l u d e s  t h e  modif ica-  

t i o n s  and e x t e n s i o n s  l i s t e d  i n  Appendix F. Ours a r e  "main" programs and 

e a c h  i n c l u d e s  a s u b r o u t i n e  c l u s t e r .  

The e x c e p t i o n s  t o  F o r t r a n  i n c l u d e  one s u b r o u t i n e ,  READAT, and t h e  

miin program, RFLRDG, which both i n c l u d e  s h o r t  s e c t i o n s  i n  NodComp 1.V 

Assembly Language. These s e c t i o n s  e x e r c i s e  hardware c o n t r o l  unique t o  t h e  

ModComp system. 

A l l  of t h e  programming has  been run and checked on a XodComp I V  mini-  

computer  sys tem,  which i n c l u d e s  t e l e t y p e  and C K T  i n t e r a c t i v e  o p e r a t o r  t e r -  

m i n a l s ,  f i x e d  and removable d i s c  s t o r a g e ,  1 i n e  p r i n t e r s  f o r  hard-copy 

o u t p u t ,  and a modular d a t a  a c q u i s i t i o n  system (MiOOACS>e 

We have a t t e m p t e d  t o  u s e  the same v a r i a b l e s  from one program to 

a n o t h e r .  G e n e r a l l y ,  v a r i a b l e s  are changed when one that is  s ing le -va lued  

i n  one program is conver t ed  t o  an  a r r a y  i n  a n o t h e r .  

Modes of d a t a  i n s e r t i o n  i n t o  t h e  programs i n c l u d e :  

1. e d i t i n g  b e f o r e  use  t o  i n i t i a l i z e  p r o p e r t i e s ,  a r r a y  s izes ,  and c o n t r o l  

p a r a m e t e r s ;  

2, i n t e r a c t i v e  o p e r a t o r  comiunica t  i o n s  d u r i n g  program e x e c u t i o n  through 

t e l e t y p e  o r  CRT t e r m i n a l s ;  and 

3 .  d i r e c t  r e a d i n g  o€  i n s t rumen t  r e sponse  through t h e  MODACS ( d e s c r i b e d  

below). 

The o p e r a t i n g  sys tem (i.e. s o f t w a r e  package)  i n s t a l l e d  i n  the 

ModComp a l l o w s  s e v e r a l  u s e f u l  man ipu la t ions ,  which l i k e l y  have e q u i v a l e n t  

c o u n t e r p a r t s  in other s y s t e m :  

1. Programs and s u b r o u t i n e s  may be s t o r e d  on d i s c  f i l e s  i n  sou rce  o r  

o b J e c t  language;  s o u r c e  and o b j e c t  s t o r a g e  are i n  separate f i l e s .  
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2. Source f i l e s  are  d i r e c t o r i e d  and nay use  the program name or an 

a l i a s  I 

3 .  Random Access Data ( R A D )  f i l e s  are accessib1.e by the programs. 

We t y p i c a l l y  s t o r e  main programs i n  sou rce  language and subrou t i -nes  

used  by  more than  one program i n  o b j e c t  language. ( S u b r o u t i n e s  unique t o  

one program are  o f t e n  l i s t e d  i n  t h e  fi.le as p a r t  of t h a t  prograin.) S ince  

t h e  progsarns must be e d i t e d  t o  e n t e r  new i n i t i a l i z i n g  d a t a ,  the e d i t e d  

v e r s i o n  f o r  a s p e c i f i c  problem i s  r e f i l e d  under an a l i a s ,  l e a v i n g  t h e  

"master" v e r s i o n  iiltact. RAD f i l e s  can a l s o  be changed t o  keep t h e  d a t a  

r eco rded  f o r  one problem separate from tha t  f o r  o t h e r s .  

Program F u n c t i o n s  

I 71 I n e  f o u r  main programs each perform one o r  iliare of the f o l l o w i n g  

f unc t.i.ons : 

1. i n s t rumen t  modeling o r  s imulat- lon f o r  o p t i m i z a t i o n  of t-be i-nstrument 

d e  s i. gn , 
2. a c q u i s i t i o n  and recordi-ng of instrument: c a l i b r a t i o n  and s t a n d a r d i z a -  

t i o n  d a t a ,  

3 .  l eas t  s q u a r e s  f i t t i n g  of i n s t rumen t  sesporise t o  conductor  p r o p e r t i e s ,  

and 

4 ,  si .mulation of t h e  a n a l y s e s  performed by on-board mic roprocesso r s  i.n 

f i n i s h e d  i-nstrurnents.  

Modeling i n c l u d e s  t h e  cal .culat iom of t h e  c i r c u i t  impedance f o r  s p e c i f i c  

coil.--conductor c o n f i g u r a t i o n s  mid t h e  o u t p u t  of the  instr!iment c i s c u i t .  

Data i s  a c q u i r e d  th rough  manual. e n t r y  o r  f rom t h e  in s t rumen t  through the 

MODACS. Least squares f i t s  a re  performed between c a l c u l a t e d  in s t rumen t  

r e s p o n s e s  arid assumed ( i d e a l )  c o n d i . ~ t o r  p r o p e r t i e s  or  between a c t u a l  

instrument r e a d i n g s  and a c t u a l  measured p r o p e r t i e s .  Simulated micropro- 

c e s s o r  actErJn i n c l u d e s  t h e  s to rage  o f  p r o p e r t y - f i t t i n g  equat ior ls  and t h e  

cal.cu1.a t:ion of conductor  o r  d e f e c t  p r o p e r t i - e s  from instrument r e a d i n g s  

vi . th t h e s e  s to red  e q u a t i o n s .  Table  2 summarizes the m a i n  program Surrc- 

Lions and  t h e i r  s u b r o u t  t o e s  

The i - n i t i a l  d e s i g n  s t a g e  ~f a tes t  development t y p i c a l l y  r e q u i r e s  

modeling of both a s p e c i f i c  conductor  s t r u c t u r e  and a c o i l  c o n f i g u r a t i o n  
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determined from t h e  problem s t a t e m e n t .  'The model i n c o r p o r a t e s  a n t i c i p a t e d  

var . i .a t ions i n  coi-rductor and  d e f e c t  p r o p e r t i e s  so t h a t  t h e  v a r i a t i o n  i n  

response  of an i d e a l  i n s t r u m t u t  w i t h  p r o p e r t y  v a r i a t i o n s  can b e  studied. 

The i n s t r u m e n t  response  i s  opi imized  by changing t h e  probe c o i l .  c h a r a c t e r -  

i s t i . cs  (dimtnsi.ons and e l e c t r i c a l  p r o p e r t i e s ) ,  c i r c u i t  component v a l u e s ,  

and o p e r a t i n g  f r e q u e n c i e s .  A l l  t h i s  modeling is  done by computer. 

From t h e  computer-aided opt imiza t i -on  s t u d i e s ,  d e s i g n  parameters a re  

s e l e c t e d  and the a c t u a l  i n s t r u m e n t  i s  b u i l t .  Par t  of  t h e  o p t i m i z a r i o n  

p r o c e s s  is  r e p e a t e d ,  a g a i n  a s s i s t e d  by the computer ,  but  w i t h  s e v e r a l  

i m p o r t a n t  d i f  f e r e n s e s ,  F i r s t :  t h e  i n s t r u m e n t  mist be i n t e r n a l l y  c a l i -  

b r a t e d  t o  a s s u r e  t h a t  i.ts o u t p u t s  c o r r e c t l y  i n d i c a t e  i t s  a c t u a l  response.  

Secondly,  real  conductors are a p p l i e d  t o  t h e  real  probe c o i l ( s )  t o  produce 

t h e  i -nstrument  respoases.  The p r o p e r t i e s  of t h e s e  c o n d u c t o r s  a re  d e t e r -  

ini.ned by independent  measurements ; t h u s  t h e y  become c a l i b r a t i - o n  s t a n d a r d s .  

Both the  condi.ictor proper t : ies  and t h e  i .nstr iment  r e s p o n s e s  t o  then1 are 

e n t e r e d  i n t o  t h e  computer programs, which t h e n  de termine  f iunc t iona l  

r e l a t i o n s  between t h e  r e s p o n s c s  and t h e  p r o p e r t i e s  e 

Mul t i f r equency  i .nstruments  are b u i l t  wi%h on-board microprocessors  t o  

ar ia lyze t h e  i n p u t  d a t a  and de termine  the p r o p e r t i e s  of i n t e r e s t  w h i l e  

d i s c r i m i n a t i n g  a g a i n s t  v a r i a t i o n s  i.n t h e  remai.ninp p r o p e r t i e s  of t h e  con-- 

d u c t o r  s t r u c t u r e  and any  iincon~rolled v a r i a t i o n s  i n  the i n s t r u m e n t a t i o n  

system. The f i n a l  s t e p  i n  a d a p t i n g  a n  instrurnerit t o  a s p e c i f i c  t e s t  is  

t h e  s i m u l a t i o n  of microprocessor  a c t i o n  by t h e  minicomputer i n t e r f a c e d  t o  

t h e  i n s t r u m e n t .  

Prograins MULRE'U and M U L T K U  perform t h e  i n i t i a l  model.ing f o r  d e s i g n  

o p t  hi z a t  i o n  of r e f l e c t  i o n  and t h r  ough-transmis s i o n  i.iwtrument types  , 
r e s p e c t i v e l y .  The MUILRFU i s  more advanced w i t h  i t s  c a p a b i 1 . i . t ~  t o  s t o r e  

i n i t i a l  o p t i m i z a t i o n  d a t a  d i r e c t l y  on RAD f i l e s ,  T h i s  s t o r a g e  a l l o w s  

o ther  programs t u  access the f i l e  and s i m u l a t e  microprocessor  performance 

of a n  i d e a l  i n s t r u m e n t .  

Program RFLRDG i n t e r f a c e s  t h e  i n s t r u m e n t  t o  t h e  minicomputer f o r  

r e c o r d i n g  i n s t r u m e n t  r e s p o n s e s  t o  t h e  s t a n d a r d  c o n d u c t o r s  and a l l o w s  

manual e n t r y  of t he  s t a n d a r d  conductor  p r o p e r t i e s .  It a l s o  a l lows  e n t r y  

and r e c o r d i n g  of some i n t e r n a l .  c a l i b r a t i - o n  d a t a  f o r  s t o r a g e  and l a t e r  

r e f e r e n c e .  
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The RFLFLT r e a d s  s t o r e d  d a t a  f rom the  files f i l l e d  by LRFLRDC and per-- 
forms t h e  least  s q u a r e s  f i t  between the properties Q%- t h e  s t a n d a r d s  and  

the i n s t r u m e n t  r e a d i n g s .  It s t o r e s  the f i t  c o e f f i c i e n t s  i n  o t h e r  RAD 

Files f o r  i t s  own use  and i n  forms s u i t a b l e  f o r  e n t r y  i n t o  t h e  in s t rumen t  

m i c r o p r o c e s s o r s  e It a l so  has NODACS c o n t r o l  f o r  r e a d i n g  the ins t rumen t  

r e sponse  t o  unknown specimens from which it can compute their p r o p e r t i e s  

by u s i n g  the s t o r e d  f u n c t i o n s .  

P r o p e r t y  Arrays and Cr i t i ca l  Array Dimensions 

We d e f i n e  a "conductor  p r o p e r t y  set" f o r  a s p e c i f i e d  conduc to r  s t a c k  

as  a s e t  t h a t  i n c l u d e s  one v a l u e  of e a c h  p r o p e r t y  f o r  e a c h  conduc to r  i n  

t h e  s t a c k .  If t h e r e  are  no d e f e c t s  e a c h  conduc to r  h a s  e lec t r ica l  resis- 

t i v i t y ,  r e l a t i v e  magnetic p e r m e a b i l i t y ,  and t h i c k n e s s .  I f  a conductor  

c o n t a i n s  a d e f e c t  t h e  s i z e  and two l o c a t i o n  parameters of t h e  d e f e c t  are 

t r e a t e d  as a d d i t i o n a l  p r o p e r t i e s  (see p. 35 f o r  a u t h o r  d e f i n i t i o n s  of 

d e f e c t  sLze  and l o c a t i o n  p a r a m e t e r s , )  D e f e c t s  that  are l o c a t e d  s i rnul ta-  

n t a t aus ly  w i t h i n  t h e  s e n s i t i v e  r e g i o n  around t h e  c o i l  have a " d e f e c t  

p r o p e r t y  set" ana logous  t o  the conduc to r  p r o p e r t y  set  .) 

Ln d e s i g n  computa t ions  the e f f e c t  of v a r i a t i o n  i n  a p a r t i c u l a r  con- 

d u c t o r  p r o p e r t y  is determined by i n s e r t i n g  a series of d i f f e r e n t  valtu?s 

and o b s e r v i n g  t h e  change i n  s i m u l a t e d  i n s t r u m e n t  response.  Two or more 

prayerties may be v a r i e d  s i m u l t a n e o u s l y ,  b u t  when t h i s  is done a r c sponsc  

must be computed f o r  each p o s s i b l e  unique combinat ion of p r o p e r t i e s ,  A I  1. 

these p o s s i b l e  r e s p o n s e s  e n t e r  the performed computat ions t o  maximize the  

tli s c r i m i n a t o r y  c a p a b i l i t y  of t h e  system. 

T h e  number of unique p r o p e r t y  sets i s  s imply  t h e  p roduc t  of the nuuber 

o f  v a l u e s  f o r  e a c h  p r o p e r t y  (sometimes c a l l e d  "s teps"  o r  " s t ep -va lues" )  

t a k e n  over a l l  the p r o p e r t i c s  i n  tfie s p e c i f i e d  s t a c k .  For example, i f  a 

4-conductor s t a c k  has 2 v a r y l n g  p r o p e r t i e s ,  such as t h i c k n e s s  and 

r e s i s t i v i t y  i n  a s i n g l e  l a y e r ,  and 4 s t e p s  are i n s e r t e d  f o r  each of t h e s e ,  

then 15 unique p r o p e r t y  sets c a n  be c o n s t r u c t e d  and must be c o n s i d e r e d  in  

the computa t ions .  If  a d e f e c t  were added i n  any  l a y e r ,  the numbers of 

s t e p s  of d e f e c t  s i z e  and /o r  l o c a t i o n s  would be m u l t i p l i e d  by 16 t o  d e t e r -  

mine the number of unique p r o p e r t y  sets. 
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I n  d e s i g n  s t u d i e s  the r e sponse  of conduc to r s  w i t h  d e f e c t s  i s  compared 

t o  t h e  response wi thou t  d e f e c t s ,  so  c a l c u l a t i o n s  a r e  done f o r  both.  Thus,  

t h e  t o t a l  numlwr of c a l c u l a t i o n s  and hence t h e  s i z e s  of c e r t a i n  a r r a y s  

depend on t h e  number of unique p r o p e r t y  sets wi thou t  d e f e c t s  p l u s  t h e  

number of unique sets p o s s i b l e  when d e f e c t  p r o p e r t i e s  are inc luded .  

Foblowing t h e  example above the t o t a l  nuiiiber of c a l c u l a t i o n s  would he 16 

p l u s  16 tiines t h e  d e f e c t  p r o p e r t y  s~:.c:p f a c t o r s .  

L,j.€t.-off i s  n o t  a condnctor  p r o p e r t y ,  bu t  s i n c e  i t s  v a r i a t i o n  a l s o  

a f f e c t s  instrurnent  response and m s t  o f t e n  he d i sc r imi .na t ed  o u t  p r o v i s i o n  

i s  made f o r  i n c l u d i n g  i t :  i n  t h e  o p t i m i z a t i o n  p rocess .  It has  t h e  e f f e c t  

of  a s i n g l e  p r o p e r t y  s i n c e  it  o c c u r s  a t  one p o i n t  i n  t h e  system. When 

v a r i a t i o n s  i n  l i f t - o f f  are i n c l u d e d ,  t h e  number of v a r i a t i o n  s t e p s ,  NLT, 

i s  s p e c i f i e d  and i s  m u l t i p l i e d  by  t h e  nunber o f  iini.que p r o p e r t y  se t s  t o  

de t e rmine  the s i z e s  of c r i t i c a l  a r r a y s ,  such as READNG. 

To a c h i e v e  f l e x i b i l i t y  i n  the programs conductor  p r o p e r t i e s  are 

d i s t i n g u i - s h e d  from d e f e c t  p r o p e r t i e s  and s t o r e d  i n  separate a r r a y s .  Two 

a r r a y  t y p e s  are  used f o r  conductor  p r o p e r t i e s .  Tile f i r s t  t y p e ,  which is 

i n i t i a l i z e d ,  i s  a r r anged  as though t h e  conductor  s t a c k  were f r e e  of 

d e f e c t s .  The secoizd type  i s  c o n s t r u c t e d  d u r i n g  e x e c u t i o n  and c o n t a i n s  

e x t r a  e n t r i e s  ( o r  " c o p i e s " )  of s p e c i f i c  p r o p e r t y  s e t s  t h a t  must be com- 

b ined  w i t h  d e f e c t  p r o p e r t i e s  f o r  a p a r t i c u l a r  ca l . cu la t ion .  

T h e  READNG a r r a y  is  s i z e d  as fol.lows: 

1, Determine t h e  number of conduc to r  p r o p e r t i e s ,  3*(NKT-1), [ o r  

3"(NRT-2) i f  lowest  r e g i o n  i s  a i r ] .  

2. Determine the number of  unique conductor  p r o p e r t y  sets.  NPT 

e q u a l s  t h e  p r o d u c t  o f  t h e  number of p r o p e r t y  val.ue s t e p s  f o r  each  p r o p e r t y  

t a k e n  ove r  a l l  t h e  conductor  p r o p e r t i e s  (some f a c t o r s  m y  equal. 1 ) .  

3. D e t e t x i n e  the number of d e f e c t  p r o p e r t i e s  3*(number of d e f e c t s ) .  

4.  Determine t h e  number of unique d e f e c t  p r o p e r t y  sets by mul t i -  

p l y i n g  t h e  number of v a l u e  s teps  f o r  e a c h  p r o p e r t y  over  a l l  t h e  p r o p e r t i e s  

(some f a c t o r s  may e q u a l  1).  As MULRED i s  now w r i t t e n  thi.s product  is 

N I X  LO@ NDF S l%, e 

5. Determine t h e  number of unique combined p r o p e r t y  sets  ( c o n d u c t o r s  

P I U S  d e f e c t s  - t h e  r e s u l t  of  s t e p  2 tiines t h e  r e s u l t  oE s t e p  4 ) .  

MULFRD t h e  number of combined sets  is  NODF = NPT*NDPS. 

In 
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6. Determine the t o t a l  number of p r o p e r t y  sets used i n  c a l c u l a t i o n s ,  

the number of conductor  se t s ,  and the number of combined sets. I n  MULRFD, 

NPTT = N 0 D F  + NYT. 

7 .  When l i f t - o f f  i s  v a r i e d  i-t m u s t  be t r e a t e d  as a p r o p e r t y  fo r  t h e  

conduc to r  and combined cases, so FJPTT*NLT computa t ions  are performed. 

K E A D N G  r e q u i r e s  one more row t o  accommodate t h e  va lues  of p r o p e r t i e s  com- 

pu ted  by t h e  f u n c t i o n  expans ion ,  so i t s  row dimensiori i s  NPT’1’*NL’J’ + 1, 

8. The column dimension,  CKDL”IZI”I + 1 ,  of U A D N G  accommodates IKDPIIM 

expans ion  terms p l u s  t h e  p r o p e r t y  v a l u e s  f o r  which t h e  f i t  i s  c a l c u l a t e d ,  

Defec t s  and Defec t  Pa rame te r s  

D e f e c t s  are d e s c r i b e d  w i t h i n  the programs by s p e c i f y i n g  t h e  fo l lowing  

i n f o r m a t i o n :  

1. conduc t ing  l a y e r  i n  which c o n t a i n e d  ( i d e n t i f i e d  by r e g i o n  number, 

NRDF), 

2. p o s i t i o n  w i t h i n  t h e  l a y e r  ( t h e  z -ax i s  d i s t a n c e  from t h e  d r i v e r  c o i l  

s i d e  of t h e  l a y e r )  

3 ,  l o c a t i o n  r e l a t i v e  t o  t h e  c o i l  axis ( r a d i a l  d i s t a n c e ) ,  and 

4 ,  s i z e  ( e x p l a i n e d  more f u l l y  below). 

When t r e a t i n g  t h e  problem of a s ing le  d e f e c t  w i t h i n  the e n t i r e  con- 

d u c t o r  s t a c k ,  t h e  r a d i a l  l o c a t i o n  parameter  is t y p i c a l l y  f i x e d  a t  that 

r a d i u s  where i t s  i n f l u e n c e  is maximum, t h a t  i s ,  where t h e  c o i l  is most 

s e n s i t i v e  t o  i t ,  Layer p o s i t i o n ,  DFLOC ( z - d i s t a n c e ) ,  i s  measured t o  t h e  

c e n t e r  o f  t h e  s p h e r e  r e p r e s e n t i n g  the d e f e c t ,  For many a p p l i c a t i o n s  ttie 

d e f e c t  i s  assumed t o  be a t  t h e  midplane of i t s  l a y e r .  The normalized 

d e f e c t  s i z e ,  DFSXZE, i s  c a l c u l a t e d  from DFDIAM by c a l c u l a t i n g  the volume V 

of  t h e  a c t u a l  d e f e c t  (shown i n  Fig.  7 ) ,  f i n d i n g  t h e  r a d i u s  of the s p h e r e  

w i t h  t h e  same volume [P = ( ~ V / ~ I T ) ~ / ‘ ] ,  and t h e n  c a l c u l a t i n g  t h e  normalized 

volume of t h a t  sphe re :  

As l o n g  as t h e  d e f e c t  dimensions are  s m a l l  compared t o  t h o s e  oE t h e  con- 

d u c t o r ,  t h e  c a l c u l a t e d  o u t p u t  v o l t a g e  change caused  by a d e f e c t  is d i r e c t l y  

p r o p o r t i o n a l  t o  t h e  size, shape, and o r i e n t a t i o n  f a c t o r  of t h e  d e f e c t  
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DIP,, = 0.81 mm 

- RADIUS = 0.41 / mm 

(a)  (b) 

P i g .  7. Cross S e c t i o n  of Defects Assumed i n  Sample Kuns. (a) D e f e c ~  
on t o p  or  bottom. ( b )  Defect  i n  middle. 

c a l l e d  uZ2 [ E q s .  (51) and (5211. T h e r e f o r e ,  c a l c u l a t i n g  a number of 

d i f f e r e n t  defect:  vol-times a t  a g iven  l o c a t i o n  i n  a g iven  conductor  is  

unnecessa ry .  R a t h e r ,  i t  is  s u f f i c i e n t  t o  c a l c u l a t e  t h e  o u t p u t  w i t h  and 

w i t h o u t  a d e f e c t  of a g iven  voll.imr; t h e n  o t h e r  volumes can be i n t e r p o l a t e d  

o r  e x t r a p o l a t e d  from t h e  r e s u l t s  w i th  the known volume (and z e r o  volume). 

From experiei ice  t h i s  h y p o t h e s i s  proves q u i t e  good, even f o r  f a i r l y  l a r g e  

d e f e c t s  (compared ti, t h e  conductor  t h i c k n e s s ) .  

F o r  t h i s  r eason  the MULRFD program assuines on ly  a s i n g l e  d e f e c t  s i z e  

b u t  a l l o w s  s e v e r a l  p o s s i b l e  l o c a t i o n s .  If des i r ed  t h e  program can be 

e d i t e d  t o  cove r  a range of d e f e c t  vol.umes a t  each of t h e  d e f e c t  1ocati .ons 

t o  v e r i f y  t h e  l i n e a r i t y  of f i t t i n g  the d e f e c t  volume p rope r ty .  

T.,enst Squares  F i t t i n g  of t h e  P r o p e r t i e s  

A s  d e s c r i b e d  in t h e  secl:ion. on "Theory" under " P r o p e r t i e s  of 

Conductors" (p. 4 1 ,  a polynomial  expansion [ s e e  E q .  ( 8 ) ]  i s  assumed f o r  

t h e  p r o p e r t y  i n  terms of v a r i o u s  assumed f u n c t i o n s  f; n.f t he  observed or  

c a l c u l a t e d  magnitudes and phases.  This i s  done fo r  a s u f f i c i e n t  number of 

p rope r  t: hes (wi.th their  co r re spond ing  magni-t-udes and phases  1 t o  o v s r d e t e r -  

mine t h e  system of e q u a t i o n s  [ s e e  E q e  (611 f o r  t he  c o e f f i c i e n t s  i n  t h e  

expansion.  S ince  the  c o e f f i c i e n t s  are on ly  t o  t h e  f i r s t  power, w e  u se  a 

l i n e a r  least  s q u a r e s  f i t t i n g  t o  minlmize the st.iin of s q u a r e s  of  t h e  d i f -  

f e r e n c e s  [ s e e  Eq.  ( I + ) ] .  '1Te procedure i s  2s fo l lows .  



A m a t r i x  array,  PKOP(M,N), i s  formed from the values o r  the p r o p e r t i e s  

t o  be f i t t e d  ( N  i s  t h e  index  of t h e  v a r i o u s  p r o p e r t i e s ,  and :.I j.5 the tnndex 

of t h e  v a r i o u s  v a l u e s  of  t h a t  p r o p e r t y ) .  Lf we s e l e c t  ii p a r t i c u l a r  prop- 

e r t y  t o  be f i t t e d  w i t h  i ndex  N i ,  t h e n  we can h e n c e f o r t h  c o n s i d e r  o n l y  t h e  

column v e c t o r  Y(M) = PKOP(M,Ni), where M = 7 ,  MSET. T e r m  FEET i s  the 

number of sets of independent  measurements that have been made of t h e  

var ior i s  p r o p e r t i e s .  The column vector  Y ( M )  i s  t o  IIP f i t t e d  with a seC of 

c o e f f i c i e n t s ,  C ( I )  = COEF(I,Ni), t h a t  produce rhe  bes t  ('least s q u a r e s )  f i t  

by  u s i n g  t h e  v a r i o u s  measured magnitudes and phases ( o r  r e a d i n g s )  raised 

t o  v a r i o u s  powers. 

The programs o f f e r  t h e  user a wide cho ice  of complex f u n c t i o n s  t o  f i t  

conduc to r  o r  d e f e c t  p r o p e r t i e s  t o  in s t rumen t  r e a d i n g s l  (The f i r t i n g  pro-  

cess is  d e s c r i b e d  ea r l i e r ,  pp 4-13.) For  each  f r equency  t h e  programs 

c o n s t r u c t  sequences  o f  t h e  f o r m  

where M and P r e p r e s e n t  o u t p u t  voLltage (Vout) magnitude and phase ,  respec- 

t ive l .y ,  a t  t h a t  Frequency. The c h o i c e s  f o r  f and g are: l i n e a r ,  f = x; 
' logarithm, f = h ( x ) ;  e x p o n e n t i a l  ( p o s i t i v e ) ,  f = ex; and i n v e r s e ,  f = 1 fx .  

However, g ( P )  cannot  b e  h ( P )  i f  P < 0 w i t h o u t  c a u s i n g  computer e r r o r  

r e sponse  and program i n t e r r u p t i o n .  

I n  t h e  program s e l e c t i o n  sequences  f and 9 31-e selected i ndependen t ly  

as "FCN TYP," a and b as "POL DEG," and (? as "// CROSS TERMS" (see Tab les  

A3, B 2 ,  D 2 )  by f r equency .  The s e l e c t i o n s  f o r  each  f r equency  and a n  

a r b i t r a r y  l e a d i n g  c o n s t a n t  are combined t o  f o r m  t h e  comple te  f u n c t i o n  

f i t t e d  t o  t h e  s e l e c t e d  p r o p e r t y .  T h i s  i n f o r m a t i o n  i s  s t o r e d  in an a r r a y  

cal.l.ed NPOL. The NPOL a r r a y  has s i x  rows and NFT columns. I n  each column 

t h e  row numbers d e s c r i b e  t h e  terms from t h a t  f r equency  (NF) t h a t  appear i n  

t he  complete  p r o p e r t y  f u n c t i o n .  Tab le  3 Lists t h e  row parameter  d e f i n i -  

t i o n s .  Then t h e  RDGEXP s u b r o u t i n e  is c a l l e d  t o  c o n s t r u c t  t h e  matrix a r r a y  

of  t h e  expanded r e a d i n g s .  The a r r a y  i s  c a l l e d  READNG and would normally 
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‘I‘able 3 .  Func t ion -Desc r ip t ive  Row Parame%ers i.n t h e  N P O L  Array 

l.l___...._._____l_l~._l____l-ll~~.~....~_._I. ______ 

Row Parameter i l e f i n i t i o n s  
I 

1 Functi.on type  f o r  o u t p u t  v o l t a g e  magnltu.de c o n v e r s i o n a  

2 Maximum degree  of pol .ynomial  i n  t h e  magni.tude f u n c t i o n  

NPOL ( I , NF) 
__-I__.._ ____ ~ ._____- ___ ..... _ - _ _ _ _ - . - - ~ _ _ _ s _  

3 %e ,Ob 

e 4 Func t ion  type  f o r  o u t p u t  v o l t a g e  phase conve r s ion  

5 Maximum degree  of polynomial i n  the  phase f u n c t i o n  

6 Number of c r o s s  terms between the magnitude and phase f u n c t i o n  

a 1-1 i nea r  ; 2-logari  thm; 3=exponent ia l - ;  b= inve r se .  

b ~ f  v a l u e  # Q i s  inserted, an eri-or message r e s u l t s .  

CLogarithrn ( 2 )  i s  n o t  a l lowed ,  s i n c e  phase may be n e g a t i v e .  

h a v e  MSET rows and 

expans ion  f o r  each 

IKDPR = 

IRDPR colunins where 1 K D P K  = number oE terms i n  t.lw 

p r o p e r t y  v a l u e :  

A c t u a l l y ,  because of  thr l ea s t  s q u a r e s  f i t t i n g  p r o c e s s ,  an ex r ra  row and 

column are added t o  the  READNG a r ray  t o  a l l o w  space f o r  couiputat ional  

storagp. So t h e  diriwnsions of t l e  a r r a y  a r c  READMG(MSET+l, IKDPRS-1). The 

c a l c u l a t e d  v a l u e s  of t i l e  p r o p e r t y  are o b t a i n e d  by m u l t i p l y i n g  t h e  emf- 

Eicient-  v e c t o r  C ( 1 )  by t h e  READNG matr ix :  

CAIAC(M) = REA4DNG(M, I ) * C (  1) . 
I n  t h e  programs we compute 

I K D P R  
SLJM = COEF(T)~READNG(M,I) . 

L = l  



Tca g e t  the m i n i m u r n  squared d e v i a t i o n s  of  thc c a l c u l a t e d  prciperty 

v a l u e s  from the actita1 v a l u e s ,  w e  i i i i i i i m i z e  t h e  q u a n t i t y  

T h e  p rocedure  u s e s  t h e  Householder r e d u c t i o n  of t h c b  KEAIjNG mat.rix t o  

t r i a n g u l d r  f u r i n  ( g i v e n  by Golub9) and i s  accomplished by  the ALSQS sub- 

r o u t i n e .  Upon r e t u r n  f rom thc subroutine t h e  l as t  (1KDPK-I-I) col~imn of t_he 

RRAUNG m a t r i x  c o n t a i n s  t h e  v a l u e s  of t h e  p r o p e r t y  c a l c u l a t e d  b y  us i r tg  the 

l ea s t  sqimt-es coeftic Lents. ‘he maximum a l l o w a b l e  row s i z e  of READNG i s  

(LRI)PItM+I) t e r m s ,  and lKDPH4 i s  f ixed  a t  the starL of t h e  program. The 

READNG m a t r i x  is  reduced t o  ( LRUPIC+1) columns when the RDGEXP s i ib ro i . i t im  

i s  c a l l e d .  I n  a d d i t i o n ,  two q u a n t i t i e s ,  8 arid K2, are r e t u r n e d  t o  t h e  

main program. Term I3 i s  a column v e c t o r  c o n t a i n i n g  t h e  l inear  1c:nst 

s q u a r e s  c o e f f i c i e n c s ,  and K2 i s  the r e s i d u a l  sum of squares of the  d i f -  

f e r e n c e s .  If t h e  assumed polynomial  expansion were exac tZy the c o r r e c t  

f i i nc t io i i a l  form f o r  the p r o p e r t y ,  R2 would be the v a r i a n c e ,  and i t s  square 

r o o t  would be t h e  s t a n d a r d  d e v i a t i o n ,  CI, of the  f i t .  ‘(‘he squa re  root  of 

K 2  i s  c a l l e d  t h e  s t a n d a r d  d e v i a t i o n  i n  t h e  p r i n t o u t ,  but  t h e  user slinuld 

understand t h a t  i t  js o n l y  a good approximation t o  IT when i t s  v a l u e  is 

s m a l l ,  meaning t h a t  the polynoi i i ia l  is  $3 good f i t .  

T e s t s  of F i t  Q u a b i t y  

Two p r o p e r t i e s  o f  the f i t  are c a l c u l a t e d :  t h e  rms d i fUerence  between 

the a c t u a l  p r o p e r t y  v a l u e s  and t h e  v a l u e s  computed from t h e  f i t  anti t h e  

e f f ec t  of sniall .  e r r o r s  i n  t h e  instrurnent  readings on t h e  values computed 

from t h e  f i t  f u n c t i o n ,  F o r  the ?nt-h p r o p e r t y  s e t  
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where 

J 2 I R D P R ,  t h e  t o t a l  number of tecius iii t h e  expans ion ;  

Ci = leasL s q u a r e s  c o c f f i c i e n t  f u r  t h e  j C 1 1  e x p r e s s i o n ;  
n 

2 a s e l e c t e d  f u n c t i o n ,  such as J o r  y above,  r a i s e d  t o  t h e  

Hmi = t h e  in s t rumen t  r e a d i n g  ( a c t u a l  or  c a l c u l a t e d )  co r re spond ing  t o  

a p p r o p r i a t e  power, and 

t h e  j t h  term i n  the expansion.  

Ji 

The sum i s  r e t u r n e d  as Lhe array clement  READNG(M,IKDPKl) from t h e  ALSQS 

s u b r o u t i n e .  Then 

2 
M 

SSDIFE = (DTEFro) , 

where M = MSET, the  t o t a l  number of p r o p e r t y  sets used i n  t h e  program 

i n c l u d i n g  conduc to r s  conduc to r s  p l u s  defecrs  ( i f  d e f e c t s  are p r e s e n t )  

and l i f t - o f f  va lues .  

F i n a l l y  , 

SDIFF = (SSDIFF/M)~ . i 6 0 )  

To see how s e n s i t i v e  t h e  c a l c u l a t e d  v a l u e s  are t o  s l i g h t  measurement 

e r r o r s ,  a change of 0.01% i n  a magnitude r e a d i n g  o r  0.01" i n  a phase 

r end ing  i s  made, t h e  va lues  of the p r o p e r t i e s  are r e c a l r u l a t e d  by u s i n g  

one e r roneous  r e a d i n g ,  and t h e  res idual  sum of s q u a r e s  i s  ob ta ined .  

l'he t e r m  SUM, t h e  p r o p e r t y  c a l c u l a t e d  by u s i n g  the  e r roneous  iuagni- 

t u d e  o r  phase a n d  t h e  a b s o l u t e  v a l u e  of the d i f f e r e n c e  beilMeen i t  and the 

v a l u e  c a l c u l a t e d  by u s i n g  t h e   correct'^ v a l u c s  (which arc: i n  t h e  IRDPRS-1 

column of t h e  KEADNG matrix r e t u r n e d  froin ALSQS), i s  added t o  the D R I F T .  

When the  a b s o l u t e  v a l u e s  of t h e  d i f f e r e n c e s  are added this way, DRIFT 

accumulates  t h e  l a r g e s t  p o s s i b l e  error  i n  t h e  c a l c u l a t e d  p r o p e r t y  t h a t  can 

be ciaused by 0.01% errors i n  each  magnitude and 0.0" e r r o r s  i n  each phase, 

assuming that t h e  magnitude and phase ~ I C K O S S  are all independent  and small. 
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enough to produce n e a r l y  l i n e a r  i r i f l ~ . w n c e s  on the prope r ty .  The sum of 

the s q u a r e s  of t h e  drifts is accumulated as 

and f i n a l l y ,  

I n t e r n a l  and E x t e r n a l  In s t rumen t  C a l i b r a t i o n  

The u s e  of programs RFLRDG and RFLFIT is  b e t t e r  unde r s tood  i f  pre- 

ceded by a review of t h e  c a l i b r a t i o n  p r o c e s s  t h a t  t h e y  assist. The 

process  i n c l u d e s  two b a s i c  s t e p s :  i n t e r n a l  c a l i b r a t i o n  of t h e  phase s h i f t  

measuring c i r cu i t s  and e x t e r n a l  s t a n d a r d i z a t i o n  of t h e  i n s t r u m e n t  response 

a g a i n s t  s p e c i f i c  tes t  v a r i a b l e s  

I n t e r n a l  c a l i b r a t i o n  

I n t e r n a l  c a l i b r a t i o n  a s s u r e s  t h a t  phase s h i f t  o u t p u t  of t h e  i n s t r u -  

ment i s  l i n e a r  and a c c u r a t e l y  r e p r e s e n t s  t h e  a c t u a l  phase d i f f e r e n c e  

between the pickup coi l .  o u t p u t  and t h e  i n p u t  d r i v e r  c o i l  v o l t a g e s .  It is  

accomplished by s u b s t i t u t i n g  ( s w i t c h i n g )  a known and f i x e d  network (P ig .  8 )  
i n  p l a c e  of the i n s t r u m e n t  p robecs ) .  (The c a l i b r a t i o n  impedance r e p l a c e s  

the probe impedances shown i n  Fig.  3 ) -  
T y p i c a l l y ,  three phase v a l u e s  are used t o  v e r i f y  l i n e a r i t y .  (Three 

v a l u e s  f o r  R may be swi t ched  i n . )  Each phase v a l u e  i s  checked a t  two 

magnitude s e t t i n g s  dhich r e p r e s e n t  t h e  upper and lower magnitude v a l u e s  

e x p e c t e d  i n  t h e  tes t ,  t o  a s s u r e  t h a t  magnitude changes do n o t  a f f e c t  t h e  

phase c a l i b r a t i o n .  

P h a s e  c a l i b r a t o r s  are unique t o  a g iven  problem. They are b u i l t  t o  

p r o v i d e  s p e c i f i c  phase s h i f t s  a t  s p e c i f i c  f r e q u e n c i e s .  A mul t i f r equency  

i n s t r u m e n t  w i l l  c o n t a i n  one such  network f o r  each  f r equency  used. 
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F i g .  8. Diagram of I n t e r n a l  C a l i b r a t i o n  Method. 

Ex t (3  Tina 1 s t a nd ar  d i z a 5. i on -__...l_..ll.l __. 

E x t e r n a l  s t a n d a r d i z a t i o n  sets up t h e  on-board microprocessor  i n  t h e  

i n s t r u m e n t  t o  c o r r e c t l y  p rocess  in s t rumen t  readi-ngs and determine o t h e r  

p r o p e r t i - e s  such as conductor  thi.ckness, r e s i s t i v i t y ,  arid o t h e r s .  It i s  

accomplished i n  s e v e r a l  s teps :  

1. Record t h e  in s t rumen t  r e sponses  t o  a number of s t a n d a r d  specimens 

whose p rope r t i . c s  have been measured by a n o t h e r  independent  method. 

2. Record t h e  independen t ly  measured specimen p r o p e r t i e s .  For s t eps  

1 and 2 n o t e  t h a t  a t es t  p l a t e  hav ing  areas with and wi thou t  d e f e c t s  

r e p r e s e n t s  two ( o r  more) specimens.  

3 .  Perform a least  s q u a r e s  f i t  of the i n s t r i m e n t  r e a d i n g s  t o  the 

specimen p r o p e r t i e s .  

4 ,  S t o r e  t h e  a p p r o p r i a t e  f . i . t t ing e q u a t i o n s  f o r  t h e  desLred p r o p e r t i e s  

i n  the  on-board microprocessor .  

A p o s s i b l e  i n t e r m e d i a t e  s t e p  between s t e p s  3 and 4 i s  the  s i m u l a t i o n  of t he  

on-board mic roprocesso r  by an e x t e r n a l  mini-computer t o  v e r i f y  the accuracy  

of  t h e  f i t t i n g  p rocess .  

An a l t e r n a t e  rnechod, o f t e n  u s e f u l  i n  d e s i g n  s t u d i e s ,  i.s f i t t i n g  an 

i d e a l i z e d  p r o p e r t y  set  t o  a se t  of i n s t rumen t  r e a d i n g s  computed from that 

set  w i t h  use of idea!.tzed model (MULRFD and MULTRU are  examples) .  T h e  

p r e v i o u s  method i s  more accm-ate f o r  f i e l d  use  because i t  uses  a c t u a l  

p r o p e r t i e s  of real materials and i.nc1ude.s e f fec ts  (such as minor coil 

p r o p e r t y  v a r i a t i o n s )  that may not  have been a c c i i r a t e l y  determined and 

i !it;c iiduced i n t o  the i d e a l i z e d  compmt a t  i o n  
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C a l i b r a t i o n  steps 

'Che f o l l o w i n g  i s  a g e n e r a l  o u t l i n e  o f  the complete  cai . ibrat ion,  u s i n g  

RFZRDG and KFLFLT: 

1. Apply the probe t o  e a c h  of  t h e  s t a n d a r d s  i n  the set .  Determine 

t h e  minimum and maximum niagnitudes and  t h e  range of phase s h i f t s .  

2. For phase shifts exceed ing  180°, s w i t c h  i n  the inverrirng stages 

i n  the bandpass a m p l i f i e r s  t o  b r i n g  t h e  phase  shifts bac.k w i t I i l i i i  range of 

t h e  i n d i c a t i n g  c i r c u i t s .  

3 ,  S e t  a m p l i f i e r  g a i n s  t o  keep t h e i r  o u t p u t s  no more than 1CJ V over 

the range of  specimen magnitude r ead ings .  ( A m p l i f i e r s  shou ld  170t be 

a l lowed  t o  o v e r d r i v e  i x  s a t u r a t e  e 1 
4 ,  C h e &  phase o u t p u t s  that a r e  u s i n g  the phase c a l i b r a t o r s ,  

5 Record t h e  independenLly measured p r o p e r t i e s  of the st.aridar*d 

specimens 

6. Record i n s t r u m e n t  r e a d i n g s  from each specimen. 

7 ,  Perform least  s q u a r e s  f i t s  b e t w e e n  readings and p r o p e r t  its, 

8. T r a n s f e r  f i t  e q u a t i o n s  to  on-board mic roprocesso r ,  ( T h i s  s t e p  

r e q u i r e s  one a d d i t i o n a l  prugram, n o t  r e p o r t e d  here. 1 

hpp i i c a t  i o n s  t o  through- t rims mis s i o n  ~ 

T h e  RFLRDG and RFLFIT programs were designed and v e r i t i e d  f o r  non- 

n a g n e t i c  materials and r e f l e c t i o n  c o i l s ,  They  arid t h e  p rocedures  would be 

u s e f u l  f o r  t h rough- t r ansmiss ion  with t h e  f o l l o w i n g  modiFicat ions : 

1. Add s t o r a g e  f o r  separate pickup c o i l  i d e n t r i f i r , i t i o n  data., 

2. Check phase  s h i f t s  f o r  conduc to r s  agairlst a p p r o p r i a t e t y  s i z e d  a i r  

gays t o  de t e rmine  phase swi tch  p o s i t i o n s  

3, Cctnterr or  o t h e r w i s e  a d j u s t  phase shi Fts no more than I H O "  w l t h i n  

t h e  i n d i c a t i n g  r ange  of t h e  i n s t r u m e n t  by u s i n g  the balance c o n t r o l  on the 

tiiscr imirnatcir modules 

4 e Determine t h e  magnitude r ange  b y  i n s e r t i n g  and rcmovirag C O I S ~ U C -  

t o r s  (specimens), The m i n i m u m  magnitude shou ld  co r rc spond  t h e  air gap 

n e c e s s a r y  t o  accommodate the th i ckes t -  specimen. The maximum m;-zgnFtude 

will cor re spond  ( rough ly )  t o  the t h i c k e s t  o r  h i g h e s t  c o n d u c t i v i t y  

specimen. 



Data a c q u i s i t i o n  ..._ sys t em 

The minicomputer a n a l o g  i n t e r f a c e  f o r  which t h i s  programini.ng was used  

i s  based on t h e  D i g i t a l  1/0 (DIO) module of t h e  NoilComp MODACS (modular 

d a t a  ac .qu i s i t i on  sys t em) .  A l o c a l l y  b u i l t  14-.-bif a n a l o g - d i g i t a l  converter 

(ADC) i s  c o n t r o l l e d  by t h e  MODACS D I O ,  and t h e  programiing, i n  t u r n ,  

c o n t r o l s  t h e  D I O .  

The ADC h a s  1 2  a n a l o g  i n p u t  channe l s .  One channe l  is a s s i g n e d  t o  t h e  

a n a l o g  v o l t a g e  co r re spond ing  t n  each  measured magnitude and phase ( i . e - ,  

2 c h a n n e l s  p e r  test. f r e q u e n c y ) ,  1 channe l  p e r  f r equency  r e a d s  t h e  power 

o s c i l l a t o r  o u t p u t  (v,) for t h a t  Ert.q-iiency, and channe l  1 2  i.s r e se rved  f o r  

c o n t r o l  of t h e  read ing  process .  A f o o t  pedal  swi t ch  grounds channe l  11. t o  

i n i t i a t e  t h e  r e a d i n g  c y c l e  ( u s i n g  s u b r o u t i n e  READAT). The p r o g r a m i n g  

tests channe l  1 2  and I . imits the e x e c u t i o n  of READL4'T t o  one r e a d i n g  cycle  

f o r  each  d e p r e s s i o n  of t h e  f o o t  pedal .  

One r e a d i n g  c y c l e  reads each channe l  512 t i m e s  and sums the  r e s u l t s  

a s  "counts"  f o r  the ABC. READAT r e t u r n s  t h e s e  counts t o  t h e  c o n t r o l . l i n g  

program i n  a n  a r r a y ,  from which t h e y  are conve r t ed  to v o l t a g e s ,  (The f ac -  

t o r  819.2 i n  bo th  programs is  the ADC c o u n t s  pe r  v o l t  f o r  tl-re p a r t i c u l a r  

i n s t r u m e n t  i n  u s e ;  t h e  14th h i t  of t h e  ADC is used f o r  the s i g n . )  
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APPENDIX A 

PROGRAM MCrLRF D 

'rhe f u n c t i o n s  of t h i s  program are descr ibed  ear l ie r .  T a b J e  A l  l i s t s  

the e d i t o r i a l  changes r e q u i r e d  before  running the  program. Note t h a t ,  in 

a d d i t i o n  t o  the t a b l e  requirements, a data fiie m u s t  be s e p a r a t e l y  

es tabl ished for use hy the program, I? f i l e  s torage  of coil data is n o t  

available, subrout i r ie  C(3Lk'IL (Appendix E ,  p.  1613) can be modi f ied  t o  enter 

c o i l  data normally. Table A2 lists a d d i t i o n a l  c i e f ln i t i ons  of program 

parameters t o  assist t h e  u s e r  i n  s e t t i n g  up a calcul.atisni. Ta'ahl.e A3 l i s t s  

step-by-step i n s t r u c t i o n s  €or  program execu t ion .  The f i n a l  s e c t i o n  con- 

t a i n s  a detailed analysjs of program c o n s t ~ u c t i o n  and o p e r a t i o n .  

T a b l e  AI., Summary of E d i t o r i a l  Changes P r e p a r a t o r y  t o  Kurimirng MULRE'D 

Line(  S )  Ac tioas 

Adjus t  a r r a y  d i w n s i o n s ;  fol low key provided i n  l i n e s  42-56 
(see pp. 34-35 for discussjicln of M A D N G ) .  

A d j u s t  c o n t r o l  parameters ( N K T ,  NPT3 NLT, WT, NDFLOC, NDFSLZ); 
select i n i t i a l  F d e n t i f i e r  SPROKE), 

E n t e r  f r equency  values {free format )  FKEQ(NF), NF = E ,  NFT, 

E n t e r  g a i n  v a l u e s  ( f r e e  format) i n  same o r d e r  as f r e q u e n c i e s .  
G A Z N ( N F ) ,  W = 1, WT. 

E n t e r  normalized lift-off increment (free fo rma t )  
I,2 = I 2 /F  

l45--.149 Enter i n i t i a l  set of c i r c u i t  pa rame te r s  ( f r e e  format) 
[h i t s  as shown i n  comments l i n e s  (13%-143)a  

. - ~  - 
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Tab lc  42, Expanded D e f i n i t i o n s  of Program C o n t r o l  Parameters 
and Defect  P r o p e r t i e s  

co 11 t r 0 l 
P a  r a w  t e r 

Ik f i n i  t lor? 

~. ......... ...... ....... . ~ .......... ___ ....... ~ . l l l . ~  

Dk71:!p i n i t i a l i z i n g  d a t a ;  mean depth o f  c e n t e r  of a s u r f a c e  
d e f e c t  ( i n . )  measured from the surCacea of t h e  l a y e r  I n  
which i'ne d e f e c t  is embedded. (T'nis ntiinker i s  not  u s e d  f o r  
computat ion.  ) 

Ver t i ca l .  dist:ance of d e f e c t b  below t o p "  o f  l a y e r  ( i n . ) .  D FT..OC 

OFMD R a d i a l  d i s t a n c e  of d e f e c t  ( c e n t e r  of sphere) f rom d r i e r - c o i l  
a x i s  ( i n . ) ;  f i x e d  a t  0,0832 R5, u n l e s s  t h e  problem reqaires 
c o n s i d e r a t i o n  of m u l t i p l e  d e f e c t s  w i ~ h  o f f s e t s  i n  r a d i a l  
d i s  t an? e. 

D F D I A M  

DFVOL 

IRDPKM 

L I  

LOU 

NCOIL 

NDF J J C  

NDFS:C% 

NDPS 

Diameter ( i n . )  of sphe re  with volume q u a l  t o  t h a t  of a c t u a l  
aefcc t , 

6 ( d e f e c t  volume) [I---- ......... .- 
' i i 

Normalized d e f e c t  volume, 

Maximum number of coe f f  i c i r n t s  a l lowed  i n  the least  s q u a r e s  
f i t t i n g  e x p a n s i o n s ;  t y p i c a l l y  se t  a t  15 

L o g i c a l  i n p u t  un i t  ; transmits o p e r a t o r  cor iands  t o  computer. 

Logical o u t p u t  u n i t  ; s u p p l i e s  cue s t a t e m e n t s  and p r i n t e d  
o u t p u t  Lo operator.  

S e q u e n t i a l  p o s i t i o n  index of c o i l  d a t a  i n  F i l e  28. (TAocal 
compi l e r  reqoirement f o r  d i r e c t  access f i l e  s t a t e m e n t s .  ) 

1ni.t i a l i z e d  d a t a ;  number of s t - e p  v a l u e s  f o r  d e f e c t  locations 
DFLOC. 

l n i t i a l i a e d  d a t a ;  iiiimber of s t e p  v a l u e s  f o r  d e f e c t  s i z e ,  
en te red  as DFDIAM; no rma l ly  set a t  1. Can bc s e t  greaetaL 
th2n 1 t o  check l i n e a r i t y ,  bur f u r t h e r  ediLLng would be 
requi red .  

NDFLOC"NDFSI2 (1 i n e  113). Product equals  the numbei of 
un ique  d e f e c t  p r o p e r t y  sets i n  a specimen as MULFRD i s  now 
w r i t t e n  e 
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C o n t r o l  
Parameter D e f i n i t i o n  

NF T 

NLT 

NO 1)P 

NPRINT 

N PT 

NPTT 

NRT 

NTJNIT 

Number o f  d i s c r e t e  f r e q u e n c i e s  f o r  which computat ions are 
performed,  

Number of v a l u e s  of d r i v e r - c o i l  l i f t - o f f  f o r  which 
computa t ions  are performed. 

"tie number of unique p r o p e r t y  sets ob ta ined  by combining 
d e f e c t  p r o p e r t i e s  and conductor  p r o p e r t i e s  and accoun t ing  f o r  
a11 s t e p  v a r i a t i o n s  ("combined" p r o p e r t y  s e t s )  a 

P r i n t  and t r a n s f e r  index;  i n i t i a l  va lue  selects p r i n t i n g  of 
t a b u l a r  ou tpu t .  Values s e l e c t e d  du r ing  execu t ion  de termine  
s e l e c t e d  program o p t i o n s ,  

The number of unique conductor  p r o p e r t y  sets;  ine ludes  t h e  
number of conductor  p r o p e r t i e s  and t h e  s t e p s  of v a r i a t i o n  i n  
e a c h  p rope r ty .  

The number of combined p r o p e r t y  sets, i n c l u d i n g  d e f e c t s  as 
d i s t i n c t  p r o p e r t y  sets. (The t o t a l  number of c a l c u l a t i o n s  
r e q u i r e d  by conductor  and d e f e c t  p r o p e r t i e s . )  

Number of r e g i o n s  i n  the  problem, i n c l u d i n g  t h e  a i r  r eg ion  
c o n t a i n i n g  the c o i l .  

Unit c o n t r o l .  I n i t i a l  v a l u e  selects Eng l i sh  or metric,  o u t p u t  
l e n g t h  dimensions.  ( 1  = E n g l i s h ,  2 = metric.) 

'L"Top'* i s  t h e  d r i v e r - - c o i l  s i d e  of t he  Layer. 

' ~ o o r d i n a t e  l o c a t i o n s  of norma~ized d e f e c t  r e f e r  t u  center nf  sptwre 
r e p r e s e n t i n g  t h e  d e f e c t .  



50 

Tab le  A3. I n t e r a c t i v e  Program Quer i e s  and Opera to r  Responses 
Occurririg &ir ing Kxcxut Lon of MULRFD 

I______ .......... ___.I.- _- 
Line  QUERY o r  Kesponse 

136 From s u b r o u t i n e  COJLF XL : 
TYPE C O I L  NAME (UP TO 6 LETTERS): 

E n t e r  s i x - c h a r a c t e r  alphanumeric ; may conta in  l e a d i n g  or 
t r a i l i n g  blanks ( s p a c e s ) .  

C O I L  (Name) NOT FOUND. TYPE FOLLOFJSNG C O I L  P A M E T E R S :  K H A R ,  
R 1 ,  R 2 ,  L3, R 3 ,  K 4 ,  L4, L5 ,  r.6: RDCDR, RIICPU, TNDR, TNPU: 

bhtct  f ree-format  number f o r  each v a r i a b l e .  

4 5 4  TYPE NUMBER OF NEXT ACTION ro BL TAKEN: 
1 = PRT PROPS; 2 = F I T  PKUP; 3 = PR'I' ENTLRE F I T ;  4 = PRT C O W ;  

6 -- CHG C O I L / C I U  VAL; 7 = CHG \iJ PRT; 8 = CAI, C O I L / C K T  D R I F T ;  
5 = CEG FCTN/I)OL, TYP 

9 = STOP 

E n t e r  i n t e g e r  1-9. 

The foliowing s e c t i o n s  l i s t  ensu ing  i n t e  cac t io i l s  r e s u l t i n g  frorrr each of 
 he o p t i o n  s e l e c t i o n s  at. l i n e  454: 

1. P r i n t  p r o p e r t i e s  - No o p e r a t o r  i n p u t  r e q u i r e d ,  (See p. 68 
l-__l__ 

273 
f o r  sample Output..) 

319 SELECT NUMBER OF PROPERTY 'TO RE FITTELI: 
1 -- RHO 2 = MU 3 = THICKNESS 4 = LIFT--OFF 5 DEFECT DEPTH 
6 = DEFECT S I Z E  

3 20 SELECT REGION TO BE FITTED. LOMEST I S  NUMBER 1. 

E n t e r  i n t e g e r  1-6 ( p r o p e r t y ) ,  d e l i m i t i n g  s p a c e ,  in tegcr  1 - N R T  
( r e g i o n ) .  

(The remainder  of i n t e r a c t i o n s  occurr ing  ~ i t h  t h i s  o p t i o n  
d u p l i c a t e  t h o s e  o c c u r r i n g  wi th  opti-on 5 and are l i s t e d  t h e s e .  
Proceed t o  o p t i o n  5 from h e r e - )  

389 3.  P r i n t  h i i t i r e  ........ F i t  - No o p e r a t o r  i n p u t  required.  ( S C C  p. 58 
f o r  s a m p l e  o u t p u t .  ) 

4 35 4 .  _____.__- P r i n t  C o e f f i c i e n t s  -- No o p e r a t o r  i n p u t  r e q ~ i r e d .  (See 
p. 68 f o r  sample o u t p u t . )  

5. Change ( F i t t i n g )  ........... Type - Produces: .............. 
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Table  A3. (Cont inued)  

Line  QUERY o r  Response 

3 36 TYPE 1 I F  THERE IS OFFSET, 0 I F  NO OFFSET: 
II 

E n t e r  i n t e g e r  1 or 3. [OFFSET ( 1 )  adds a c o n s t a n t  t e r m  t o  the 
f u n c t i o n  expans ion .  I 

341 SELECT THE NUMBER OF THE FUNCTION TYPE, POLYNOMIAL, DEGREE, AN19 
NUMBER OF CROSS TEKMS FOR EACH MI1GN'CTUZ)E AND PHASE 

344 FUI?CTEON TYPE: 1 = LINEAR 2 = LOG 3 = EXP 4 = I N V  
346 (Blank 1.ine) 
347 FCN POL # CROS s 

TYPE DE c T E M S  

MAG AT (number) HZ 
PHA AT (number) HZ 

Re.sponse e n t e r e d  
on t h e s e  l i n e s  

E n t e r  on each  WIG l i n e ;  i n t e g e r  1 4 . ,  deLirni t ing blank ( s p a c e ) ,  
i n t e g e r  1-15, s p a c e ,  i n t e g e r  0 ,  

363 

E n t e r  on each  PiiA l i n e :  i n t e g e r  1, 3 *  4 ;  space; I n t e g e r  
1-15; s p a c e ;  i n t e g e r  1-15. (Sum of i n t e g e r s  1-15 cannot  exceed 
15,) (See p. 68 f o r  sample o u t p u t s . )  

ERROR: NINMBEK OF TEKMS EN POLARY EXCEEDS D I M E N S I O N  

(No r e sponse  - program r e t u r n s  t o  Bine 4 5 4  above.) 
niis error message o c c u r s  i f  the sum of  POL DEG and #CKOSS 
TELW e n t r i e s  exceeds  15. 

Act ion i n c l u d e d  i n  o p t i o n  5 c o n t i n u e s  until l i n e  454 i s  
encoun te red  aga in .  (See p. 68 f o r  samples of s e q u e n t i a l l y  
o c c u r r i n g  o u t  p u t s  ) 

6, Change C o i l  ( o r )  C i r c u i t  Values -- Produce.s t h e  fo l lowing :  - 
466 From s u b r o u t i n e  CHRFPM: 

(S-13) C O I L  INN.IUD. OUT.KAD LENGTH SHT CAP DC RES TURNS EA. 
(S - lb )  DRV (Number) (Number) (Number) (Number) (Number) (Number) 
(S-18) (Blank l i n e )  

E n t e r  free f o r ~ n a t  number or "Q" f o r  each  parameter; s e p a r a t e  
e a c h  y a i r  by blank ( space)  o r  cornmna d e l i m i t e r ;  "O'a will l e a v e  
t h e  co r re spond ing  parameter  unchanged. 
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Table  A3. (Cont inued)  

..........____I.I____~-.....I .... ~ ........ ...... ....... ,- ......... 
Line QUERY o r  R.esponsc 

..... _____I . ..... _ _ _ _ _ - _ _ ~  ......... ~ - _ - _ p _  I I _ - ~ -  

(S-20) P I C  (Nuuzber) (Number) (Number) (Number) (Number) (Number) 

Use same e n t r y  format  as f o r  "DVR" l ine- 

( S - 2 4 )  RBAX VOUT DVR AMP RES P I C  AlP RES 
(S-26) (Number) (Number) (Number) (Number ) 

(Blank l i n e )  

E n t e r  numbers f o r  each paraineter as descr ibed above.., 

7 .  Change ( C o i l  ...... .- o r  C i r c u i t  Values)  I- w i t h  P r i n t o u t ,  

P r i n t o u t  9r d i s p l a y  i s  i d e n t i c a l  t o  ~ h a t  shown f o r  o p t i o n  6 
above. A d d i t i o n a l  hard-copy ou tpu t  i s  pr int-ed ( l i n e s  273  and 
2 9 8 ) .  

A f t e r  e x e c u t i o n  o l  CPIKFPM c o n t r o l  r e t u r n s  t o  l i l w  1 7 0  (statement 15) 
i f  c o i l  dimensions are changed OK t o  l i n e  297 ( s t a t emen t  160) i1 c i r c u i t  
parameters are changed. 

Return o f  c o n t r o l  t o  l i n e  17U c a u s e s  r e p e t i t i o n  of the  a c t i o n  s e l e c t i o n  at  
l i n e  454 (descr ibed  above)  

Return of coriCrol t o  line 297 c a u s e s  r e p e t i t i o n  of I;he property f i t r i n g  
sequence ( o p t i o n  2 above) .  

460 8. C a l c u l a t e  _.- C o i l  or C i r c u i t  B r f f t  -- No o p e r a t o r  i npu t  r e q u i r e d ,  
(See  p. 68 f o r  saGple o u t p u t . )  

4 6 9  9. __ S t o i  No o p e r a t o r  i npu t  r e q u i r e d ;  program e x e c u t e s  
F o r t r a n  S top  J o b  i n s t r u c t i o n .  



Program L d e n t i f i c a t i s n  .._._ I 

Description of  Program Funct i  oris and Key Cont ro l  UariabLes 

See Table A2  f o r  additional informatian.  
I I -I_- 

Opt i ona 1 Eli gh-P r ec is ion Variables 

Remove the "C" by e d i t i n g  if addjtional p r e c i s i o n  is  r e q u i r e d .  



5 4 

Conversion of Normall.y ....... I n t e g e r  Variables ..... t o  Xczl ...... 

Required f o r  correspondence w i t h  conventj-onal coi 1. d imension usage  

p r e v i o u s l y  e s t a b l i s h e d .  

Dimensions f o r  Control ...... Parameters Not RequiP-ing Adjustment ...... ~ _ _ _ _ g _ _ l . l _ . _ _  ~ - ~ - -  

L i s t i n g  and I d e n t i f i c a L i o n  of -. Dimensions ....... t h a t  Normally Requi re  .... Adjustments  

f o r  New Problems 
___I- 

Li te ra l  v a r i a b l e s  i n  t h e s e  comcnt  statements locate the p o s i t i o n s  of the 

c o n t r o l  v a r i a b l e s  i n  the a r r a y  d imens ions ,  lines 61- -75. 
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P r o p e r t y  Value I n i t i a l i z a t i o n  

Propert:y a r r a y s  are  l i s t e d  column by column; each  of NPT columns has NRT 

rows ( i n  t h i s  example NKT = 3 ,  NPT =-_ 9 ) .  Values are a r r anged  w i t h i n  each  

a r r ay  such  t h a t  i f  t h e  (NK,NP) eleoients of each array ( R E S ,  PERM, and T H I C K )  

are combined as s e t s ,  NK'1'"NPT d i f f e r e n t  sets w i l l .  resuI. t .  

____l_l __....._..... ~ ..-- 

I n i t i a l i z a t i o n  of F requenc ie s  and Gains 

:I. :I. 0 
I :I. :I 

Check C a l c u l a g i o n  of C o n t r o l  Parmmwter NPTT 

T h i s  c a l c u l a t i o n  must be performed before e d i t o r i a l  s i z i n g  o f  READNG a r r a y .  

I n i t i a l i z e  Normalized Lift-Off Increment: 

L2 = a c t u a l  l i f t - o f f  increment  d i v i d e d  by mean d r i v e r - c o i l  r a d i u s .  By 
_I___ 

u s i n g  t h e  increment  this way actual-  i nc remen t s  w i l l  change wi th  dr iver -  

c o i l  s i z e  s e l e c t i o n .  



T i m e ,  Date, and CPU Run T i m e  

S u b r o u t i n e s  are  p a r t  of machine o p e r a t i n g  s y s t e m .  This s t e p  starts t h e  

CPLJ t imer .  

-_I_ 

C o i l  Data S e l e c t i o n  o r  Inpu t  

Branch t o  s u b r o u t i n e  COLFLL a l l o w s  selective r e a d i n g  of c o i l  d a t a  f i l e  or  

manual i n s e r t i o n  of c o i l  d a t a  ( s e e  Appendix E ,  p. 160). 

(Mote: Coil. d a t a  are now in F i l e  28). 

C i r c u i t  Parameter I n i t i a l i z a t i o n  

E d i t o r i a l  change r e q u i r e d .  Un i t s  as shown i n  comment l i n e s .  

1 3 7 c 
I. 3s c' 
:t. 3 9 c 
1.40 c 
1. a 1 c: 
t 4 2  i: 
1 . 4 ~  c: 
1.4 4 c: 
145 
146 
147 
148 
149 
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U 11 i t C onve r s i on 

Conversion f a c t o r s  of 1, t o  r e t a i n  inch  d imens ions ,  o r  25 .4 ,  t o  convert .  t o  
..._.-_I._ I--I __I___ 

millimeter dimensions are s e l e c t e d .  

Defec t  Normal iza t ion  

Normalized diameter: 

V o l u m e  fac tor  = d n / 8 ,  

Normalized volume = ~ d , / 6 .  

d, = d / F  (r = R 5 ) ,  
3 

3 

Rearrangement I...I--._ of P r o p e r t y  Arrays  

I n i t i a l  a r r a y s  RES, THICK, arid PERM ( f o r  r e s i s t i v i t y ,  t h i c k n e s s ,  and 

p e r m e a b i l i t y )  are  a r r anged  f o r  a d e f e c t - f r e e  conductor  s t a c k .  Tlie example 

i s  a t h r e e - l a y e r  sys tem wi th  a n ine -p rope r ty  conductor  s t a c k ,  so t h e  

p r o p e r t y  a r r a y s  are each  ( N R , N P )  up t o  ( 3 , 9 ) .  

When d e f e c t s  are added t h e  cooductor  p r o p e r t i e s  are t r a n s f e r r e d  t o  l a r g e r  

a r r a y s  (RHO, TH, U) w i t h  e x t r a  e n t r i e s  of t hose  p r o p e r t y  sets t h a t  

co r re spond  t o  t h e  d e f e c t  cases. The d e f e c t  p r o p e r t i e s  are s t o r e d  i n  

s e p a r a t e  a r r a y s ,  DFLOC and DFV, numbered ( indexed)  t h e  same way as t h e  

conductor  p r o p e r t i e s .  Thus, a d e f e c t  c a l c u l a t i o n  p i c k s  up t h e  conductor  

p r o p e r t i e s  from RHO, etc.  and t h e  d e f e c t  p r o p e r t i e s  f o r  DFLOC and DFV. 

As w r i t t e n  t h e  program g e n e r a t e s  a s i n g l e  v a l u e  of DFV f o r  t h e  d e f e c t  

and  t h r e e  v a l u e s  of DFLOC, co r re spond ing  t o  t h e  d r i v e r  s i d e ,  middle ,  and 

f a r  s i d e  of t h e  conduct ing  l a y e r .  The program is  l i m i t e d  t o  a v a l u e  o f  
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3 f o r  NDPS 

changed. 

by  t h e  c o n d i t i o n  s t a t e m e n t s  i n  l i n e s  167-169, which cou ld  be 

Impedance I n t e g r a l s  

The i n t e g r a l s  are computed from R 1  and B 2  i n  s t e p s  of SI. l r i i s iaE va lues  

a €  B 1 ,  B 2 ,  and SI are 0 ,  5, and 0.01, r e s p e c t i v e l y .  Value X r e p r e s e n t s  a, 

t h e  i n t e g r a t i o n  v a r i a b l e .  ( S 1  i s  e q u i v a l e n t  t o  d i e >  The i n t e g r a n d s  are 

e v a l u a t e d  a t  t h e  midpo in t s  of t h e  s t e p s ,  S1. The va lue  of SI. i s  

p r o g r e s s i v e l y  i n c r e a s e d  t o  0.5 as X i n c r e a s e s  toward 80, where t h e  

i n t e g r a t i o n  t e r m i n a t e s  
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A 1 1  integrands are computed and summed by  he subroutine KFCOLM 

(Appendix E, p. 178). 

RCON = w p O T 2  with unit conversion (later multiplied by u, = relative 

permability and p = resistivity in WR-cm). 

(4v x 10-7H/m) (0 .0254 1 n / i n . ) ~ ( 2 ~ r r a d / I l z )  (iO*pQ-cm/R--m)/fi = 0 . 3 5 . .  . 

TMUTRE, TM~JTIM = real and imaginary parts of MT ( w i t h o u ~  conversion 

factors) [Eq. ( 1 9 ) ] .  

D R I V ,  P I C K  denote corresponding terms for Z,Q> 2;") [ E q s .  (181, ( 2 2 1 1 .  

I )KVD/PICKD denote corresponding terms for defect impedances, z g A ,  zp' 

[ E q s .  (50) ,  ( 5 3 ) ,  ( 5 4 1 1 .  

A l R 1 ,  A1R2 

i Y 0  c 
191 C 
192 c 
1.93 C 
174 c: 
195 c 
1.96 C 
1.97 C 
198 
199 
200 
201 
202 c 
203 C 
204 c 
205 I3 
206 
207 
208 
209 
210 
21. 1 
212 
213 
214 
215 
216 



6 1. 

R e s t o r a t i o n  o f  P r o p e r t y  Values  a n d  Uni t  Conversion 

Defec t  s i z e  = d e f e c t  volume ( r  Y. l e n g t h  convers ion)3 .  
.~I._......_....__._._._.--~-.-. ~ ~._. ........_.. ~ 

The d e f e c t  s i z e  a r r a y  i s  g e n e r a t e d  a t  t h i s  p o i n t ;  i t  r e p r e s e n t s  ac tua l  

vo 1 t i m e  : 

un = 1/ (y,*fi) , and 
T, = T,' x ( couve r s ion ) r / l J . .  

Loop 85 converts co  I umn h e a d i n g s  f o r  p r i n t o u t s  



62  

:15 .'5 
254 

i .., b 

25 7 
2 5 8 
:? 5 9 
? A 0  
26 1, 
26 2 
263 
264  

L- c ... .i ..I 
c, c 

Computation and P r i n t o u t  of CPU 'rime f o r  C a l c u l a t i o n  -___ -.-.l..l......s_ -. . . . . . .-... ... . . . . . . . .. 

Selection of F u r t h e r  Ac t ions  

A t  t h i s  p o i n t  the program execu t ion  jumps from l i n e  269 t o  454 ( s t a t e m e n t  

6 4 0 ) .  The acLion is thr s a w  as i f  l i n e  4 5 2  fo l lowed 269. (See Table A3 

f o r  sumnary of i n l e r a c t i v e  d i s p l a y s  and responses.) 

__ -__ 

T'he o p t i o n s  are d e s c r i b e d  in t l i c  foilowing numbered sec t ions .  

-- P r i n t  Proper t ies .  ( 1 )  

HI-anch t o  statement 100 ( l i n e  273) .  I f  NPRIN'I' f 0 branch t o  s u h r c ~ t t i ~ e  

PRFCOL (Appendix E ,  p. 166)  t o  p r i n t  d imens iona l  coil p r o p e r t i e s  t h e n  

back t o  line 277 to p r i n t  list: of p r o p e r t y  sets f o r  the conductor  s t a c k ,  

( M i i s L  h a v e  NYRSNT 2 1 t o  reach t h i s  branch.) 



6 3  

--__-.I. F i t  P r o p e r t y  ( 2 )  

'This b ranch ,  s t a r t i n g  a t  statement:  160, w i l l  f o l l o w  branch ( 1 )  aboue when 

NPRINT = 1 o r  branch d i r e c t l y  i f  NPKXN'I' = 2. Subrou t ine  R F C I R K  computes 

and r e t u r n s  magnitudes and phases  of TJCLlt [Eq. (1411. Subrou t ine  PRFCKT 

p r i n t s  o u t  c o i l  and c i r c u i t  e lectr ical  p r o p e r t i e s .  Subrou t ine  PKFVLT 

p r i n t s  the magnitudes and phases  of V O u t  c a l c u l a t e d  by WCMK, 

t o  s t a t e m e n t  640 at  l i n e  3 1 2  comple t e s  o p t i o n  (1). 

The r e t u r n  

294 
295 
295 
2 (9 7 

2?98 
2/39 
300 
301 
302 
303 
304 
305 
306 
307 

309 
3 1 0 

31. 1 

m n  

When b ranch ing  is d i r e c t  t o  s t a t e m e n t  160, NPRXNT = 2, t h e  c i r c u i t  and 

voltage p r i n t o u t s  are sk ipped ,  and least squares d e s i g n  c a l c u l a t i o n s  begin,  

The v a l u e  o f  MSETl becomes the READING a r r a y  row dimension r e q u i r e d .  

The maximum filled s e c t i o n  of PKOP(;"I) will c o n t a i n  NPTT*NLT entries.  Each 

s t e p  v a l u e  of  a conduc to r  p r o p e r t y  a p p e a r s  (NPTT/NPT) t i m e s ;  each value o f  

l i f t - o f f ,  (NL-1)*L2, a p p e a r s  NPTT times; and each s t e p  v a l u e  of a d e f e c t  

l o c a t i o n  a p p e a r s  NPT times. 



6 4  

As T A T F t i e n  the s i n g l e  v a l u e  of d e f e c t  s i z e  appea r s  NODF t i m e s .  Thus, t h e  

d e f e c t  s i z e  i s  weighted  d i f f e r e n t l y  than  the other  p r o p e r r i e s  i n  the  

f i t t j n g  p r o c e s s ,  unless NODF = MPT. 

Changing F i t  Function (5)  

S e l e c t i n g  OFFSET (1) means t h a t  an i n i t i a l  constan;  will be added t o  the 

f a n e t i o n  g e n e r a t e d  by the f i t t i n g  process. E n t e r i n g  polyriomial s e l e c t i o n s  

f i l l s  the NPOT, a r r a y ,  

d c f 3  n i t i o n s .  ) 

~- .- 

(See  Tab le  A2 and Appendix G f o r  array elcl.ment 

336 
337 
3 3 H  
3 3 9 
340 
34 1 
342 
3 4 3 
344 
3 4; 
3426 
3 4 7  
3 4 8 
-3.19 
350 
3; P 
3 5 2  
3 5 3 
35 4 
355 
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The term LRDPK i s  t h e  number of terms i n  t h e  f u n c t i o n  expans ion  s e l e c t e d ;  

i t s  va lue  i s  i n c r e a s e d  by 1 t o  s i z e  t h e  column dimension of READNG, 

a l l o w i n g  space  f o r  t h e  p r o p e r t y  v a l u e  t o  which t h e  f u n c t i o n  is f i t t e d .  If  

the number of expans ion  terms s e l e c t e d  exceeds  t h e  p r e s e t  c a p a c i t y  of 

READNG, t h e  e r r o r  message ( l i n e  363)  occurs .  Subrou t ine  POLTYP p r i n t s  a 

r e p r e s e n t a t i o n  of t h e  f u n c t i o n  expans ion  ( s e e  Appendix E ,  p. 1 6 3 ) -  

The loop a t  s t a t e m e n t  460 i n i t i a l i z e s  a r r a y s  f o r  s t o r i n g  values  of 

s i m u l a t e d  magnitude and phase r e sponse  i n t o  which d r i f t s  are in t roduced .  

The l o o p s  a t  s t a t e m e n t s  470 and 480 s u b s t i t u t e  t h e  s u c c e s s i v e  s imula t ed  

magnitude and phase r e a d i n g s  i n t o  the f u n c t i o n  expans ion  chosen above i n  

p r e p a r a t i o n  f o r  f i t t i n g .  (See Appendix E ,  p. 169, f o r  RDGEXY s u b r o u t i n e ) .  

3 7 2 
.3 7 :3 
374 
37s 
376 
377 
378 
379 
380 
38 1 

Subrou t ine  ALSQS computes t h e  least  s q u a r e s  f i t  between t h e  s imula t ed  

r e sponse  and t h e  conduc to r  o r  d e f e c t  p r o p e r t y  ( s e e  Appendix E ,  p. 1 4 7 ) .  

It r e t u r n s  c o e f f i c i e n t s  of t h e  f u n c t i o n  terms i n  t h e  COEF a r r a y .  
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Tests of F i t  Q u a l i t y  . . ... [ P r i n t o u t  of Functioi>._F.it (3)  ] 

Two tests are  performed s i m u l t a n e o u s l y  w i t h i n  t h e  loops of s t a t e m e n t s  570 

and 580, ( D e t a i l s  of the tes t s  are d e s c r i b e d  on pp. 39-41.) 

- _. ..._. 

The same l o o p  set p r i n t s ,  when s e l e c t e d  ( N P R I N T  = 3 ) ,  a t a b l e  of the 

v a l u e s  computed from t h e  f i t t e d  f u n c t i o n ,  the p r o p e r t i e s ,  and t h e  f i t -  

t e s t i n g  pa rame te r s  ( s e e  p.  75 f o r  sample o u t p u t ) .  Rcgardlrss  of t h e  

s e c t i o n  s e l e c t e d  (NPKINT v a l u e ) ,  the v a l u e s  of rns r e s i d u a l  and d r i E t  are 

p r i n t e d  a t  t h e  cnd of t h e  cornputatioil. 
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- P r i n t i n g  C o e f f i c i e n t s  of L e a s t  Squares  F i t  

Subrou t ine  CON8 c o n v e r t s  dec imal  v a l u e s  t o  hexadecimal;  both v a l u e s  

are p r i n t e d .  Func t ion  terms were p r e v i o u s l y  gene ra t ed  by t h e  POLTYP 

s u b r o u t i n e .  

4 3 5 
4 3 h 
437 
438 
439 
440 
44 1 
4 4 2 

Wri t ing  F i t  C o e f f i c i e n t s  and I d e n t i f i c a t i o n  on Disc F i l e  

The t e r m  PROPTY i d e n t i f i e s  t h e  p r o p e r t y  f i t t e d ;  IRDPR i n d i c a t e s  t h e  number 

o f  terms i n  t h e  f i t  ( f u n c t i o n  expans ion ) ;  IIOFSET i n d i c a t e s  a constant term 

i n  t h e  f i t ;  COEF ( I K )  c o n t a i n s  t h e  c o e f f i c i e n t s  of t h e  expans ion  terms; 

NYOL c a r r i e s  t h e  s t r u c t u r e  of t h e  f u n c t i o n  expans ion ,  i n c l u d i n g  t y p e  of 

f u n c t i o n ,  number of terms, and number of c r o s s  terms. 

S e l e c t i o n  of Next Ac t ion  

This sequence i s  execu ted  i n i t i a l l y  from a jump a t  l i n e  269 and a f t e r  t h e  

comple t ion  of  the v a r i o u s  s e l e c t e d  sequences  from jumps a t  l i n e s  311, 3 6 4 ,  

4 3 5 ,  and 46.5. 
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C i r c u i t  ..... Component D r f f  ... t (8) 

Op t ion  8 from statement 640 c a l l s  s u b r o u t i n e  KFCKTH" which c a l c u l a t e s  the 

e f f ec t s  of small d r i f t s  i n  c i rcu i t  component v a l u e s  ( s e e  Appeiidix E ,  

p .  176).  

Change of C i r c u i t  o r  C o i l  Parameters ( 5 ,  7 )  

Op t ions  6 and 7 c a l l  s u b r o u t i n e  CNKFPM, which i n s e r t s  changes.  This  

s u b r o u t i n e  d u p l i c a t p s  s u b r o u t i n e  COLFLL f o r  i n s e r t e d  c o i l  parameters 

( s e e  Appendix E ,  p. 160).  

- ._ 

S t o p  Execu t ion  ( 9 )  - 

Selectton of s t a t e m e n t  SO0 (opt L o r i  9 )  s t o p s  execu t ion .  

A p a r t i a l  p r i n t o u t  of a sample rim i s  given below. 

F'ROGRAH MIJL.RFII D A T E  9 / 2 6 / 7 8  TINE 12:59:26 

(See p.  21 f o r  c o i l  dlmension t a b l e . )  



(Blocks 5-32  l e f t  o u t  for b r e v i t y . )  

1 e 000 
1 * 000 
1 + 000 
I *OOQ 
1.000 
1.000 
1 * 000 
1. 000 
3. 000 
1 + 000 
1. * 000 
1.000 

000 
000 
000 
000 

6 * 0 7 0 0 E t O O  
1. + 0 0 Q O E t 1 0  
1.0000ES1.0 
h.O700E+00 
1 *0000E+10 
1*0000Et10 
h+0700E+00 
I*OOOOE+10 

1.000 0 + 4 0 6 9  7 .  11.33 L',8116E-01 
1 .000 
1.000 
1,000 0.Yl44 2.1133 2+81I6E.-0i 
1 t 000 
I .000 
1 .000 1.4224 2.1133 2.8116E--01 
1 t 000 

The following o u t p u t  is generated by the PRFVLT s u b r o u t i n e .  

FKti:C1UENCY 2 +00000E+03 G A I N  3 + 30000Ef02 
PROF.' LFT OF' 0,0750 0,0883 0,101'7 

SET 
1 HAG 3.2476 3.1094 2.9771 

PI46 .-.34*531 -34.683 -34,843 

3 MAG 3,2710 3.1313 2.9976 
FHA -34,658 -34,808 -34,965 

MAG 3.4340 3,2869 3.1462 c 
.J 

PttA -38,354 -38.521 - 3 ~ ~ 6 9 6  

6 H A G  3.4686 3.3192 3.1763 
PHA -38,435 -38.600 -38.772 

7 MAG 3 1 4 4 P 8  :3*3018 3,1601 
FHA -38 465 -38 +A30 -.38 802 

t3 MAG 3.4413 3.2938 3,1526 
FHA --38+438 -38.604 -381777 



i o  

(Blocks %32 left o u t  f o r  b r e v i t y . )  

3 M A G  3 A295 3 t 4627 3 + 3023 
.. 1 0 b 2 8 'I. -- 1 0 6 + 7 1 7 I" I i A - 1.0 s t 8 4 1. 

4 M R G 3 6272 3 + 4606 3 t 3003. 
-.. 1 06 h 0 5 I" t.1 A 1 0 5 7 2 3 ... 1. 0 6 + 3. 6 6 

(B locks  5-36 l e f t  ou t  f o r  b r e v i t y . )  

There are  sanple  o u t p u t s  from least  squares cu rve  f i t s  on pp. 91-93. 



A P P E N D L X  13 

PROGR4III MULTKU 

PlLJLTRU was des igned  and w r i t t e n  t o  s i m u l a t e  t h e  operation and re.sponse 

o f m i  s". d ea 1. t11 c o cigh- t r an s m  i s i  ?j i. on eddy -cur T: cs n t  i n s  t r m e n  t a-p p I ie i l  t o  a s t r UI:. - 
91a.11-e With 1!1111 t i  ple laye-rs of conduc to r s  having  parallel  p l a n a r  \,oclnd;iri&s 0 

It i s  used  t o  perform d e s i g n  s t u d i e s  n e c e s s a r y  t o  o p t i m i z e  t h e  operak: lonal  

a nd. e .l ec t r i c  a 1 c ha rac  t e r i s t ic s o E t h  r oug'n - 1: ra ns iu. i s s io 11 i r i s  t c urnerit B e 

S i. mu 1 at i oiis s 1. gii:i. f i.c a til: 1 y re ti (ice the n urnbe r of l a  bot- ;I t o r y expe 1: i men t s 

r e q u i r e d  arid a l l o w  c o n c e n t r a t i o n  on t h e  more u s e f u l  ones- 

MULTKU a c c e p t s  i n i c i a l i - z i n g  i n p u t s  of coiiduct:or ;md c i r c u i t  d a t a  b y  

e d i t i n g  and operator i.ntct:r;xct:ion, computes e l e c t r i c a l  p r o p e r t i e s  of! t h e  

i= o i 1 s and responses of t be c i r c u i  t 

be  t w e  e n  c o nduc t o  r p r (3 pe I t it. $3 a n d  c i rc wi. t: res  is on se s ;ind coinpi t e s t h e  

e f f e c t s  of d r i f t s  or err(:)-rs i n  c i r c u i t  response on t h e  conductor  proper -  

t i e s  i n d i c a t e d  b y  rhese mathematical  r e l a t i o n s h i p s  s 

The f o l l o w i n g  i n i t i a l  i n p u t s  are. r e q u i r e d :  

cons t r IJC t 8 mat. h e m a  t i c a 1. re 1 ai: i oils h i - p  s 

1 p a s s i v e  c i r c u i t  component values ; 

2. values  ( o r  series of v a l u e s )  of magnet ic  p e r m e a b i l i t y ,  eJ.ect.r~c.al. 

r e s i s t i v i t y ,  and t h i c k n e s s  fo r  each conducting l a y e r ;  

' 3 ,  f r e q i i e n c y  and magnitude of each i n p u t  v o l t a g e  t o  t l t e  d r i v c r  c o i l  

c i r c  u i  t ; 

4 .  ampl i f i c ! r  ga ins  (one  f o r  e a c h  f r equency  u s e d ) ;  

5,  a v a l u e  k u r  t h e  normalized increment  r > f  l i f t - o f f  ( t A 2 ] ;  

is. v a r i o u s  parameters t o  c o n t r o l  array s i z i n g ,  i n p i i t ,  o u t p u t ,  ctc. 

Tht:se i n p u t s  a r e  i t e ln i zed  i n  T a b l e  HI. T a b l e  B2 l i s t s  step--by--stcsp 

i n s t  r u c t i o n s  for execui ing  t h i s  p r o g ~ a m .  

Iliiring c>xectitioii t h e  program i n t e r a c t i v e l y  r e q u e s t s  from the o p e r a t o r :  

i d t . ? i t i f i c a t f o n  of c o i l s  s e l e c t e d  or I D M I I L U ~ ~  ( keyboa rd )  i n s e r t i o n  at: c o i l  

d imensians and r lec  trical paramete r s  se Lect ion  of p r i n t e d  output rc?bu2a- 

t-ions selection of a c t i o n s  t.o I>e prr for rnr r l  by t h e  program, and se1e~t1.0~1 

of p r o p e r t y  € o s  f i t t i n g  and f u n c t i o n  d e s c r i p t i o n  f o r  l eas t  qu;t'-f"s f i t s ,  

7 1  
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Tab le  R 1 ,  Summary of E d i t o r i a l .  Changes P r e p a r a t o r y  t.0 Kunniilg MULTKU 

_I___. . . ... ... .. . . . . . . . . ._ ...._._____.._,..... 

L i n e (  s )  Act ions  

4 2  

58-70 

81 

82-84 

85 

86 

147-1 52 

( o p t i o n )  Remove i n i t i a l  "C" t o  i n s e r t  doul,l.e-precision 
va r i ab l - e s .  

Ad j u s t  a r r a y  dimensions;  f o l l o w  key provided i n  l i n e s  45-51 
( s e e  p. 34-35 f o r  READNG a r r a y ) .  

S e l e c t  n o r m a l i z a t i o n  o p t i o n  (NORM); a d j u s t  c o n t r o l  parameters 
(NPT, NRT, NLT, NFT); e n t e r  a i r  gap and l i f t - o f f  pa rame te r s  
(THMAX, GAP). 

E n t e r  s t e p  v a l u e s  fo r  conductor  p r o p e r t i e s :  r e s i s t i v i t y ,  
RES ( NR , NP ) ; pe rmt:ab i. 1. it y , PERM( NR , NP ) ; and til i cknes  s 
THZCK(NK,NP). I n  each case NR = 2 ,  ...(NRT--I), and NP = 1, ...( NPT-1). 

S e l e c t  c o i l  s p a c i n g  opt i o n  (NOPT) and input/our.put d e v i c e s  
(LT,  LOU, LO2) . 
E n t e r  f r e q u e n c i e s  of d r i v e r  c o i l  v o l t a g e ,  FREQ(NF), and 
bandpass a m p l i f i e r  g a i n s ,  GAIN(NP). For each a r r a y ,  NF -- 1, . . . NFT. 

E n t e r  normalized I . i f  t -off  increment  ( L 2 )  p a s s i v e  c i r c u i t  
component v a l u e s  (RO, R 9 ,  CAPDK, CAPPU), and d r i v e r  v o l t a g e  
magnitude ( V O ) .  Un i t s  s p e c i f i e d  i n  l i n e s  14.1---145. 

The program computes t h e  f o l l o w i n g  as i n t e r m e d i a t e  r e s u l t s  or o u t p u t  

1. c o i l  inductanc.es i n  a i r  ( i n c l u d i n g  the  mutual. i nduc tance  f o r  one 

s p e c i f i c  a i r  g a p ) ,  

2. real  and imaginary components of i n d i v i d u a l  c o i l  iiizpedances and mutual 

c o u p l i n g  between c o i l s  f o r  each  d i s t i n g u i s h a b l e  combinat ion of con- 

d u c t i n g  l a y e r  t h i c k n e s s e s  and e lectr ical  p r o p e r t i e s  and d r i v e r  c o i l  

l i f t - o f f  [ E q s .  (18), ( 1 9 ) ,  ( 2 1 ) ] ,  

3 ,  ampl i tude  and phase of pickup c o i l  v o l t a g e  [ E l .  ( 1 4 ) l  f o r  each  p r o p e r t y  

and l i f t - o f f  coinbination i t emized  i n  ( 2 )  above. 

The least s q u a r e s  d e s i g n  s e c t i o n  f i t s  four  p r o p e r t i e s :  r e s i s t i v i t y ,  

p e r m e a b i l i t y ,  t h i c k n e s s ,  and l i f t - o E f  ( d r i v e r  s i d e  on ly ) .  The  f i t t i n g  

, p r o c e s s  i s  d e s c r i b e d  ear l ier  i n  t h i s  r e p o r t  ( p p .  4-11). The p r o p e r t y  
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'I'abLe B2, I n t e r a c t i v e  Program @wries and 9perator Responses 
Occur r ing  During Execu t ion  of MULTKU 

.________.I. 

I, i ne QUERY o r  Response 
I_ 

133 

172 
(S-8681 

(s-910) 

3 93 

SELECT PRINTED TABLES: ENTER 1 TO PRINT, 0 TO O M l T ,  1-PROPERTY 
SE'YS, 2-ClnLL DIMS, 3-COTL/CKT ELECT VALUES, 4-V/OUT MAG & Y E 4  
FOR EA PKOPEKTY SET 

E n t e r  f o u r  i n t e g e r s ,  1 o r  0 ,  s e p a r a t e d  by d e l i m i t i n g  spaces 
( b l a n k s )  (sample o u t p u t s ,  p. 77-78, 167-168). 

E n t e r  two s i x - c h a r a c t e r  a lphanumeric  c o i l  d e s i g n a t i o n s  with 
no s e p a r a t i n g  d e l i m i t e r ;  i n c l u d e  blanks as n e c e s s a r y  To make 
s i x  c h a r a c t e r s ,  

COZI, (name) NOT FOUND. TYPE FOLLOGIING C O I L  PAR&YE:TEKS (INSERT 
ZEROES FOR UNUSED O N E ) :  RBAR, R 1 ,  R 2 ,  L 3 ,  K 3 ,  R4, L4,  L6, 
RDCDR, RDCPU, TNDR, TNPU 

En te r  z e r o e s  or free format numbers: KBAR i n  i n c h e s ,  K l  
t h r o u g h  L6 as normalized c o i l  dimensions (p.  2 1 ) ,  RDCDR and 
RDCPU i n  ohms, and TNDR and TNPU as  i n t e g e r s .  

[ T h i s  message o c c u r s  o n l y  i f  t h e  c o i l  names e n t e r e d  above 
( l i n e  S-868) are n o t  found. I 

TYPE NUMBER OF NEXT ACTION TO BE TAKEN: 
1 = CHG FCN/POL TYP 2 = FIT PROP 3 = PRT ENTIRE F I T  
4 -- PRT COEF 5 = CAT, COIL/CKT DRIFT 6 = CHG COIL  CKT VAL 
7 = CHG W PKT 8 = STOP 

E n t e r  i n t e g e r  1-43. 

The f o l l o w i n g  s e c t i o n s  l i s t  ensuing i n t e r a c t i o n s  r e s u l t i n g  From each  oE 
t h e  option. s e l e c t i o n s  a t  l i n e  393. 

1. Change ( F i t l t i n g )  Func t ion  ( o r )  Po.Lynomial Type 

257 TYPE 1 I F  THERE I S  OFFSET, 0 I F  NO OFFSET: 

E n t e r  i n t e g e r  O o r  1. (OFFSET (1) adds a c o n s t a n t  term t o  t h e  
f u n c t i o n  expansion.  ) 

291 

2 95 
297 

SELECT THE NUMBER OF THE FUNCTION TYPE, POLYNOMIAL DEGREE, LS 11 
OF CROSS 'PERMS FOR EACH MAGNITUDE h PHASE 

FUNCTION TYPE: 1 = LLNEAK 2 = LCK 3 = EXP 4 = INVERSE 
( b l a n k  l i n e )  



7 4  

Tab le  B2. (Cont inued)  

. . . . . . . .. ...._ .- .._. . . . .. . 
Line  QUERY o r  Response 

298 

305 MAG AT (number) IIZ 
306 PKR AT (number) H% 

ECN POL  CROSS 
TYPE DEG TERt4S 

Kesponses e n t e r e d  
on t 1Lchse l i n e s  

E n t e r  on each  MAG l i n e :  i n t e g e r  1-4, d e l i m i t i n g  blank 
( s p a c e ) ,  i n t e g e r  1-15, s p a c e ,  i n t e g e r  0. 

E n t e r  on each  FHA l i n e :  i n t e g e r  1, 3, o r  5 ,  space, i n t e g e r  
1-15, space, i n t e g e r  1-15. 
(Sum of  POL DKG and # CROSS 'L'KKMS e n t r i e s  must be G15.) 
(See  p. 7 8  f o r  sample o u t p u t s . )  

3 14 ERROR: # OF TEKMS I N  POLARY EXCEEDS DIMENSION 

No re sponse  - program retiir-lis t o  l i n e  393 above. 
Th i s  e r r o r  message occur s  when su~n  of POI, DEG and # CROSS 
'TEKMS e n t r i e s  exceeds 15. 

Ac t ions  i i ic luded i n  o p t i o n  1 c o n t i n u e  u n t i l  l i n e  393 i s  
execu ted  again.  (See p. 7 8  f o r  samples of s e q u e n t i a l l y  
o c c u r r i n g  o u t p u t s .  ) 

2. Fi . t  P r o v e r t v  

2 7 2  SELECT NUMBER OF THE PRoPrxrY TO BE FITTED: 
1 = RHO 2 = MU 3 -.- THICKNESS 4 = LIFTOFF 

2 7 3 SELECT R E G I O N  TO BE FITTED. LOIJEST I S  NUMBER 1 

E n t e r  i n t e g e r  1-4 ( p r o p e r t y )  , space, i n t e g e r  1-NRT ( r e g i o n )  

(The  remaining a c t i o n s  f o l l o w i n g  t h i s  o p t i o n  are t h o s e  l i s t e d  
under o p t i o n  1 above.) 

(342)  3. P r i n t  Z n t i r e  F i t  ._...._ 

No opera tor  i n p u t  r equ i r ed .  (See p. 7 8  f o r  sample output . )  

( 3 8 7 )  4.  P r i n t  C o e f f i c i e n t s  

No o p e r a t o r  i n p u t  r equ i r ed .  (See p. 78 f o r  sample o i i t pu t . )  

(399)  5. C a l c u l a t e  C o i l  .._.. o r  C i r c u i t  D r i f t  
1_-. 

A s  now written a dead-end branch t o  a s u b r o u t i n e  t h a h  h a s  no t  
been prepared.  S e l e c t i o n  r e t u r n s  c o n t r o l  t o  l i n e  393. 
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Tab le  R2. (Cont inued)  

L i  ne QUERY o r  Response 

(401) 6 .  

(S -13 )  

(5-18) 
(5-16) 

( S-20)  

( s - 2 4 )  
(5-26) 
(5-28) 

7.  

8 .  

4 0 4 

Change C o i l  o r  C i r c u i t  Values  

From s u b r o u t i n e  CHRFPN: 

coir, INN.  MD. o m  KAI). LENGTH SFIT CAP PC U S  'TLJKNS EA 
IIVK (nurnber) (number) (number) (number) (number) (number) 
( b l a n k  l i n e )  

E n t e r  f r e e  forinat number o r  "0" f o r  each parameter t h a t  is no t  
changed and  new v a l u e s  f o r  t h o s e  t h a t  are changed; separate 
e n t r i e s  by h l m k  ( space )  o r  c o m a  d e l i m i t e r ,  [ V a r i a b l e s  are K l ,  
~ 2 ,  63, C , ( C A W R ) ,  R6(mcix),  ~ 3 .  j 

PIC (number) . * .  e . .  

Use same e n t r y  forinat as f o r  ""DVK" l i n e ,  [Variables are W, K4, 
L 4 ,  C 7  (CAPPU) 3 R-/ (KDCPU) , N4. ] 

REAR VOIJT DVK M4P RES P I C  &PIP RES 
( nuinbe r ) e * .  a * .  . e * .  

(b l ank  l i n e )  

Change ( C o i l  o r  C i r c u i t  Values) w i t h  -_I- P r i n t o u t  

I n t e r a c t i o n  i s  i d e n t i c a l  t o  t h a t  shown f o r  o p t i o n  6 above. 
A d d i t i o n a l  hard-copy ou tpu t  i s  p r i n t e d  ( l i n e  257) = 

A f t e r  e x e c u t i o n  of CHRFPM ( o p t i o n s  6 o r  7 ) ,  c o n t r o l  r e t u r n s  t o  
l i n e  172 i f  c o i l  dimensions are changed o r  t o  l ine 248. 

A s  now w r i t t e n  r e t u r n  of c o n t r o l  t o  l i n e  172  repeats t h e  a c t i o n  
of CHRFPPI w i th  r e s p e c t  C o  c o i l  parameters  by t h e  a c t i o n  of 
T 6 0 F  1L. 

Retu rn  of c o n t r o l  t o  l i n e  248 prov ides  recomputat ion o f  the 
o u t p n t  v o l t a g e  magnitudes and phases .  A f  cer e i t h e r  r e t u r n  
sequence control .  e v e n t u a l l y  r e t u r n s  t o  l i n e  393. 

s t o p  
___I 

No o p e r a t o r  i n p u t  - s t o p  job  i n s t r u c t i o n  executed. 
~~ ~- 

" I n d i c a t e s  Line ~~ t imber  i n  s u b r o u t i n e .  
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a r rays  c o n t a i n  one extra e n t r y  no t  found i n  the o t h e r  programs: a p r o p e r t y  

s e t  i n  which a l l  conduc to r s  are  given t h e i r  maximum t h i c k n e s s  and o t h e r  

p r o p e r t i e s  are equal. t o  t h o s e  of a i r .  This se t  is  used tc:) compute t h e  a i r  

gap r e sponse  used i n  n o r m a l i z a t i o n  ( s e e  below). 'This p r o p e r t y  set  must be 

o m i t t e d  whe i i  t h e  l eas t  s q u a r e s  f i t s  are c o n s t r u c t e d .  

When t h e  least  s q u a r e s  d e s i g n  f u n c t i o n  i.s s e l e c t e d ,  t h e  program c01i-- 

p u t e s  a least  s q u a r e s  f i t  f o r  t h e  s e l e c t e d  p r o p e r t y  accordiing t o  E q -  ( 5 7 ) .  
Upon s e l e c t i o n  i t  p r i n t s  l i s t i n g s  showing the form of the funct i -on terms, 

t h e  independent  c o e f f i c i e n t s  of each term, tihe v a l u e s  of t h e  f u n c t i o n ,  t i i e  

p r o p e r t y  v a l u e ,  and t h e  e r r o r  and d r i f t  f o r  each d i . s t i ngu i s l l ab le  p r o p e r t y  

set .  The root-mean-square (rrns) d i f f e r e n c e  and d r i f t  [ s e e  Eqs .  (60)  and 

(6211 are a l so  computed t o  p rov ide  an i n d i c a t i o n  of f i t  q u a l i t y .  

T h e  program c a n  be used f u r  e i t h e r  of t w o  c o i l  con f igu ra t i -on  o p t i o n s :  

(1) c o n s t a n t  c o i l  s p a c i n g  - t h e  impedance v a l u e s  are coinputed f o r  each  

l i f t - o f f  v d u e  increrrnent as though t h e  coi1.s were f i x e d  i n  p o s i t i o n .  To 

compensate. f o r  changes i n  t h e  conductor  s t a c k  t h i c k n e s s ,  an  a d d i t i o n a l  

amount of  l i f t - o f f  i s  added t o  t h e  v a l u e  011 the d r i v e r  c o i l  s i d e  of t h e  

s t a c k .  ( 2 )  Coil-specimen c o n t a c t  - impedance uaJ_ues f o r  va r ious  conductor  

t h i c k n e s s e s  are computed as though t h e  c o i l s  ( o r  p robes )  remained i n  coil- 

t a c t  w i t h  t h e  conductor  s t a c k .  ( I f  a l i f t - o f f  increment is i n c l m k d  w i t h  

t h i s  o p t i o n ,  t h e  d r i v e r  c o i l - t o - s t a c k  s p a c i n g  is h e l d  c o n s t a n t  and e q u a l  

t o  the s p e c i f i e d  l i f t - o f f  as c o ~ i d u c t o r  t h i c k n e s s  varies. ) 

The r e a d i n g s  may be computed as " a b s o l u t e "  o r  "nortn;KLized. " The 

normal.i.zed mode i s  used most s ince  normalized results are most e a s i l y  

compared t o  experiroental  measurements. T i l  t h e  nosrnalized m c x k  each 

computed magnitude of Vout I s  d i v i d e d  by t h e  magnitude computed f o r  a 

s p e c i f i c  a i r  gap,  which i s  usua l . l y  set  equal t o  t h e  maximum conductor  

s t a c k  t h i c k n e s s .  

phase s h i f t  computed f o r  the same a i r  gap, \fiJlrr:n norrnalj-zation is used t h e  

i n i t i a l i z i n g  v a l u e s  i n s e r t e d  f o r  t h e  i n p u t  vo l t ages  and a i u p l i f i e r  g a i n s  

become a r b i t r a r y  because they  c a n c e l  ou t  i n  t h e  d i v i s i o n .  

Each computed phase of Vout h a s  s u b t r a c t e d  from i t :  the  
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MULTKU - SAEWLE OUTPUTS 

S t a n d a r d  Headings - No Table  S e l e c t i o n  I_-.-_---_ -_Ci- 

~ * R O G f i A M  MULTRU DATE- ?/ 7 /73  TIME 13:53:18 
COILS-DRI'JERF F'TCKUP: 150Ei 150b 

CONSTANT C01L SPACING 
ELAF'SED TIME: 20.1 * ;35 
NORMALIZED M A G N I T U P E S  A N D  PHASES 

PrcmDertv S e t  Tab le  ( S e l e c t i o n  1. Line  137) 

1 2 5+5000E-O2 3+9SOOEt00 
2 2 7+1000E-02 3*PSOOE+00 
3 2 7,7000E-02 3*9500E+00 
4 2 5,2000E-02 5,O3OOE+00 

2 6 e 6 0 0 0 E - 0 2  5.0300Et00 
6 2 7,600QE-02 5.03QOECOO 
7 2 5*40#0E-02 6+0700E+00 
8 2 6,7000E-02 6*070@Ut00 
9 2 7.2000E-02 6+0700EtOO 

LO 2 7.7000E-02 1*0QOOES10 

c J 

1 .ooo 
1 .ooo 
1,000 
1. *OQO 
1 to00 
I *ooo 
1*000 
1,000 
1,000 
1.000 

Output  Vo l t age  - T a b l e  ( S e l e c t i o n  4 ,  Line 137) 

FREQUENCY 2+0000OEf03 
PROP LFT OF 0 * 0750 

1 MAG 0 + 7531 
PHA -39.989 

2 MAG 0.6921 
PHA -48  e 306 

3 MAG 0 A716 
PHa -51.310 

4 MAG 0 * 8203 
PHA -32 242 
MAG 017721 
FHA -38 708 

6 HAG 017410 
PHA -43 r )  105 

7 MAG 0 i 8500 
FHA -28,831 

8 MAG 0,8115 
PHA -34 6 165 

9 MAG 0 7975 
FHA -36 140 

10 MAC 5,0802 
FHA 89.9P l  

SET 

c J 

GAIN 3+50000E+02 
0 * 1000 

0 7508 
-40 195 
0 6894 
-48 * 532 
0 6689 
-51 .si43 
a * 8183 

-32 ). 428 
0 7689 

-38 .914  
0 + 7381% 
-43.323 
0 8482 
-29.006 
0 + 8094 
-34.359 

0 7954 
-36.341 
4 + 9 0 4 7  
89 + 991 



A 

P 

W 
03 
0 

Y 

P J  

cf 
0000000000000000003 

W 
-c 
W 
W 

cn 
CD 
ii 

io 
0 
R 
r. 
0 
3 
u ” 
Y 

U 
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P rograni Ldent if i ca t  i o n  - .__._.___1_1_- 

4 1  F'h'OGF<AH MlJ! I Fill 

O ~ t i  o n a l  Double-l ' reeision V a r i a b l e s  

Remove Comment "C" d u r i n g  e d i t i n g  t o  s e l ec t .  

4 2  c RFI'AI..*Fj REfiDN(:; I CUll'F Y SI.Jb? 

Real V a r i a b l e s  

Convers ions  from normally i n t e g e r  v a r i a b l e s .  

43 1:EC:Al. I..,? 9 1.3 Y I... a r I..:.? Y 1..6 

F ixed-Dirne-ns i o n  A r  ravs  

T i s t i n g  and I d e n t i f i c a t i o n  of ~ A d j u s t a b l e  ._. . . . . ... Array  -- Dimensi-ons 

These a r r a y s  may r e q u i r e  ad justrnent f o r  new probleois. 
~ - - ~  

4 6  c 
4 7 I: 
48  I: 
4 9  i: 
50  c 
51. 0 
5 2 c 
53 C 
54 c 
55 c 
56 c 
57 c 
58 c: 

D I: MENS I ON 
11 I MENS1 ON 
D :[ M i-f N !i I (3 N 
rl I M E l  N !i I 0 N 
11 I M iI N !I 1: 0 N 
11 T IY I: N I im 
I:I I MENS I I I M  
D I MEN s I r) N 
D I M E N  :; :I: 0 N 
D 1 MEN:; I O N  
D I MENS I C)N 
D I M E N S  :I: C)N 
I:l I M F:: N :i' :I: Cl N 

Ad i u s t a b l e  Ar ravs  



6 2  
6 3 
h4 
h5 
A& 
67 
tjt3 
69 
70 
7 1. 

Common Blocks 

B 1  - Powers of integration variable transferred to and from s u b r o u t i n e s  

computing impedance integrals. 

I_ 

$2, B6 - Coil and circuit parameters transferred to and from subroutines 
computing instrument response and electrical characteristics. 

.- RAD File Identification 

28 - Coil Data File 

7 h  DEFINE F I L E  28 ( 8 0 ~  3 2 1  l l r  N C O L )  

Data Initialization 

TTdOPl = 2n; MI) = degreeslradian = 180/~r. 

PBOF'TTY and CKTPAR contain repeated title blocks f a r  printouts. 

See T a b l e  I31 for editorial changes. 

---I- 

7 7 
78 
79 
$30 
81 
82 
83 
84 
85 
86 
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- P r o p e r t y  Ar ray  .. . Expansion 

A r r a y s  s t o r i n g  separate s t e p  v a l u e s  are expanded t o  fo r in  a r r a y s  t h a t  con- 

t a i n  a l l  p o s s i b l e  unique p r o p e r t y  sets used i n  tire impedance in t eg ra l .  

computat ions.  l a r g e  a r r a y s  c o n t a i n  v a l u e s  f o r  a i r  not  s t o r e d  i n  smaller 

a r r a y s .  

A 7  i: 
88 c 
A 9  I: 
90 
71  
9 2  
93 
9 4  
95 
96 
97 
98 
99 
100 
101  C 
3 02 
103 
104 
105 
106 C 
107 
108 
107 
110 
111 
112 
1.13 
I 1 4 

F i l e  L o c a t i o n  on Disc  .- S t o r a g e  

Scarch is  i n i t i a t e d  e a r l y  t o  have f i l e  r eady  when needed. 
I_ _.. ...._ 

Program I d e n t i f i c a t i o n ,  . . . . Date, . . . . . and _I__c T i m e  

E lapsed  t i m e  c l o c k  s t a r t e d  f o r  i n t e g r a l  computat ions.  
-111 



8 3  

P r i n t e d  Table  S e l e c t i o n  

See  T a b l e  R2 f o r  queries arid responses .  See pp. 77-78, f o r  sample 

0 u t  p u t  s e 

-_^- 

D e s c r i p t i o n  and I n i t i a l i z a t i o n  of C i r c u i t  Pa rame te r s  and L i f t - o f f  

138 c 
139 c 
140 c 
141 I: 
142 c 
143 C 
144 c 
145 c; 
1.46 c 
147 
s 48 
145, 
150 
151 
152 

Optional. P r i n t o u t  of Conductor  P r o p e r t y  Sets 

See pp. 77-78 f o r  sample ou tpu t .  



C o i l  . Data S e l e c t i o n  o r  I n s e r t i o n  

See p.  180 f o r  s u b r o u t i n e  TCOFTL. C o i l  d a t a  r e t u r n e d  i n  common blocks I32 

and  B6. 

O p t i o n a l  Pr intoixt  of C o i l  Dimensions 

A l l  d imensions no rma l i zed  except RBAK (= m? o r  R 5  i n  e q u a t i o n s ) .  GAP i s  

added t o  the i n s u l a t i o n  t h i c k n e s s  of ( L 5  of  t h e  pickup c o i l  t o  s i m u l a t e  

.the s i t u a t i o n  l i k e l y  t o  h e  found i n  most i n s p e c i i o n s ;  some spac ing  on both  

s i d e s  of  the  conductor  s t a c k ) .  

-I_ --_I._ 

Computation of Impedance I n t e g r a l s  .- . ._. _. 

Initial limits and incrernenrs of i n t e g r a t i o n  are s p e c i f i e d :  €rom 51 t o  B2 

i n  s t e p s  of  S1; i n i t i a l l y  B I  = 0 and B 2  5;  bo th  are chaaged i n  steps S2. 

wpar? (d imens ion le s s )  = 2T(rad/s -Bz)  -4n x I O p 7  (H/m> * l .Od  (pQ-cn/Q-m) 

[0 .50939 ... = 8 0 ~ r 2 ( 0 . 0 2 5 4 ) 2 ]  . 

Arrays  t o  ho ld  suras cor re spond ing  t o  real! and imaginary p a r t s  of the 

impedance i n t e g r a l s  are i n i t i a l  i z e d  t o  zero.  Constants  cor responding  t o  
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the a i r  impedance ( W  x i nduc tance )  are i n i t i a l i z e d  t o  zero,  

con ta in ing  W~O?', WXK(NB,NP ,NF)  , is constructeii. 

The array 

I n t e g r a t i o n  s t e p  s i z e s  v a r y  from 0.01 t o  0.5 as X ( i . e . ,  a) i n c r e a s e s ,  

Subrou t ine  TRCOLM computes and r e t u r n s  Llie s i x  impedance array values and 

t w o  c o n s t a n t s  €or  each  l i f t  off  v a l u e ,  f r equency ,  and conductor  p r o p e r t y  

se t .  Elapsed  t i m e  i s  measured and w r i t t e n  out  a t  the end of the in tegra-  

t i o n s .  (See p .  182 f o r  TRCOLFI.) 

21. 
21 
21 
21 
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Magnitude and _____I____ Phase of  ~ t h e  Output  __ Vol tages  

S u b r o u t i n e  TRUCCK computes  and r e t u r l i s  the magnitudes and phases  o f  o u t p L  

v o l t a g e s  cor respandi r ig  t o  each c o i l  impedance va lue  computed above by 

u s i n g  the e q u i v a l e n t  of Eq. (14).  (See p.  184 f o r  TKUCIK.) I f  i-he 

n o r m a l i z a t i o n  o p t i o n  i s  s e l e c t e d  TRUCLK performs i t  and statemelit 167 

i s  p r i n t e d .  

I f  s c l ec t ed  e l ec t r i ca l  p r o p e r t i e s  of t h e  c o i l s  and c i rc i i i t  w i l l  be p r i n t e d  

b y  s u b r o u t i n e  PRFCKT. (See  p. 167 f o r  bot-li sample o u t p u t  and PRFCKT.) 

I f  s e l e c t e d  i n i t i a l l y  the t a b u l a t i o n s  of magni tudes and phases  w i l l  D e  

p r i n t e d  by  f r e q u e n c i e s  w i t h  u s e  of s u b r o u t i n e  PRFVLT. (See p.  70 f o r  

sample o u t p u t  and p .  163 f o r  I'KFVLT.) 



87 

Lcasr. Squa res  F i t t i n g  of Output Voltages t o  Properties 

W E T I  i s  the a r r a y  m w  s i z e  req~ii.recl t o  hold  t h e  i n p u t s  a n d  resuI.t:s o f  ti-w 

k i t e  The program branches  t o  l i n e  39'+ ( p .  91)  t o  select che d e s i r e d  s t e p  

i n  the f i t t i n g  process; several  s t e p s  recpi.rc! r e g e t i  t i o n .  

To periorrn a fit i t -  i s  always n e c e s s a r y  L O  s e l e c t  the p r o p e r t y  t o  be 

f i t t e d  and the r e g i o n  f o r  which i t  o c c u r s I  (See  Tab lc  R 2  tor i n t e r a c t i v e  

responses. ) 

The sequence of  values f o r  the selected p r o p e r t y  is  iodded i n t o  a E~CIC:(.I~II 

3 r r a y  f o r  t r a n s f e r  t o  t h e  f i t t i n g  s u b r o u t i n e  (ALS(jS) ( T h e  PW? a r r a y  

h o l d s  a s i n g l e  row cor re spvnd ing  t o  one region of the large p u a ~ p - . - r ~ y  

a r r a y s ,  RHO, et(:.) 
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The fitting f u n c t i o n  is s e l e c t e d ,  The NPOJ, a r r d y  ( s e e  T a b l e  3 )  car r ies  

t h e  parameters  d e s c r i b i n g  t h e  noncnns tan t  Fltnctions and their  powers. 

The icrm IOFSET de te rmines  whether a c o n s l a n t  is addcd t o  izhe f i t t i n g  

f u n c t i o n .  I f  o n l y  a f u n c t i o n  change i s  d e s i r e d  s e l e c t i v e  e x e c u t i o n  

branches  t o  s t a t e m e n t  220. (See Table  R2,) 

387 
285 
289 
290 
2 Y 1  
292 
2?3 
294 
295 
296 
2 Y 7  
298 
299 
300 
13 0 1 
3 0 2 
303 
304 
305 
306 
307 
308 
309 
310 
31 1 
312 

The s i z e  of the selected f u n c t i o n  i s  checked t o  assure t h a t  i t  does n o t  

c o n t a i n  more terms tlian t h e  s u b r o u t i n e  ALSQS c a n  handle .  If i t  does an 

e r r o r  message i s  p r i n t e d  ( s e e  T a b l e  B 2 ) .  

Subroutine POLYTYP general-es  R " p r i n t a b l e "  represenla!: ion  of  t h e  se! c c t e d  

S i l t i n g  f u n c t i o n .  (See p. 7 8  f o r  sample  Q U t p U t , )  
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354 
355 
355 
35'7 
358 
3 5 P 
360 
361 
362 
363 
364 
365 
366 
367 

369 
390 
371 
372 
373 
3 7 4 
375 
376 
377 
37G 

368 

P r i n t o u t  of F i t  Q u a l i t y  Pa rame te r s  
_I ---- 

O p t i o n a l  P r i n t o u t  of  F i t  Fi-inction and Coeff  i c i e n c s  

See Table R2 for selection. 
.. _.. .. . _____ 

Selection of Next A r t i o n  

See Tab le  B2  f o r  que ry  and responses .  This sequence is i n i t i a l l y  executed 

f r o m  a jump a t  l i n e  271 and ,  a f t e r  later selected sequences, from jumps at 

l i n e s  316 ( c o n d i t i o n a l ) ,  383, and 401 I 

. . . . . . . . 

310 630 CONTINUE 
391 c 



--I.-_ N o n i n s t a l l e d  Opt ion  f o r  Circuit Drif t  

Opt ion  5 is no t  implemented a t  present  and returns c o n t r o l  to s t a t emen t  

640" 

Change of C i r c u i t  o r  C o i l  Parameters 

Opt ions  6 and 7 call. s u b r o u t i n e  CRKFPM (see p. 1591, dclich C:.AU be u sed  

t o  change cireui t parameters .  

because t h e  main program jumps bad< t o  TCQFIL ( s e e  p .  180) al.. st-atement 8 5 ,  

Changing c o i l s  with C:HRFP>I does n o t  work 

3 
S e l e c t i o n  of  o p t i o n  8 ( s t a t e m e n t  800) s t o p s  executions 

A p a r t i a l  p r i n t o u t  of a s a m p l e  run  i s  g iven  below, 
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COII..S-K:IR:CUEf; I F'ICKIJF':  i50F 1 5 O B  
M E A N  R A D I I J S  0,15000 INCHFS 

c: (3 :1. 1. I N N ,  R R D  OUT.  R A I l  
D R I V E R  0 t 7500 1 + :!?;00 0.3600 5 I 3 * 0 0.075Q 

.TURNS EA 0 I. .C l . /KCkS I .F.NGTbl 

p I CK.-UF' 0 + 7500 1.2500 0 3600 5 I ;5 . i )  0 + 0770 

FKEOIJENCY 2 00000E-bO3 
PROF' LFT OF 0 , 0 7 5 0  

s E ' r  
1 MAG 0.7531 

F'HA - .39+989 
2 M A G  0 6931 

F'HA - 4 8 .  306 
3 M A G  0,6716 

F'HA -51 .J10 
n M A G  0.8203 

F'HA .-. 3 2 .  24:) 

(Blocks 5 -10  left out  f o r  b r e v i t y . )  

NF' NL. REST I N  REG 
1 1  3 t 95000 
1 2  3 + 79QOO 
2 1  3 + 95000 
2 2  3 95000 
14 1 3 t 95000 
J 2 3 95000 
4 1  5 03000 
4 2  5 03000 
5 1  5 c 03000 
5 2  5.03000 
6 1  5.03000 
6 2  5 8.3000 
T i  6 . 0 7 0 O O  
7 2  6 t 07000 
8 1  6 078QO 
8 2  b . 8 7 0 0 0  
9 1  6 0'7000 
9 2  6 t 07000 

2 CAL REST 
3 t 94128 
3 L 95733 
3 + 93946 
3.95689 
3 * 95253 
3 * 94979 
5.02880 
5 + 02893 
5 .  03568 
5 03494 
5,03515 
5,02251 
6 t 07165 
3 4 06970 
6 t OsPOb7 
5 06635 
6 t 07256 
6,06559 

r i I n  
0 00872 

- 0 * 0 0 7 3 3  
0 t 010% 

-0 t 0 0 6 8 9  
-0 t 00253 

0 t 0002 1 
0 t 001 11 
O.OOiO7 
-0 t 0o"jbB 
'-0 t 00494 
- 0  t 00515 
0 + 0074% 

-0 .  O Q i 6 S  
0.00010 

-0 e 00067 
0 00364 
-0.00256 

0+00441 

D R I F T  
0 + 0 4 6 4 4  
0 + 04639 
0.05h97 
0 , 0 5 7 7 6  
0.06072 
0 t 06124 
0 + 03627 
0 t 03660 
0 e 04439 
0 04493 
0.05014 
0.0504 1 
0+03196 
0.03212 
0,03871 
0 t 01889 
0.041 13 
0.04149 



DIFF 
-0.00047 

0 c 00 1.20 
-0 * 0003 1 

0 00009 
0 '00024 

-0 t 000 1 8 
-0 t 0006.5 
0 * 800ci8 
-0 + 00 I. J5 
-0 I 00077 

0 t 000sx 
- 0 ,  00007 
0 1 0 0 0 7 Z 
0,0005Y 
--0 e 0000Fi 
- -0 I) OG0,'37 

0 * 00081 
0 t 00056 

ElRIF T 
0 * 00054 
a * 00055 
0 00093 
i )  + 80053 
0 * 00053 
0 t 00053 
0 +00053 
0.00053 
0.00053 
0 * 00053 
0 * 00053 
0.00055 
0 8 00093 
0 * 00053 
0.00051 
0 + 00053 
0 c 000SlJ 
0 IO0053 





The f u n c t i o n s  o f  t h i s  program are tlescr-ibed i n  ear l ier  s e c t i o n s  

(pp.  3 ,  32) .  Tab le  C9 d e s c r i b e s  e d i t o r i a l  changes r e q u i r e d  before  running 

the program, Note that  the  PL45 f i l e  s i z e  must be iatl,jiis.ted separa te ly  from 

the program and m n s t  be compat ib le  wi th  the program s t o r a g e  requirements 

Tabk 62 c o n t a i n s  step-by-ste.p i n s t r u c t i o n s  for  exect1ti.m of the program, 

'The. f i n a l  s e c  t i 0 1 1  explains t h e  c o n s t r u c t i o n  and ope ra.t.inn of the prcigrarn, 

Tab le  C1.  E d i t o r i a l  (;"naiiges P r e p a r a t o r y  to Kunning RFLKW 

L i  11e( S 1 

4 17-5 I 

40 Dimensions of NMKAY and VOf.,TS (?rTCkfS, k ine 2 4 )  m u s t  be 
comparrible w i t h  ninrnbers arid assignment  o f  p a r a l l e l  input. l i n e s  
of the minicomputer d a t a  a c q u i s i t i o n  irtterface. 

Ad j u s t  a s s a y  dimensions according t o  &aide l f n e s  25-38. 
( s e e  y .  34 f o r  c r i t i c a l  s i z e  p a r a m e t e r s  of E A D N G  a r r a y . )  
Except  f o r  WADNC, the array s i z e  guide g ives  mirai.)num array 
dilllensl on5 0 

60 S e t  f-i..le s i z e  a c c o r d i n g  t u  g u i d e ,  l i n e s  53-58. 

6 2  Input  o r  ou tput  device parameters w i l l  depend o n  ~ X S O U K C ~  
i d e n t i f i c a t i o n  and a l l o c a t i o n  i n  the  coniputer system used. 
The v a l u e  of NCHS must match v a l u e  i n  array diinerisions 
( l i n e  4 0 ) .  

6 3  S t o r e d  t i t l e  - no change required. 

95 
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T a b l e  C 2 -  I n L e r x t i v e  Progialli Queries, D i s p l a y s ,  and Operaltor 
Responses Orcurrii-ig Diirirng Execut ion  oL KLFKDG 

L i  rie QUEKY" o r  DISPI,AY o r  Response 

Enrer s i x - c h a r a c t . r i  alphanume,sicb f o r  n,.w probe i n  USP or "OLD 
p l u s  three b l a n k s  ( s p a r e s )  i f  no change is desirr-d.  

-I-. -J- 
I. k ,. 
95 

98 

101 

104 

107 

110 

113 

If "OLD" i s  e n t e r e d  queries from here to l i n e  190  ase sk ipped .  

SERIAL #:  

Ente r  i n t e g e r  sc r id l  niinber of probe i n  use.  

DR CVEK S E R I E S  RES ZSTANCE : 

Enter f r e e  format iii.rmber f o r  d c i  ver  c o i l  power o s c i l l a t o r  series 
r e s i s t a n c e  ( R o )  i n  ohins. 

DRLVr:K SHlJNY CAPAC LTAMGE : 

Enter f r e e  formdt rnamber f o r  C G  i n  f a r a d s .  

PICK-UP St1UN'r RESISTANCE! 

E n t e r  free format  numbek for pickup amp1 i.fier i n p u t  r e s i s t a n c e  
(R9) in ohms. 

PICK-UP SHUNT CAP: 

Enter free forimat ncmmbek for 1C7 in f a r a d s .  

CABLE L.U.  8 ;  

E n t e r  six-character .ril p h a n m e r i c  probe c a b l e  i d p n t i f i c a t i o n  
number. 

LENGTH OF CABLE: 

Enter  f ree  format number Lor c a b l c  length i n  inches. 
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116 

1 i 9  

122 

128 

131 

134 

1 .37 

141 

144 

151 

CAPAC LTANCE OF CABLE : 

Enter  free format number for capacitance of probe cable 
in farads. 

EI)DY-CU[<REN?' INSTRUMENT # : 

Enter  six-character alphanumeric for instrument serial  number 

POWER OSC I. 11. : 

E n t  e r s i x-cha rac ter a1 phariurner ic oscillator se rial riumbe T 

NO. OF FREQUENCIES 

Enter integer f o r  number of discrete frequencies to be used (NFT). 

INPUT THE VALUE OF EACH PKEqUENCY SEPARATED BY A SPACE: 

Enter free format numbers for frequencies; separate w i t h  a space 
or coma delimiter. 

The number of entries must equal NFT ( l ine 129). 

INPUT THE FOLLOWING DATA FOR EACH OF FREQUENCIES: 

FREQUENCY: (number) a e e e e .  (up tu ten numbers) 

PICK-IJP AYP (EACH 6 CHARACTERS, NO SPACING): 

E n t e r  one six-character alphanumeric identifier f o r  i:u;*ch f r e q u ~ n r y  
(NFT to ta l  3 ;  no delimiters. 

PHASE DETECTOR (EACH 6 CHARACTERS NU SPACING) : 

E n t e r  one s ix-ckia rac ter  a 1 phanumeric identifier f a r  each frequenr:y 
(NFT t o t a l )  ; no delimiters 

180-DEG SW (OFFJON) (EACH 3 CLURAC'rERS, Pi0 SPACING); 

Enter one three-character ptiase switch p~sition for each f requency  
(NFT total) "OW" o r  ""ON"; no delimiters, 
Lb = blank (space).] 

TYPE # OF LBF1'-OFF VA1,UESr 

Enter i n t e g e r  (NtT) s 
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Tab le  C2. (Cont inued)  

Line   QUERY^ or  DISPLAY o r  Response 

154 

1 5 7  

160 

1 6 4  

168 

1 7 2  

.A .k .Is 

182 

* *)% 

TYPE EACH LIFT-OFF VALUE SEPARATED BY A SPACE: 

E n t e r  free format  numbers ( t o t a l  of NLT) equal. t o  l i f t - o f f  v a l u e s  
i n  i n c h e s ;  space d e l i m i t e r s .  

# OF RESISTIVITY VAT.,lJE:S : 

E n t e r  i n t e g e r  (NRES). 

TYPE EACH RESISTIVLTY VALUE SEPAR-ACED BY A SiJACE: 

E n t e r  f r e e  format  numbers ( t o t a l  NRES) e q u a l  t o  r e s i s t i v i t y  va1ui.s 
i n  yQ-cm; space del i . ini ters .  

TYPE # OF THICKNESS VALUES FOR RES (number) 

E n t e r  i n t e g e r  [ N T H ( I ) ] .  

TYPE ( i n t e g e r )  THICKNESS VALUES, E A C H  SEPARATED BY A SPACE, FOR 
RHO ( i n t e g e r )  = (number: 

E n t e r  f ree  format numbers, as many as s p e c i f i e d  [NTH(i ) ] ,  equal. t o  
thi .ckness  v a l u e s  i n  i.nches. 

# OF DEFECTS FOX EACH THICKNESS VALUE: 

(Number) (Number) . . . . ( t o t a l  of ni .ne,  rna.xi.iniim) 

E n t e r  an i n t e g e r  e q u a l  t o  the number of d e f e c t s  i n  each  t h i c k n e s s  
spec-iinen f o r  each  (number) written; space  d e l i m i t e r s ,  

ihe sequence from 1 . i .n~  164 through L i n e  172 will be r epea ted  f o r  
e a c h  r e s i s t i v i t y  v a l u e ,  t o t a l  NlZES ( l i n e  158). 

FOR RES (riurnber) T H I C K  (number) 
TYPE DEPTH, R A D I U S ,  AND S I Z E  
DEFECT ( i n t e g e r )  : 

E n t e r  f r e e  forinat numbers e q u a l  t o  r e q u i r e d  l e n g t h s  i n  i nches  and 
s i z e  i n  cub ic  inches .  (See pp. 35-26 f o r  d e f i n i t i o n s . )  

If "OLD"' was e n t e r e d  at l i n e  9 1  ( above ) ,  the d i s p l a y  w i l l  now show 
a l l  of t h e  o l d  d a t a  on t h e  instri .mients and c a l i b r a t i o n  s t a n d a r d s  
that are  s t o r e d  i n  the  RAD 
(No response  r equ i r ed  e ) 

/T 



99 

Tab le  C2. (Cont inued)  

-I 

Line QUERY" o r  DISPLAY o r  Response 
--_I 

LE new d a t a  were e n t e r e d  control jumps t o  l i n e  2 5 5  b e l o w .  

233 

2 56 

2 58 

261 

268 

271 

285 

268 

2 7 1  

2 93 

LIFT-OFF VALUES (number) (number) -. (total. of t e n ,  m a x i m u m )  

A t  t h i s  p o i n t  the d i s p l a y  pauses  t o  a l l o w  the o p e r a t o r  % i m e  to 
read it .  E n t r y  of any  real. number, free fo rma t ,  will s t a r t  the 
d i s p l a y  of t h e  reitmining d a t a .  

GAIN ADJUSTMENT: 

E n t e r  i n t e g e r  a s s i g n e d  t o  c a l i b r a t i o n  s t a n d a r d  f o r  gain 
ad jus tmen t  a 

SET ON SAMPLE 

# ( i n t e g e r )  Fq ( integer)  = (number). . . (Repea ts  NPT times) 

( b l a n k  l i n e )  

T h e  o p e r a t o r  p l a c e s  t h e  probe on the desi.gnated s a m p l e ;  t h e  
CAL/OP s w i t c h  OIi  the ins t rumen t  must be i n  the OPERATE p o s i t i o n .  
The r e a d i n g  i s  t aken  by depressing and r e l e a s i n g  t h e  f o o t  peda l ,  

(number) (number)., .  (NFT numbers) 

These numbers are o v e r p r i n t e d  (m t h e  blank l i n e  i n s e r t e d  a t  268. 

SET IN A I R  

FQ (%integer)  = ( n m b e r ) , . .  (repeats NFT times) 

( b l a n k  l i n e )  

The o p e r a t o r  removes t h e  probe frorn any  specimen ( conduc to r )  and 
suspends  i t  i n  a i r ,  Rie r e a d i n g  i s  Caken by d e p r e s s i n g  and 
r e l e a s i n g  t h e  f o o t  peda l ,  

(number) (nurnbe r 1 a (NFT numbers) 

POWER AMP EQ ( i n t e g e r )  = (number). a e ( r e p e a t s  NFT t.inaes) 



Tab le  C2. (Cont inued)  

a JLine QUERY o r  DISPJ.AY o r  Response 

268 ( b l a n k  l i n e )  
~ _ll_l.._~ ......... ____l__-s- __I....... _____-I___ ____.- 

With the  probe s t i l l  i n  a i r  a t h i r d  set of r e a d i n g s  i s  t aken  by 
u s i n g  t h e  Eoot peda l  as be fo re .  

271 (numbe L- ) (number). . . (NFT numbers) 

302 TYPE {I OF PHASE CALIBRATIONS 

E n t e r  i n t e g e r  e q u a l   lo number of phase s t e p s  t o  be used f rom 
i n s t r u m e n t ' s  i n t e r n a l  phase c a l i b r a c i o n  network, t y p i c a l l  y 3 .  

305 OF MAG CALLBKATIONS 

EntPr  i n t e g e r  e q u a l  t o  the nuiiibcr of s e t t i n g s  of t h e  Inignitude 
c o n t r o l  on the i n s t ru i i i en t ' s  i n t e r n a J  phase c a l i b r a t o r  t o  h e  used 
w i t 1 1  each phase s l t e p ,  t y p i c a l l y  2. 

31.5 CALIBRATION READINGS 

Th i s  message cues  thc o p e r a t o r  t o  corimence s e t t i n g  up t h e  
c a l i b r a t i o n  i n p u t s .  (No r e sponse . )  

The d a t a  t o  be c o l l e c t e d  are t h e  i n t e r n a l  c a l i b r a t i o n  data  € o r  the 
i n s t r u m e n t ,  g e n e r a t e d  by s u b s t i t u t i n g  t h e  phase c a l i b r a t i o n  
networks i n  p l a c e  of t h e  probe. C a l i b r a t i o n  must s t a r t  w i t h  t h e  
f r equency  l i s t e d  as FR-EQ(1) and proceed th rough  FREQ(NPT); I:he 
o r d e r  of magnitude and phase s t e p s  i s  a r b i t r a - r y  buc m u s t  he kep t  
c o n s i s t e n t .  Readings are taken by d e p r e s s i n g  and r e l e a s i n g  t i l e  
f o o t  peda l .  

3 2 i  +FQ ( i n t e g e r )  = (nuurber) PHA ( i n t e g e r )  - (number) 
MAG ( i n t e g e r )  .= (number) 

Th i s  d i s p l a y  a p p e a r s  a f t e r  each x m d i n g  i s  made. (No response.)  
T h e  program l o o p s  are arrangcd s o  t ha t  magnitude s e t t i n g s  are 
c y c l e d  th rough  t h e i r  range f i r s t ,  t h e n  through phase s e t t i n g s  and 
f r e q u e n c i e s  l as t .  

3 43 Concrol s h i f t s  ti:, s t a t e m e n t  w i  t l i  t he  c u r r e n t  value of NSTA'rE. 

( 4 0 3 )  The program branches t o  t h e  sequence f o r  c l e a r i n g  t h e  terminal  
s c r ee n . 



r, i ne 

4 0 6  

4 1 2  

4 16 

4 20 

4 3% 

* * A  

448 

482 

DEFECT // ( i .nteger)  DEPTH (number) RAUTlJS = (number) 
S I Z E  = (nm-ber-) 

PH ( i n t e g e r )  MAG ( i n t e g e r )  (NFT repetitions) 

( n urn be 1' ) (number) a s  a 

A f t e r  &tic heading  d a t a  are d i s p l a y e d  ( through line 237)  read ings 
are made by d e p r e s s i n g  arid r e l e a s i n g  t h e  Eoot peda l ,  Fol lowing 
release t h e  r e a d i n g s  ( l i n e  4 3 2 )  are d i sp layed .  

PHASE { in tege r ,  i n t e g e r ,  i n t e g e r )  = (number) 

'TMAG ( i n t e g e r ,  i n t e g e r ,  i n t e g e r )  = (number) 

The i n t e g e r  i n d i c e s  indicatle l i f  t-off increment  (I), the sequence 
number i n  tlie p r o p e r t y  set (ILL), and the f requency  ( K K ) ,  
r e s p e c t i v e l y .  Tbe 1.ine 4 3 2  d i s p l a y  r e p e a t s  f o r  each frequency.  

The sequence 387-440 r e p e a t s  through al-L the poss ib l e  specimen 
and  defec t  p r o p e r t y  and L i f t -o f f  combinat ions.  

After t h e  specimen r e a d i n g s  are f i n i s h e d ,  e x e c u t i o n  r e t u r n s  t o  
l i n e  3 1  3 (above)  t o  r e p e a t  the i n t e r n a l  c a l i b r a t i o n  sequence ,  
313-3Lr3 i n c l u s i v e ,  then jumps t o  448 (be low) .  

DO YOU WANT TO DELETE THE PREVIOUS SET OF IEADINGS? 
Type Y o r  N, 

n m t e r  "Y" or "N". 

If "'N'" is errfiered execut ion branches  t o  line 460 and adds  the new 
d a t a  t o  t h e  ear l ie r  d a t a  (no d i s p l a y  o r  response).  
If Y" i s  en te red  e x e c u t i o n  jumps tlirectJ.y t o  480. 
In e i t h e r  case t h e  n e x t  i n t e r a c t i v e  d i s p l - a y  ~ c c u r s  a t  482. 
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l 'able C2.  (Continued)  

~ .~~ ~ 

Line   QUERY^ or  DISPLAY o r  Response 
I .- ... ._ . .I_____. . .. . . . . . _I I_____ .......... ._II__.-..- 

Enter  1, 2, o r  3.  

L E  "1" i s  e n t e r e d  t h e  program branches  t o  the i n t e r a c t i o n  a i  
l i n e  313 (above) .  

I f  "2" i s  F n t e r c d  t h e  branch is  t o  t h e  sequence 1eadi.i-tg t o  t h e  
d i s p l a y  a t  l i n e  382 (above) .  

Tf " 3 "  i s  enLered tlie branch is  t o  a ~ e s ' i  f o r  d a t a  a c q u i s i t i o n ,  
which gives  t h e  warning a t  l i n e  495 i f  n o  datum has been  
a c q u i r e d .  

I f  a n y  o t h e r  c h a r a c t e r  i s  c n t e r e d  t h e  error message a t  l i n e  487 
o c c u r s  . 

487 ERROR ON I N P U T  , E N T E K  A G A I N  

A f t e r  t h i s  message e x e c u t i o n  ret iurns  t o  480 (above) and r e p e a t s .  

4 95 NO READ1 NGS HAVE HEEN SAVED; 1TIEREFORE PR0GKPS.Z W I T , L  S T O P  WITHOUT 
S A V I N G  OR P R T N T I N G  ANYTHLNG. 

I f  t h i s  warning o c c u r s  t h e  program w i l l  branch t o  l i n e  b92 and 
s t o p  execut ion .  L t  t h i s  warning does  not  occur  p r i n t o u t  of da ta  
b o t h  d i s p l a y e d  ear l ie r  and r e a d  by t h e  program w i l l  occur .  Then 
t h e  program branches  t o  l i n e  692 and s t o p s .  (See p. 122 f o r  
s a m p l e  p r i n t o u t s  ) 

a Q u e r i e s  shown i n  a l l  caps  s i m u l a t i n g  t h e  computer outpii t  d i s p l a y .  

b A l l  a lphanumer ics  may i n c l u d e  b l anks  ( s p a c e s ) .  

cBecause of i t s  l e n g t h  t h e  r e p r e s e n t a t i o n  o f  t h i s  d i s p l a y  has  been 
o m i t t e d  from the t a b l c .  It c o n t a i n s  a l l  of t h e  in fo rma t ion  e n t e r e d  i n  
l i n p s  89-18rC of  t l i i s  t a b l e ,  i d c n t - i f i e d  by l a b e l s .  



LISTING AN13 LWAI,US I S  OF KFLKDC: 

Program I d e n t i  f Lcatinn 
I _1.1 

Effective Revision Date _._ 

Desc r i v t  ion 

Variable Type S p e c i f i c a t i o n s  

Normal integer-to-real conversion; double-precision array. 

Arravs w i t h  Noriad i u s  Led Dimensions 
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Array  Dimension . . . . . . . . . . Guide 

2.5 (:; 
2 4 [:: 

2 5  c 
2h  c 
a7 c 
28 c 
29 c 
30 c 
31 r: 
3 2  c 
33 c 
34 c 
3 s (3 
36 c 
3 7 I: 
38 c 
39 c 

A r r a y  Dimension D e c l a r a t i o n s  .......-.- ~ 

4 0  
4 1  
42 
4 :3 
44  
45 
4 h  
47 
4 13 
$9 
5u 
51 

F i l e  S i z i n g  Guide ._.̂ .____l_l 

RAD F i l e  Assignment 
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Data I n i t i a l i z a t i o n  

See 'Table C 1  f o r  r equ i r emen t s .  

Clearing S c r e e n  on CKT Terminal. 

The step sequence (3  i r i e s  6 7 8 - 6 8 8 )  t o  which c .ont ro l  jumps i s  unique t o  the 

n in i campute r  i n  USE! e 

P r i n t i n g  of Output  Heading 

DKTX and TIME s u b r o u t i n e s  are p a r t  of t h e  minicomputer o p e r a t i n g  s y s t e m .  

7 0  
7 3. 
7 2 

73 
74 
75 
76 

78  
7 9  
€3 0 
81. 
82 

-7 '-8 
/ /  

Manual E n t r y  of N e w  Ins t rumen t  and C a l i b r a t i o n  S tanda rd  Data 

See Table C 2  f o r  i n t e r a c t i v e  r e sponses .  

In s t rumen t  I d e n t i f i c a t i o n  



10 6 

94 
95 4 0  
96 
97 
98 45 
77 

100 
103 50 
i o 2  
103 
104 5 5  
io5 
l o 6  
107 00 
io13 
1.09 
110 65 
i l l  
112 
li.3 70 
1 :I. 4 
115 
1 1 6 7 5 
117 
118 
119 80 
120 
121 
122 85 
123 

Frequency .-.._.I Channel Data 

124 
125 
126 
127 
125 
129 
130 
131 
132 
133 
134 
135 
136 
137 
138 
139 
140 
141 
142 
143 
1 4 4  
145 
146 

Calibration Standard P r o o e r t i e s  

147 C 
148 C INF"I.IT PROPERTY WAL.UES 
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149 c 
1 so 
151 140 
152 
t53 
154 150 
3.55 
156 
157 155 
158 
159 
160 1.60 
164. 
162 
163 
1.64 1.65 
165 
166 
167 
j.68 170 
1. hY 
178 
171 
172 175 
173 
3.94 180 
1 75 
1.76 
177 
178 
179 
180 
181 
182 185 
183 
184 
185 190 
186 

Recovery of Existing Data f rom RAD F i l e  ---- - . ~  

If  new data have been entered t h i s  s ec t ion  i s  skipped.  
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U i s p l a y  of Recovered -. Data _. ... . .. 

The REA11 i n s t r u c t i o n  ( l i n e  2 3 4 )  a l l o w s  a pause f o r  t h e  o p e r a t o r  t o  read 

t h e  f u l l  s c reen .  

E n t e r i n g  any real  number r o l l s  t h e  screen and d i s p l a y  continues.  

23 f-; 
236 
237 
238 
239 
240 
24 1 
242  
2 4 :3 
244 
245 
246 
247 
248 
2.49 
250 
25 f 

Gain Ad jus tmeat  .I._...-.._I_ 

T h i s  i s  the first s t e p  i n  the c a l i b r a t i o n  procednre ( d e t a i l s  on p. 4 3 ) .  



1.03 

1, The sequence s t a r t i n g  a t  l i n e  26% i s  e n t e r e d  with the  f o o t  pedal  u p ,  

and e x e c u t i o n  of 269-275 repeats u n t i l  i t  i s  depressed. 14uring pedal 

d e p r e s s i o n  e x e c u t i o n  p r o g r e s s e s  from 269 t o  2 7 7 ,  s e t t i n g  LAST = 1 and 

r e p e a t i n g  READAT u n t i l  peda l  release. A f t e r  release READAT r e p e a t s  one 

14st time and sets NRET = 1, and e x e c u t i o n  jumps from 2 7 4  t o  2 7 8 $  

r e s e t t i n g  NRET = 0 and t h e n  t o  279 ,  i nc remen t ing  NTLMES t o  1. 

2. Execu t ion  r e t u r n s  from 286 t o  266, r e s e t t i n g  LAST = 0, and the 

sequence (1) above i s  r e p e a t e d ,  iricreriienting N'I'LMES t o  2. Then e x e c u t i o n  

.jumps t o  2 9 4 ,  changing TS'I'ART t o  ' 3 ,  which, i n  ttirn, changes the v o l t a g e s  

disp1,lyed. [When ISTART = 2 t h o s e  c h a n n e l s  ( 2  $ 6 , l 0 )  c a r r y i n g  the ou tpu t  

( p i c k u p )  v o l t a g e  magnitude are p r i n t e d  otf d i s p l a y e d ;  whcn ISTART = 3 

c h a n n e l s  ( 3 , 7 3 1 1 )  c a r r y i n g  the power o s c i l l a t o r  v o l t a g e  ampl i tudes  are  

d i s p l a y e d .  I 
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285 
2 8 6 
2l:) 7 
2 u n 
2 8 Y  
290 
2 Y  3. 
292 
233 
294 

Thp v a l u e  05 NTLMES increment.; each time tlie peds1  is depres sed  and 

r e l e a s e d  t o  c o n t r o l  t h e  s e q u e n t i a l  u se  of t h e  r e a d i n g s  takcn.  Valucs of 

NRE'C a n d  LAST charrgc state t o  erstlit3 t h a t  o n l y  one e x e c u t i o n  of READAT 

o c c u r s ,  and o n l y  one complete  set  of r e a d i n g s  i s  t akcn  arid returiied t o  the 

mdin program e a r h  t i m e  the pedal  i s  d e p r p s s e d  .md released. 

The DCMGCB s t o r e s  v o l t a g e s  from t h e  o u t p u t  mapi t ide  chamel - s  t aken  w i t h  

the probe on tihcs sp'cirnen p r o d w i n s  the l a r g e s t  magnitude ( s t e p  1 of 

c a l i b r a t i o n ) .  The DCPHAR and DCMGAR s tore  v o l t a g e s  from ou tpu t  magnitude 

and phasc c h a n n e l s  t aken  b7iI.h the  probe i n  a i r .  The POWLsMP stores 

v o l t a g e s  from c h a n n e l s  r a r r y i n g  the power o s c i l l a t o r  v o l t a g e s  a t  each of 

t i t ( &  FrLquenc ie s .  

Here, and each t i m e  t h e  READAT seibrosltine is used,  i t  i s  fo l lowed by a 

l o o p  t h a t  c o n v e r t s  t h e  a n a l o g - d i g i t a l  c o n v e r t e r  c o u n t s  in the NARKAY 

a r r a y  t o  a v o l t a g e .  For t h e  n c q r l i s i t i o n  s y s t ~ t n  used with t h i s  progzan, 

8192 c o u n t s  e q u a l  10.000 V. 

(See p .  1 1 2  for KEA[lVr s u b r o l l t i n r ;  sec i a h l e  G2 f o r  o p e r a t o r  i n s t r u c c i o n s . )  
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Jnternal C a l i  b r a t i o n  Readings 

The numbers of phase and ~ m g n i t l r d e  c x ~ l i b r a t i o n  p o i n t s  t o  b e  used are 

selected.  The A S S I G N  staternenr s e t s  up hrnnch ing  f ~ r  other par t_s  of the 

program ( l i n e  3 4 . 3 1 ,  

The phase and magni tude  c a l i b r a t i o n  readings are loaded i n t o  CALPHA and 

CAIMAC: arrays,  the older c o n t e n t s  of which  were f i r s t  loaded i n t o  the 

OLbPBC and OLDMGC a r rays .  (Each time this in te rna l  ca2 i b c a t i o r i  sect ion  is 

used ,  the transfer from CAL t u  OLD les made. Thus ,  tlir c a l i b r a t i o n s  

preceding  and fo l lowing  any  set  of external readings are always ava i lab le . )  

b o r  a1.P thewe a r r a y s  the ind ices  are: I f requency ,  J .= the pliase 

calibration p o i n t ,  and R = t h e  magnitude c a l i b r a t i o n  poin t .  

315 641) 
316 
327 
318 
31'6 
320 

323  
32.1 
325 650 
32l l  
327 670 
32s I 
1429 
330 
33  f 
33 2 
333 680 
334 
335 
336 
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Readings f Toni S t a n d a r d s  

The t u t a l  nurn5F.r of  p r o p e r t y  wts  ec1u~l.s t h e  number of conductor  p r o p e r t y  

s e t s ,  NKESWTHI, p l u s  t h e  number 05 combina t ions  of conductor  p r o p e r t i e s  

w i t h  d e f e c t  p r o p e r t i e s ,  

_- _________-___I 

(Add i t iona l  array d imens ions  are added be low to accommodate l i f t - c f f . )  

rhe str)r-,ige a r r a y s  are initialized. The SUM a r r a y s  contain sums of t h e  

phase o r  magnitude readings .  The SS a r r a y s  c o n t a i n  i . 1 ~  sums of squa res  

o f  t h e s e  same readings .  

357 
358 
393 
360 
361 
362 
363 
364 750 
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Arrays f o r  t h e  i n t e r n a l  ca l ibra t ion  readings  are  zil scli provided,  

365 
366 
367 
368 
369 
370 
571 
372 760 

"be operator  selects the next; o p e r a t i o n  (see Tab le  C2). 

373 WRITE(L.O'I-~~~O) 
37.4 n o  F O R H A T ( '  SWITCH TO OPERATE: A N D  ANSWER r IF YOU ARE R E A D Y  r o d 9 / ,  

375 X'TAKE THE F I R S T  SET O F  R E A D I N G S I N  OTHERWISE 7 T ' )  
376 ANSWER=BLANKS. 
377 READ(LIr1020) ANSWER 
37W IF(ANSWER.EQ.'N " )  GO TU 1140 

Loops are c o n s t r u c t e d  t o  number specimens a c c o r d i n g  t o  resistivity (NKES) ,  

thickness (NTHL), and l i f t - o f f  (NLT) s t e p s .  For those conduc to r s  con- 

t a i n i n g  deEects, t h e  basic loops are expanded t o  provide a d d i t i o n a l  

n m b e r s  (NDLK). 

A sample nunher is genera ted  from the loop  Ind ices.  
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The CRT screen i s  c l e a r e d .  The NCOIJN'I' v a l u e  t es t  prevents clcnring t h e  

s c r e e n  on each pass throiigh the  loop .  

399 C GI'I CLEAR TERPIINAL SCREEN 2 i  RETLJRN H E R E  
4 8 0  (3 
401 NCOUNT=l 
402 ASSIGN 810 ' T f l  ISTATE 
403 rin T O  1800 
4 0 4  I: 

Conductor p r o p e r t i e s  and sample ( s t a n d a r d )  i d e n t i f i c a t i o n  are d i s p l a y e d  

f i r s t .  

I f  t h e  conduc to r s  c o n ~ a i n  d e f e c t s  t h e i r  p r o p e r t i c s  are d i s p l a y e d ,  

I f  an a u t o m a t i c  c a l i b r a t i o n  vncrdule i s  not  used,  ~ I K P  i n s t r u w n t  must he 

switched frolli CALIBRAlE  t o  OPERATE mode, The f o o t  switch is  depres sed  and 

r e l e a s e d  t o  i a k e  each s e t  o f  r ead ings .  [ L i m i t s  and controls on the sub- 

r o u t i n e  are as b e f o r e  ( s e e  l i n e s  318-3251.] The rgad ings  are d i s p l a y e d ,  

as t a k e n ,  below the  head ings  generaLed at l i n c  416 ( s e e  Table  C2).  

414 
415 
4 1 & 
417 
418 
419 
42Q 
421 
422 
423 
424 
425 
426 
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T h e  r e a d i n g s  are r e d i s p l a y e d ,  w i t h  i d e n t i E i c a t i u n  of l i f t - o f f  Pncrement ~ 

coinbined p r o p e r t y  set sequence number, arid f r equency  (see Tabhe  C 2 )  

427 
428 
4251 
438 
43 1 
432 930 
4 3 3 2 
434 950 
4135 '368 

The combined p r o p e r t y  se t  sequence (LL) and conductor  p r o p e r t y  set: 

sequence (.I) numbers are ineremented  and t h e  loops  closed. 

436 ..l=J+l 
43 7 
438 970 CONTIN1)E  
439 980 CclNTINlJE 
440  990 G O N  T I NLIE 

1.. L = 1.. t..+ 1 

I n t e r n a l  C a l i b r a t i o n  Recheck 

The number of r e a d i n g s  from t h e  s t a n d a r d s  i s  counted  and n f l a g  (NSTATE) 

i s  set  t o  jump e x e c u t i o n  o u t  oE the r ead ing  loop  a f t e r  t h e  second set of 

i n t e r n a l  c a l i b r a t i o n  r e a d i n g s  is made (see l i n e  3 4 3 )  Execut.ioii r e t u r n s  

t o  l i n e  313. 

4 4 1  MSET=MSETf I  
44 2 A S S I G N  1000 TO NSTATE 
493 GO T 0  61.0 

The u s e r  i s  q u e r i e d  t o  de t e rmine  whether  t o  s a v e  o r  d e l e t e  the readings 

j u s t  t aken ,  Lf d e l e t i o n  i s  s e l e c t e d  t h e  count  of r e a d i n g s  sets t aken  i s  

decremented and execution jumps t o  an a c t i o n  s e l e c t i o n  ( see  ].in@ 480 

below). F f  r e t e n t i o n  i s  sel.ected execution jumps to f i l i n g  steps 

( immedia te ly  below).  
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F i l e  S t o r a g e  of C o l l e c t e d  Data 

When the f i r s t  complete  s e t  of readi-ngs,  incermal and ex te rna l . ,  i s  com- 

p l e t e d  and s e l e c t e d  f o r  r e t e n t i o n  t h e  f i r s t  se t  of i n t e r n a l  c a l i b r a t i o n  

r e a d i n g s ,  i n  OLD--C arrays,  i s  added 110 t h e  s t o r a g e  arrays SUMC and SSC, and 

t h e  e x t e r n a l  s t a n d a r d i z a t i o n  r e a d i n g s ,  i n  FHRSE and TMAG a r r a y s ,  are added 

t o  t h e  storage arrays SUM and SS. The second set  of i n t e rna l  c a l i b r a t i o n  

readi i igs  i s  h e l d  i.n t h e  CAL arrays and i s  e i t h e r  transierrsd t o  t h e  O L D  

arrays i f  a n o t h e r  set of e x t e r n a l  r ead ings  rls made o r  added t o  t h e  skorage 

arrays i f  t.1-w STOP sequence is  s e l e c t e d  ( l i n e  4 8 3 ) .  

~ - .  . . . .. . . . .. 

457 c 

460 1030 
461 1050 
4h2 
453 
464 
465 
466 
457 
.?AB 1000 
963 1100 
470 
471 
472 
473 
"474 
475 
476 1130 

Act ion  S e l e c t i o n  

The o p e r a t v r  can repeat t h e  c a l i b r a t i o n ,  t a k e  another set of e x k r n a l  

r e a d i n g s ,  o r  s t o p .  Unrecognized e n t r i e s  do no t  jump e x e c u t i o n ,  and a n  

e r r o r  message r e s u l t s .  
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S ta tement  1170 de te rmines  whether e x t e r n a l  r ead ings  werc taken  and selected 

for  r e t e n t i o n .  l f  s o ,  e x e c u t i o n  jumps t o  the  nex t  r e t e n t i o n  s t e p .  

Otherwise ,  a s t a t u s  message i s  d i s p l a y e d  and execu t ion  j u m p s  t o  the  STOP 

instru(:tion. 

4 8 9  c 
490 C MEFOHE STDPPINGI ADD FINAL SET OF LALIRRATIIM4 READlNG'E; TO CUHULATIUE' 
492 c SUM g CALCULATE RWEKAGES Z STANDARD EIEWIATXONS 
492 c 
493 1170 IF(HSET+GE+l) 00 10 1190 
4 9 4  WKITE(LOTv1180) 
495 1180 FORPIAT('  NO H E A D I N G S  HAVE BEEN S A V E D ;  THEREFCIREr PRTJGtlAM W I L L  ' J  
496 1 ' STOP WITHOUT SAWING OR F ' R I N I I N G  A N Y T H I N G + ' )  
497 GO TO 2000 

C o n t i n u a t i o n  of F i l e  S t o r a g e  

The f i n a l  sets of i n t e r n a l  c a l i b r a t i o n  data are added t o  the s t o r a g e  a r r a y s  

(SUMC and SSC) €rom the CAL a r r a y s .  

498 I190 
499 
500 
50 1 
502 
503 
504 
505 1200 

The m a n s  of t h e  i n t e r n a l  c a l i b r a t i o n  r e a d i n g s  are computed and s t o r e d  i n  

t h e  SUMC arrays. S tandard  d e v i a t i o n s  are computed and s t o r e d  i n  t h e  SDVC 

arrays. (Note t h a t  t h e r e  i s  one more set of i n t e r n a l  c a l i b r a t i o n  r ead ings  

t h a n  external s t a n d a r d i z a t i o n  readings because of t h e  i n i t i a l  set taken.) 



Means of t h e  e x t e r n a l  s t anda rd izaL ion  r a a d i n g s  are  cornputc~d and sLored back 

in the  SUM a r r a y s .  S tandard  d e v i a t i o n s  ar?  computed and stor : td  i n  tile SDV 

a r rays .  

Instrunent i d e n t i f i c a t i o n ,  coni-rol parameters, conductor  and defect.  prop- 

e r t i e s ,  and a l l  c a l i b r a t i o n  and s t a n d a r d i z a t i o n  d a t a  are s t o r e d  on the  f i l e  

d i s c .  



Printout of F i n a l  Results of Program Run 

T h i s  stim!:iary u p l i c a t e s  data s tored  on the disc except f o r  explana tory  

h e a d i n g s  tha t  ate i n s e r t e d ,  (Set. 1)-  122 f o r  sampLle o u t p u t s , )  

Probe  and Instrument Identifiers and _- Characteristics - 

570 
571 
572 
573 
574 
575 
576 
577 
578 
57P 
580 
5 8 3 
582 
583 
584 
585 
586 
587 
588 
589 
990 
59 'I 
592 
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Defec t  P r o p e r t i e s  I_- . . ._. . . .-.-- 

In t e rna l  C a l i b r a t i o n  

610 
6 1  1 
612 
613 
614 
615 
618 
617 
618 
619 
620 
621 
622 
623 
62 4 
625 
626 
$527 
528 
629 
630 
631 
632 

1500 

1510 

1520 

1530 

1540 

1550 

1560 

157c 

1580 

1580 

E x t e r n a l  S t a n d a r d i z a t i o n  - 

The jump statement bypasses  e x e c u t i o n  of the € ~ P l o w i n g  s e c ~ i o n  ( a t  state- 

ment  1800), w l i i c h  f u n c t i o n s  as a subroutine, 



639 
640 
&.at 
642 
643 
544 
6-45 
646 
647 
648 
449 
A50 
65 1 
452 
,553 
654 
655  
656 
657 
658 
699 
810 
66 1 
t62 
663 
614 
665 
646 
667 
6tr8 
669 
670 
671 
672 
673 

Clear ing  the CRT Sc reen  

The assembler  code used has some f e a t u r e s  unique t o  the minicomputer on 

which the programs were run. 

474 
575 
67.5 
67 7 
678 
679 

68 1 
58% 
683 
684 
689 
6156 
687 
688 
689 
690 
69 I 

a m  
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Stopping the Job  ___.. _. . . .. 

692 2000 STOP .J('lb 
693  EN11 
694 C 

A p a r t i a l  printout of a sample  run is g iven  be1.o~. 

(;Al..I:BKA.lJ.ON IJCI r n  1:w-r F- 7,' 18 T I M E  C):28149 

F'ROBE N O ,  :: 150N S E K I R L  NO t : 34953  
ISRIVER S E R I E S  RESISIANCE: 9090.0 DRIVER SHUNS CAF:'. 0 .  OOOOE i-00 
I"ICK-.UF' Sb1UNT RC:SISTAMC:LI I 1000000 + 0 PICK-1IP S t - lUNI  CAP, : 0,0000E~t00 
CABLE I + E l +  ,NO. :&-3 t .E twr  H : 19*0 CAP.: O+f3400E.-- lO 
E D D Y  CURRENT TNSTtll.JMf N ' r  NO, : 1502 
F'OWER E1I;C I e rS lSA.--rl 

VALUES 0 00000 0 * 00200 0.00400 
HESISrIVITY THIChNESS TIEF.LOCA1 ION DFF.RADTL!S DEF. SIZE 

3 t 95000 0.05491 
3.9SQQO 0,0549l 0 005bO 0 * 75000 0 01 400 
3.95000 0 07098 
3.95000 0.07098 0 e 00700 0. 1 S i i O Q  0.01QOO 
3 + Y S O O O  0.07657 

0 + 01480 3.9fSooo 0 01657 0 00760 0 + 7 5 O O Q  

~ -. - - .  ~ 

AVERAGES B STANDARD t lEVIATIONS OF CALIBRATION KtAI I INGS:  3 F'HA 2 HAG 

5.0337Ei-03 
F H A  t G G  

. 0,80;6f;k &,301Q7 
0 00123 0 00000 

0.00211 4.80119 
0.00062 0,01105 

-0.07334 48,2Q496 
0 00000 0.00000 

0 + 9673; 4 .80%93 
0,00000 0.01296 

- 1;,941rFa7 6.14U.3. 
0.00000 0 00000 

1 + 93094 
0 + 00195 

4 80064 
0 01235 

5.0162Ei-04 
F'HA HAG 

Q+51Q24 5.78233 
0 t OOOOO 0.00000 

0 50985 4 79293 
0.00000 0.00000 

0 + 9 8 P M  5.76986 
0.00000 0 00000 

0+90?01 4 + 8 1 1 9 1  
0.00000 0.01035 

1.47052 5.766 76 
3.00000 0.00000 

1 + 46996 4.79987 
0 + 00000 0.00552 



i 

4 
b? 

U n 
k . . . . . .  . ~ . " " '  

3 0 0 0 0 3  3 O O O O O C  

M t 





APPENDIX D 

T h e  f u n c t i o n s  of  t h i s  program are d e s c r i b e d  on pp. 3 and 3 3 ,  

T a b l e  111 1 i s t  E; e d i t o r i a l  cliartges reqlki red p r e p a r a t o r y  t.o running the 

program. Table  D 2  l i s t s  s tep-by-step i n s t r u c t i o n s  f o r  USE d u r i n g  

e x c x u t i o n .  Ttie l a s t  s e c t i o n  l i s t s  the program a n d  e x p l a i n s  i t s  iiurist r u c -  

t i o n  and f u n c t i o n .  

'rable D1.  E d i t o r i a l  Changes P r e p a r a t o r y  t o  Running 
Program KFLF I T  

6 5-7 8 Ad j u s t  a r r a y  dimensions acco rd ing  tro &wide, l i n e s  42--60. 
Se(? p. 35 f o r  c a l c u l a t i o n  of NPT'C. (hide p r o v i t i e s  i u i n i m u r n  
d imensions f o r  a11 e x c e p t  M A D N G  array.  

1 0 3 1 0 5  I n i t i a l i z e  c o n t r o l  parameters, See l i n e s  10-37 and Appendix C; 
f o r  d e f i n i t i o n s  and  l i m i t s  e 

1 1 5  S e l e c t  c o n t r o l  pa rame te r  f o r  unitss ( 1  f o r  Engl.Psh IeiigtIis 
2 f o r  m e t r i c ) .  

I16-118 i n i t i a l i z e  conduc to r  propert ies. These arrays can be 
i n i t i a l i z e d  w i t h  the p r o p e r t i e s  of a i r  s ince  t h e y  dl-e l a t e r  
r e p l a c e d  by d a t a  f rom the  disc fi les I 'I'lic! numbt.r- of "air 
values" must match t h e  a r r a y  dimensions i n  l i n e  70.  

1 1 0 I n i t i a l i z e  d e f e c t  p r o p e r t i e s .  A l l  s h o d d  be " O o . O " ,  ai-icl some 
are  l a t e r  r e p l a c e d  by f i l e  data. 'The number of va lues  must 
match the a r r a y  dimensions i n  l i n e  71. 

1 20 I n i t i a l i z e  a m p l i f i e r  g a i n s  f o r  each f r equency  used. T11e number 
of v a l u e s  must match the a r r a y  dimension i n  l ine 69, 

125 
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Tab lc  D 2 .  I n t e r a c t i v e  Program ( ] w r i e s a  and Opera to r  
R e q p o n s e s  During bxecu i ion  of RFLFI f  

h I, i ne QUERY o r  Response 

211 

4 42  

5 0 2  

286 

289 

301 

307 

311 

312 

THERE I S  AN ERROR P N  THE N U M B E K  OF PROPERTIES 

I f  t h i s  message appears t h e  program w i l l  h a l t  ~ x ~ c ~ i T . i o n  by  a STOP 
i n s t r u c t i o n  ( l i n e  510) so t ha t  a r r a y  dimeasions can be a d j u s t e d  
(by  e d i t i n g )  f o r  c o n s i s t e n c y .  

1 FLT PROP 2 PRT ENTIRE F1T '3 PRT/SV COEF 4 CHG FCTN/POL 
TYP 5 RUN rEST 

E n t e r  i n t e g e r  1-5 t o  select  d e s i r e d  a c t i o n .  

D e f i n i t i o n s  of o p t i o n a l  acLiotis S K P  l i s t e d  in terlirs t h a t  fo l low,  
Progrdm b ranches  and re sponds  as though 0pt-j  ons were sequerr- 
t i a l l y  l i s ted .  

-. Note:  .. . . . ._ 
e x e c u t i o n  wil-1 jump t o  l i n e  503. 

To s t o p  ~ x e r u t i o n  o p t i o n  1 or  5 must be s e l e c t e d  s o  t h a t  

1. F i t  P r o p e r t y  

PROP ARRAY I S  FLLLEU 

T h i s  message o c c u r s  i f  the  operaror a t t e m p t s  t o  f i t  inore than  sir, 
p r o p e r t i e s  d u r i n g  a s i n g l e  program riin. D i s p l a y  at.. l ine 504 
f o l l o w s .  (No r e sponse . )  

O the rwise ,  t h e  sequence be low OCCUKS. 

SbLEC'I K E G I O N  TO BE FITTKO. T,OWEST I S  NIJMKI.:R 1. 

E n t e r  in teger  1 4  ( p r o p e r t y ) ,  delimit-  i) ig blank ( s p a c e ) ,  i n t e g e r  
1 -NX1 ( r e g i o n )  . 
TYPE I I F  THERE I S  OFFSET, 0 I F  NO OFFSET: 

En'le_r i n t e g e r  0 o r  1. [OFFSET (1)  i n t r o d u c e s  a l e a d i n g  constant:  
term i n t u  t h i i !  l eas t  s q u a r e s  * 'unction expansion.  ] 

SEIXCT THE NUMBER OF i M E  F U N C T I O N  'I'YPF:, POJ,YNOMIAL, DEGREE 
6 OF ( X O S S  TERMS FOR EACIi MAGNITUDE & P U S K  

FUNCTION TYPE; 1-LLNEAK 2-LGG 3=EXP 4 = I N V  

( b l a n k  line) 
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T a b l e  02, (Cont inued)  

314  

021 

3 2 3 

337 

( 3 6 2 )  

( 4 1 4 )  

(301)  

(4 .47)  

T%c Fit i s  p r i n t e d  i n  hard copy and d i s p l a y e d  on the CRY i n  ehe 
same format .  See s a m p l e  p r i n t o u t  (p, 7 8 )  f o r  d i s p l a y  fornat. 

3. P r i n t  and  Save Coef f i c i en t s  

No q u e r y  or response ,  Table  of c o e f f i c i e n t s  is di.spl.ayt.d 011 CRT, 
p r i n t e d  on hard-copy device ,  and written on d i s c  f i l e .  See 
sample  printout (p. 78) f o r  d i s p l a y  format .  

4 .  

Program e x e c u t i o n  jumps t o  1. Llne 30 1 (above) and c o n t i n u e s  through 
t h e  r e m i n d e r  o f  the sequence f o r  o p t i o n  1, 

5 ,  Run T e s t  --__-.- 

This s e l e c t i o n  s h i f t s  program a c t i o n s  from t h e  f i t t i n g  of 
f u n c t i o n s  -LO d a t a  Eroni standarcis t o  the. a c t i v e  a c q u i s i t i o n  of  
new d a t a  r ’ rorn  specimens an3 s i rnulat ian of an iiistrulnerxt ’ s  
in IC E oc oinp u t c r 
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Tab le  D 2 ,  (Cont inued)  

QUERY b o r  Response L i n e  
.......... .......... .. ___.._._ ..... _I__ 

PKINT OUT: 1. PARAMKl'KRS 2, MEAS VOLT 3. CAL fu DTSPLAY 
PROPS 4 .  RAW RDGS 5. SI'Ot' 

E n t e r  i n t e g e i  1-5.  

Definitions o f  the o p t i o n a l  a c t i o n s  are l i s t e d  i n  t hp  items t h a t  
f o l l o w ,  with l e t t s A r s  &E s u b s t i t u t e d  For numbers 1-5 t o  avo id  
c o n f u s i o n  w i t h  t h e  above l i s t  of op t ions .  

8. Parame te rs 

No re sponse ;  e x e c u i i o n  jumps t o  l i n c  240 and p r i n t s  a t a b l r  of 
t h e  conductor  a n d  d e f e c t  p r o p e r t y  sets based on d a t a  i-thad from 
t h e  d i s c  f i l e  (253 .  Then a t-able of c i r c u i t  pa rame te r s  is 
p r i n t e d .  See p. 145 f o r  s a m p l e  ou tpu t s .  

R, Measur1i)tl V o l t a g e s  

No r e s p o n s e ;  e x e c u t i o n  jumps t o  l i n e  ? 4 0 ,  s k i p s  table ,  and jurrrps 
a g a i n  t o  lint._ 260, s k i p s  second t a b l e ,  and resumes excxi i t ion a l  
l i n e  270. Then a t a b l e  of measured v o l t a g e s  is p r i n t e d .  (These 
a r c  t h e  v o l t a g e s  measuratl on t h e  s t a n d a r d  specimens read from 
f i l e  25.) 

C. C a l c u l a t e  ......... and D i s p l a y  P r o p e r t i e s  
_I__ ._ _s__ 

No keyboard response.  Program e n t e r s  3 l oop  t o  r ead  in s t rumen t  
o u t p u t  and c a l c u l a t e  p r o p e r t i e s  by u s i n g  s t o r e d  biLs.  It s t a y s  
i n  l h i s  l oop  u n t i l  t h e  loot peda l  i s  depressed.  A head ing  
l i s t i n g  p r o p e r t y  t i t l e s  i s  d i sp layed .  When t h e  peda l  is  r e l e a s e d  
the properLy v a l u e s  are computed and d i sp layed .  

D. R a w  Readings 

No keyboard response.  Execut ion jumps t o  same p o i n t  i n  program 
as  o p t i o n  C bu t  s k i p s  p r o p e r t y  head ing  and d i s p l a y s  v o l t a g e s  
read from a p p r o p r i a t e  i n s t rumen t  channe l s .  

E. s t o p  _- 

No response.  F o r i r a n  s t a t e m e n t  h a l t s  execu t ion .  

aThis  table  shows q u e r i e s  and o t h e r  d i s p l a y s  a p p e a r i n g  on the CKT o r  
o ther  ou tpu t  t e r m i n a l  used by the o p e r a t o r  ( L I ,  LOTEK); hard-copy ou tpu t  
a p p e a r s  on a p r i n t e r  ( L O U ) .  

' ~ u e r i e s  i n  a11 caps s i m u l a t e  CKT p r e s e n t a t i o n  o r  computer p r i n t o u t .  



Program ^ L d e n t i f i c a t i . o n  .__ 

I_ Date of Current:  Kev i s ion  

D e s c r i p t i o n  and  Variable D e f i n i t i o n s  

Lines 10-37 d e f i n e  v a r i o u s  q u a n t i t i e s  used i n  the program. The term 

NRT is t h e  t o t a l  number of parallel layers, the f i r s t  be ing  f a r t h e s t  from 

t h e  c o i l  and t h e  l a s t  being t h e  a i r  r e g i o n  where t h e  c o i l  is located.  If 

a conduc t ing  s h e e t  of f i n i t e  t h i c k n e s s  is used ,  t h e  f i r s t  r e g i o n  of 
,* . t h i c k n e s s  and r e s i s t i v i t y  i s  a i r  and t h e  second r e g i o n  i s  rhe 
c oiiduc t i ng s h e e t  

4 c  
5 G  
6 c 

c 
8 G  
P G  

1 0 P: 
1 1  c 
12 c 
13 c 
l a  c 
15 c 
$6 c 
I f  c 
18 c 
19 c 
20 I: 
2 1  c 
22 c 
23  C 
24 c 
25 e 
26 G 
27 c 
28 e 
2'7 e 
30 c 
31 c 
32 e 
33 c 
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Fixed-Dimension Arrays 

Guide f o r  Ad j u s  ~- Ixblk-Dimesasion ... Arrays _. ......... 
The dirnensi.ons i n  l i n e s  43-61 are listed s y m b o l i c a l l y  i n  terms of the 

q u a n t i t i e s  d e f i n e d  above, and the a p p r o p r i a t e  numbers shou ld  be e n t e r e d  i n  

t h e  ac tua l  diuiension statements i n  l i n e s  65-79. A c t u a l l y ,  the  dimensions 

can be l a r g e r  t h a n  r e q u i r e d  ( w i t h i n  s t o r a g e  l i m i t s  of the computer) 

witl-iout caus ing  any d i f f i c . u l t y ,  e x e p t  for. KEADNG i ? z  l ine  65, which must 

have it6 first d?:mension exacl;lg equal to NP'P'PNLT-t-1. 

p u t a t i o n  of NYTT. 

See p.  35 f o r  com- 

Adjusted-Dimension ..... A r r a y s  

(The s ta r red  arrays are found i n  the ,guide above.)  
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66 
b 7 
68 
69 
78  
71 
72 
73 
74 
75 
76 
77 
.7 8 
79 

R e a l  and Double-Prec is ion  Variables 

The L-va r i ab le s  co r re spond  to p r i o r  l o c a l  d e f i n i t i o n  and usage. 

Higher space  a l l o c a t i o n  i s  r e q u i r e d  f o r  alphanrirneric v a r i a b l e  s torage.  

Cairnon Block Storage 

Block B 1  t r a n s f e r s  c o i l  e lec t r ica l  data t o  s u b r o u t i n e s  cotmputing 

e l e c t r i c a l  response. Blocks B 1  and B2 are used when complete c o i l  da ta  

are t r a n s f e r r e d .  

Random Access Data F i l e  D e f i n i t i o n  

86 C 
87 c 
8 R  
88 c 
90 c 
91 
82 G 
95 c 
94 
95 c 
96 c 
97 

F I L E  28 C O N T A I N S  THE C O I L  D A T A .  
r w  I NE F I L.F. :w 80 32 u N C O  I L. ) 

F I L E  1'5 CONTAINS THE E X P E R I M E N I A L  MEASUREMENTS MADE USXNG RFL RUGn 
UEFINE FI1.F ?5(200,40rll9 IKEC > 
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Data I n i t i a l i z a t i o n  
-I_ _____ 

T h e  d a t a  i n  l i n e s  99-102 w i l l  n u t  need to  be changed u n l r s s  t h e  

p r o p e r t i e s  be ing  f i t t e d  o r  t h e i r  u n i t s  arc changed, but  t h e  data i n  
l i n e s  103-105 may need changing, e s p e c i a l l y  i f  the d e s i g n a t i o n s  of t h e  

i n p u t  and o u t p u t  t e r m i n a l s  are changed. 

See Table  C 1  and Appendix G f o r  t l r f i n i t i s n s  and limits. 

9s c 
3 3  

100 
101 
1 O? 
103 
104 
105 
106 (1 
101 c 
108 c 
109 r: 
110 c 
113 c 
112 1: 
113 c 
115 
116 
117 
118 
119 

114 r: 

Outuut Heading 

Data E n t r y  Cram RAD F i l e s  ___ 
The da ta  w ~ i t t c n  in RAD Eile 25 d u r i n g  the runn ing  of the WLRIX 

program are wad. 
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1 35 
136 
1. 37 
138 
1. 39 
140 
1 4 I. 
142 
143 
I44 
145 
141 
147 
148 
199 
190 
1 5 1 
L 52 
15*3 
154 
155 
151 
1. 57 
158 
159 

I61 
162 
163 

160 

Coil Data E n t r y  

The s u b r o u t i n e  COLFIL, s t o r e d  i n  t h e  UL, is now c a l l e d  up t o  obtain 

the  c o i l  parameters .  

same name as NPROBE, r e a d  from F i l e  25. If  such a c o i l  i s  found i n  

F i l e  28, t he  pa rame te r s  of t h a t  coil will be t r a n s f e r r e d  back t o  t h e  main 

program in t h e  COMMON BLOCKS 8 2  and  B4. I f  no s w h  c o i l  name i s  found 

i n  the f i l e ,  t h e  u s e r  wtll be prompted to type  i n  t h e  n e c e s s a r y  pa rame te r s ,  

which will t hen  be t r a n s f e r r e d  back i n  the same way, 

It w i l l  hunt: in F i l e  28 f o r  a c o i l  with e x a c t l y  the 

C o n s t r u c t i o n  of P rope r ty  Arrays 
The r e g i o n  of s t u d y ,  wit11 index NR, is set  equal to the value  of 

NRREP set in the DATA s t a t e m e n t  in line 103. The propet-ty index NP, 

d e f e c t  number NODF, and t o t a l  number of p r o p e r t i e s  NPT are i n i t i a l i z e d  i n  
l i n e s  174-177. 



134 

The DO l o o p s  over a l l  NKES r e s i - s t i v i t i e s  arid the NTHI t h i c k n e s s  f i l l  

t h e  r e s i s t i v i t y  ( R H O )  and t h i c k n e s s  (TH) arrays by u s i n g  t h e  v a l u e s  from 

XRIIO anti THICK read from f i l e  25.  The SLrs t  t i m e  through t h e  l o o p s ,  for  ii 

g i v e n  sample r e s i s t i v i t y  and t h i c k n e s s ,  t h e  d e f e c t  volt-ine (XVOX,) i s  leZt 

a t  t h e  v a l u e  0.0 g i v e n  i n  t h e  DATA s t a t e m e n t s ,  and the d e f e c t  l o c a t i o n  

(XLOC) and r a d i a l  l o c a t i o n  (XKAU) are  set a t   he nominal v a l u e s  of h a l f  

the sample t h i c k n e s s  and three-fourt:hs of ti-le mean cni.1. r a d i u s  respec- 

t i v e l y .  'T"cien t h e  p r o p e r t y  i.ndex NP aiid t h e  number, of s a m p l e s  NPT a r e  

incrrrnslnted, and t h e  DO l o o p s  are con t inued  t o  t h e  nex t  sample i f  t h e r e  

a rc  ipo d e f e c t s  i n  the  given sample ,  'l'he l e n g t h  dimensions 'M, X L O C ,  

and XRAI? a re  conve r t ed  t o  t h e  d e s i r e d  set of un i t - s  by  t h e  c o n v e r s i o n  

f a c t o r  CONVKT, chosen by the index N U N I T  se t  i n  t h e  f i rs t  DA'TA s t a t e m e n t  

( l i n e  115). 

170 C 
171 C: 
172 c 
113 c 
174 
175 
176 
171 
178 c: 
11.7 c 
180 c 
181 c 
1 S? 
183 
184 
185 
186 
1 R 7  
188 
199 
190 
191 

LL t h e  number of d e f e c t s  N13h1+' i n  the g iven  sauiple i s  not z e r o ,  t hen  

a DO l o o p  i s  s t a r t e d  t o  c y c l e  over a l l  NDRT d e f e c t s  i n  t h e  given sample .  

The v a l u e s  of KHO and rH are scp t o  be the same as f o r  tine u n d e f e c t i v e  

sample,  h u t  t h e  v a l u e s  of XLOC, XKAD, and XVOL a r c  set f o r  t h e  a c t u a l  

v a l u e s  as r ead  f r o m  bile 25 and conve r t ed  t o  t l e  d e s i r e d  u n i t s  by t h e  

f a c t o r  CONVKT. Then the mmber of d e f e c t s  NODF and t h e  p r o p e r t y  iiidex NP 

a re  incrernented, and the DO l o o p s  arc  contjniied.  L i n e s  209-211 test t h a t  



13 5 

the f i n a l  p r o p e r t y  index NTJ i s  in agreemei~t w i t h  the t o t a l  number of 

NPTT read from file 25 and p r i n t  a n  e r r o r  message i f  no t ,  

Phase Data Convers ion  
_____I___ 

The phases  read  from f i l e  2 5  are  a l l  m u l t i p l i e d  by 10 t o  convert  from 

i n s t r u m e n t  vo l t age  (0 .1  V/deg) t o  degrees. 

Date and T i m e  of F i l e  Data Kecording 

L i f t - o f f  Increment  and C i r c u i t  Value Correctirrns 

The L4ft-off increment L 2  and some circuit. pprarneters axe calculated 

f rom data read from f'i.1-e 25,  
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224 
225  

2,713 
2 'i? y 
2,3 0 
2.31 
232 
2 3 3 
2 3 4 
235 
236 

C 
c 
c 
C 

P r o p e r t y  Table  Printout ........._.._._ ~ 

I f  t h e  p r i n t  index NPRLNT e q u a l s  1, t h e  p r o p e r t i e s  for each r e g i o n  

and  samples  are p r i n t e d  on t h e  LOU o u t p u t  u n i t .  

237 
238 
239 
240 
241 
242 
243 
24 a 
245 
246 
34 7 
2 4 8  
2 4 9  
250 
25 1 
252 

253 
254 
255 
256 
257 
258 
259 
260 

C i r c u i t  Parameter P r i n t o u t  

A l so  i f  NPRINT=l t h e  s u b r o u t i n e  PRFCKT i s  ca l l ed  t o  p r i n t  t h e  c i r c u i t  

parameters .  
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output  Vo l t age  (vo[JT> Magnitude and Phase P r i n t o u t  11111111 

Lf NPRINT=:! s u b r o u t i n e  PRFVLT i s  c a l l e d  t o  p r i n t  t h e  v o l t a g e  nagni- 

t u d e s  and phases ;  LIieri c o n t r o l  i s  retcirned t o  t h e  c h o i c e s  a t  F o r t r a n  l a b e l  

number 900 o r  540, depending upon tlie v a l u e  of NPRTNT. 

Least Squa res  Func t ion  P i t l t i n g  

Befo re  e x e c u t i n g  this s e c t i o n  the  program branches t o  s t a t e m e n t  540 

( l i n e  4 4 2 )  t o  select  t h e  next  a c t i o n .  Execu t ion  proceeds as though t h e  

a c t i o n  s e l e c t i o n  preceded t h t s  s e c t i o n .  Ln t h i s  s e c t i o n  a u s e r - s e l e c t e d  

f u n c t i o n  i s  f i t t e d  t o  the p a r t i c u l a r  p r o p e r t y  b e i n g  s t u d i e d .  

P r o p e r t y  S e l e c t i o n  

F i r s t ,  the u s e r  chooses  the p r o p e r t y  and the r e g i o n  where the con- 

duc to r  or d e f e c t  hav ing  the p r o p e r t y  i s  Located. 

i n t e r a c t i v e  r e sponses . )  

(See TabLe D 2  f o r  

2 7 7 
2?H 
279 
280 
28 1 
2 8 2 
203 
284 

28b 
C? 43 7 
2H8 
289 
290 

285 
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The array PROP i s  now s e t  sip with  d a t a  i n  t h e  f i r s t  column, s i n c e  

NPROPT w a s  i n i t i a l i z e d  a t  1 i n  l i n e  103. 

The element  i a  t h e  Flth TOW will be t h e  NPROP p r o p e r t y  j u s t  s e l e c t e d  

and l o c a t e d  i n  t h e  NREG r eg ion .  

2Y 1 
292 
293 
294 
295 
296 
297 
398 
299 
300 

F i t t i n g  . Func t ion  S e l e c t i o n  

S e l e c t i o n  of OFFSET adds  a c o n s t a n t  term t o  t h e  f i t t i n g  f u n c t i o n .  

See Tab le  D 2  f o r  prompts and r e sponses  i n  s e l e c t i n g  t h e  func t ion .  The 

accumula t ion  of the  number of terms i n  t h e  polynomial  is s t a r t e d  i n  

l i n e  305. 

IC more t h a n  IRDPRM t e r m s  (now set  a t  15 i n  t h e  DATA s t a t e m e n t )  are 

s e l e c t e d  f o r  t h e  polynomial (exc luding  the OFFSET), t h e  e r r o r  iiiessage i n  

s t a t e m e n t  330 ( l i n e  337) w i l l  be d i sp layed .  

The s u b r o u t i n e  POLTYP c o n s t r u c t s  a n  a r r a y ,  PBLARY, f o r  p r i n t i n g  a 

r e p r e s e n t a t i o n  of t h e  polynomial  expansion.  (See  p. 166 f a r  POLYTP 

s u b r o u t i n e . )  
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317 
3 6 8  
319 
328 
32 d 
322 
3 2 :3 
324 
325 
326 
327 
328 
329 
330 
JJL 
532 
3 :3 :5 
334 
335 
3 3 h 
3 3 7 
338 

Expansion i n t o  F u n c t i o n s  I._x-- of t h e  Readings - 
Next t h e  magnitude and phase d r i f t s  "HDFT and PHDFT, are i n i t i a l i z e d  

t o  z e r o ,  and then  t h e  sets  of measured r e a d i n g s  of magnitude and phase ,  

TMAGM and PHASEM, f o r  each  set of  p r o p e r t i e s  are cxpanded accord ing  t u  the 

chosen polynomial  i n t o  the  a r r a y  READNG. Subrou t - ine  RDGEXP c o n s t r u c t s  the 

polynomiaL expansions, and a t o t a l  of  NP'CT*NLT rows  o f  t h e  KEADNG array 

w i l l  he de te rmined  i n  t h i s  way. %e cor re spond ing  column mat r ix ,  PRO, f o r  

t he  chosen p r o p e r t y  i s  a l s o  s e t  up a t  t h e  same t i m e  i n  l i n e  352. Actua l l .y ,  

t h e  REAIING matrix has one more r o w  and column tIian are determined by the 

DO l o o p s  i n  Lines '347--348, 

c a l c u l a t i o n s  i n  t h e  ALSQS l eas t :  s q u a r e s  program. I n  fact, t h e  l as t  ~ o l ~ i i ~ n  

e v e n t u a l l y  c o n t a i n s  the p r o p e r t y  v a l u e s  c a l c u l a t e d  by u s i n g  the l e a s t  

s q u a r e s  c o e f f i c i e n t s  upon r e t u r n  from the ALSQS subrourine. 

The ex t r a  r o w  and column are used f o r  t h e  

339 
340 
34 1 
342 
343 
341) 
31):; 
3.46 
547 
34s 
349 
350 
351 
352 
353 
354 
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C a l c u l a t i o n  of C o e f f i c i e n t s  ll_l.l__.....- and Approxirnating .... ~ ...._ Vector 

Upon r e t u r n  from ALSQS t h e  column matr ix  COE c o n t a i n s  t h e  l e a s t  

s q u a r e s  c o e f f i c i e n t s  t h a t  gi.ve t h e  " b e s t "  f i t  t9 the p r o p e r t y  column 

matr ix  PRO by u s i n g  t h e  polynomial terins wr i i l t en  i a t o  REAUWG. Platl ' ieiuat- 

i c a l l y ,  i n  m a t r i x  n o t a t i o n  ALSQS minimizes t h e  deteror inant  of 

(READNG)(COE) (PRO).  Also, upon r e t u r n  t h e  q u a n t i t y  RSOS c o n t a i n s  the 

r e s i d u a l  sum of s q u a r e s  of t h e  d i f f e r e n c e s  between t h e  p r o p e r t i e s  and t h e  

v a l u e s  c a l c u l a t e d  by us ing  t h e  least  s q u a r e s  c o e f f i c i e n t .  These 

c - a l c u l a t e d  v a l u e s  are  t h e  e l emen t s  i n  t h e  l a s t  column of READNG upon 

r e t u r n  from ALSQS. (See p. 151 f o r  ALSQS s u b r o u t i n e . )  

Tests of F i t  Q u a l i t y  . . . . _ _ _ ~  

Two p r o p e r t i e s  of t h e  f i t :  are  c a l c u l a t e d :  the rms d i f f e r e n c e  between 

t h e  p r o p e r t y  v a l u e  from which t h e  f i t  was c o n s t r u c t e d  and the value com- 

pu ted  from the f i t  and t h e  e f f e c t  of s m a l l  e r r o r s  i n  the ins t rumen t  

r e a d i n g s  on [:'ne val.ues computed from t h e  f i t  f u n c t i o n .  Details  Of t h e s e  

f a c t s  are  d i s c u s s e d  on pp. 39-41. 

The sums o f  the s q u a r e s  of t h e  d r i f t s  and d i f f e r e n c e s  are i n i t i a l i z e d  

i n  l i n e s  362 and 363.  Then t h e  P r o p e r t y  F i t  table heading i s  p r i n t e d  and 

d i s p l a y e d  i f  NPRINT=2,  ( S e l e c t i o n  o c c u r s  i n  l t n e  4 4 5 . )  

Now t h e  d r i f t  c a l c u l a r i o n  i s  looped over  a l l  NPTT p r o p e r t y  se t s  

and NLT l i f t - o f f s .  "he d r i f t  i s  i n i t i a l i z e d  t o  z e r o  f o r  each set of 



1 4 1  

c o n d i t i o n s ,  Then the c a l c u l a t i o n  i s  looped over a l l  freqcierwies arid over 

NC. When NC=l  a 0.01% error  i n  t h e  magnitude i s  introduc:ed i n t o  each 

readi .ng  a t  t ha t :  f r equency ;  when MC-2 a 0.01 degree  e r r o r  i n  the phase i s  

i n t r o d u c e d .  In eac-h case a polynomial. us ing  the erroneous rnagaitude or 

phase i s  c o n s t r u c t e d  by KDCEXP; a 1 . L  the o t h e r  magni tudes arid phases re ta in  

t h e i r  c o r r e c t  va1.ues. 

The sums of the s q u a r e s  o f  the  differences and dritts are accumulated 

i n  SSDTFF and SSDKIF ( l i n e s  397-398). 

3!, 1 
392 
393 
394 430 
3 Y 5  4.10 
396 
39 7 
398 

I f  NPRLNT=2 t h e  en t i r e  f i t  is  p r i n t e d  (select ion made a c  Line 4 4 2 1 ,  

?%.is p r i n t  o p t  i o n  i s  i n c l u d e d  i n  t h e  SDIFF/SDRIF c a l c u l a t i o n  loop because 

t h e  same c a l c u l a t t o n  s t e p s  are r e q u i r e d  t o  g e n e r a t e  t h e  p r i n t o u t  of t h e  

e n t i r e  f i t  f o r  t h e  s e l e c t e d  f u n c t i o n .  



'Ihe s t a n d a r d  d e v i a t i o n s  o f  the  di-i-ft  and  d i f f e r p n c c s ,  SDRIF and 

SU7FFS are c a l c u l a t e d  i n  l i n r s  408 a n d  404 and p r i n t e d  out .  

P r i n t i n g ,  ~ H E X  Conversion, and "Saving" I_ of C o e f f i c i e n t s  _. . . . . . . . .. . .. . .. . .. .. . . . - 

i f  NPKINT=3 ( s e l e c t e d  a t  l i n e  4 4 2  the c o e f f i c i e n t s  are: c o n v e r t e d  

t o  b i n a r y  hex n o t a t i o n  f o p  microcomput:er use by t h e  s u b r o u t i n e  CONCUR8, 

p r i i l t e d  a t  b o t h  output. t:c:cmirial.s, and w r i t t e n  i n  hexadecimal on RAD 

f i l e  31. and i.n decimal on RAD f i l e  21. 'I"nei1 the p r o p e r t y  index  NPROPT i s  

i n c r e n e n t e d .  PRONAY s t o r e s  the  names o f  t h e  p r o p e r t i e s  i n  t h e  order  fIiat- 

t h e  c o e f f i c i e n i : s  are saved. 

500 

5fO 

C 
C 
c 
C 

530 



S e l e c t i o n  of the Next A c t i o n  

Although l i s t e d  l a t e r  t h i s  s e c t i o n  is execu ted  ea r l i r r  i n  the 

o p e r a t i n g  sccptence b y  jumps f r o m  l i n e s  2 7 6 ,  336 ( c o r i c l i t i o n d )  and 414  

( c o n d i t i o n a l )  

The f i r s t  o p t i o n  starts t h e  f i t t i n g  o f  d new p r o p e r t y ;  the second 

p r o v i d e s  a comple t e  p r i n t o u t  of  the f i t  of the p r o p e r t y  just: completed; 

thc t h i r d  c a u s e s  t h e  c o e f f i c i e n t s  of t he  f i 1. fro be p r i n t e d  and a l s o  saved 

i n  FIles 21 and 31; t h e  fourth of-fers a chance to  change the t y p e s  of 

f u n c t i o n s  ~ n d  polynomials t o  be used ira  f i t t i n g  t h e  sane p r o p e r t y  as 

be fo re ;  and t I w  last o p t i o n  leads t o  runn ing  a t e s t  by using the coef- 

f i c i e n t : ;  a l r e a d y  determined (o r  t o  s t o p ) .  

The c h o i c e  t o  RUN TEST s h i f t s  e x e c u t i o n  t o  s t a t e m e n t  uumbec 600,  which 

seCs t h e  v a l u e  o f  NYKOPT back t o  i t s  l a s t  va lue  s i n c e  i t  had been incre-  

mcmted i n  l i n e  441 ,  

ht  statement.  900 Eisrther choices are of fered :  to p r i n k  out  (1) the 

pa rame te r s  ( t h e  material  p r o p e r t i e s  and c i r c u i t  c o n s t a n t s )  ( 2 )  the 

magnitudes and phases of the vo l t ages  measured f a r  each of tlhe p r o p e r t i e s ,  

( 3 )  c a l c u l a t e d  v a l u e s  of newly measured p r o p e r r i e s ,  ( 4 )  t h e  c u r r e n t  

instrument readings  i n  V ,  o r  t o  ( 5 )  s t o p .  Tlne Eirst two ciroices are u s e f u l  

f o r  a permanent record; t h e y  b o t h  r e t u r n  c o n t r o l  t o  s t a t e m e n t  100 bu t  w i t h  

d i f f e r e n t  values O F  NPKINT. Option 3 allows measurement of an unknown 

sarople; i t  t r a n s f e r s  c ~ ~ t ; t - o l  t o  s t a t e m e n t  700, which d i s p l a y s  head ings  t o  

i d e n t i f y  p r o p e r t i e s  f o r  which f i t s  are available. The fo l lowing  s t e p s  t a k e  

i n s t r u m e n t  r e a d i n g s  of the magnitudes and phases  a t  the NPT f r e q u e n c i e s ,  

s u b s t i t u t e  them i n t o  the polynomials  by  u s i n g  KDGEXP ( l i n e  4701, and then 

c a l c u l a t e  e a c h  of  t h e  NPROPT p r o p e r t i e s  ( l i n e s  472-4756 .  



144 

450 
451 
452 
4 5 3  
"94 
455 
456 
4 5 /  
458 
459 
460 
4 4 1  
462 
463 
464  
465 
466 
46 7 
45.3 

C 
C 
c 

700 
710 

r: 
c 
i: 

720 

7 3 0 

740 

The ins t rumen t  r e a d i n g s  are t aken  by  subro i l t ine  KEAIOAT (line 4 8 3 ) ,  

t e r m i n a t e d  .when the o p e r a t o r  p r e s s e s  and r e l e a s e s  t h e  f o o t  peda l*  If t h e  

NPRINT-3 o p t i o n  was t aken  ( l i n e  / .96) ,  t h e  calculaLet l  p r o p e r t i e s  PRO will be 

writ ten on ou tpu t  u n i t  LOT1 at- l i n e s  /+9~6--497. I f  t h e  NPRLNT=It o p t i o n  w a s  

s e l e r t e d ,  t h e  raw ins t ru inent  r e a d i n g s  (voltages) w i l l  be p r i n t e d -  Then the 

o p e r a t o r  i s  a g a i n  o f f e r e d  t h e  choices  ia l i n e s  504-505. 

481 c 
482  I: 
483 
4 8 4  
485 
486 
4e7 790 
488 
489 
4913 
4 4 1  c 
492 e 
493 c 
474 
49s 
496 
497 800 
498 



The s u b r o u t i n e  READAT has a l r e a d y  been d e s c r i b e d  i n  c o n n e c t i o n  w i t h  

WLKDG program. IC a l l o w s  d a t a  t o  be r e a d  i n  from an eddy-current  

instrument by u s i n g  t h e  MODAC. When t h e  o p e r a t o r  p r e s s e s  and releases a 

f o o t  swi tch ,  the DO l o o p  f o r  the r e a d i n g s  i s  in t e r rup ted ,  and the r e a d i n g s  

are  passed  back t o  the  main program i n  t h e  array c a l l e d  NAKRAY. 

A partial p r i n t o u t  O E  a sample run i s  given belaw, 
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G A I N  
0.08811 

S.6Y1.8 
b :.; a 7 

:;*'7010 
6 * 5 8 2 

5.6942 
3,241 

5,7164 
3.207 

5.6619 
2.379 

5.6756 
2.454 

F A I N  
0 t 0OP5 

4 + 94 I. i 
6,178 

4 t 9503 
6+170  

4 t 7.170 
6 c 1 33 

4 t 9790 
6 + 1.36 

4 + 9480 
6 . 3.1'.5 

4 .  Y ! ;oh 
6 ,125  

148 

.3+10'?40€t02 
0 * 1017 

4 7048 
6 , 3 1 7  

4.7218 
6 Y5O0 

4 * 7322 
6 + 2h0 

4 t 7486 
6 + 2 5 0  

4 , 7::'3x 
6 . 7 h 0 

9 , 7 1 4 0  
6.374 
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Corqutw Progi~ms f o r  Some P&y-Ct?rrcni: Problerng - 19 70, ORNL-I'M-3295 
(June 1971), pp. 258-261. 

2, Modular Computer Systems, Ine., F t .  Laudcrdale Fla. Reference Manuat, 

MAX rI/xII/.Tv Sgabziia Processors, Assemb%eP8, P u b l i c a t  Lon 210-600500-~ 

008400/B00, 1976. 



A P P E N D I X  E 

THE SUBRO UT LNE S 

S u b r o u t i n e s  c a l l e d  by the fou r  main programs are l i s t e d  alphabe'ci-  

c a l l y  i n  Table E l .  They can  be c a t e g o r i z e d  by f u n c t i o n s ,  such as i n t e g r a l  

c a l c u l a t i o r i  or i n p u t  or o u t p u t ,  and by t h e i r  a p p l i c a t i o n  t o  the r e E l e c t i o n  

o r  the t r a n s m i s s i o n  problem. Those a s s o c i a t e d  w i t h  least s q u a r e s  f u n c t i o n  

f i t t i n g  a p p l y  g e n e r a l l y  t o  e i t h e r  problem. A l l  are w r i t t e n  i n  F o r t r a n ,  

e x c e p t  the d a t a  a c q u i s i t i o n  s u b r o u t i n e ,  KEADAT, which is  i n  assembly 

language . 

149 
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T a b l e  E l .  S u b r o u t i n e s  and C a l l i n g  P r o g r a m s  

M U I . J X D  MULTRU RF LRDG RE LF I T  Name 
__I_. ..._..._____II.~ ........... 

ALSQS X X X 

BESSEL X X 

BE S E L 1 X 

R F:Tm x 
BETAMT 

CIIRFPM 

CULF IT, 

C O N 8  

CONVK8 

c PXQOT 

G N M L  

G , W T  

P OT,T Y P 

PRFCKI 

PRFCOL 

PRFVLT 

P TKV LT 

RDGEXP 

REAIJAT 

RFCXRK 

RFCKDT 

R FC 0 LM 

TRCOLM 

TRUC IK 

TCOF I L  

V I N L  CM 

VNATKM 

VMATRT 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 



1.51 

ALS QS 

S u b r a u t i n c  ALSQS takcs  the I(EADNC a r r a y  constructed by  s u b r o u t i n e  

RIIGEXP and f i n d s  t h e  a r r a y  o f  coef f ic - ien ts  COEF,  that  when m u l t i p l i e d  by  

the READNL: a r r a y  will give the b e s t  least  s q u a r e s  f i t  L O  the p r o p e r t y  

a r s ~ y  PRO, Gpon r e t u r n  the b e s t  f i t t i n g  p r o p e r t y  velire-,  ace  i n  t he  l as t  

~*ol i imn oaf the READNG a r r ay ,  and K S O S  is  tlw res idua l  sum of squares of the 

d i f f e r e n c e s  from the a c t u a l  property ~ ~ 3 1 1 ~ s .  
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BESSEL 

S u b r o u t i n e  BESSEL ( X J 1 ,  X, R) c a l c u l a t e s  J," XJ1(2> dx by us ing  

series approx ima t ions  and r e t u r n s  t h e  i n t e g r a l  as XJJ.. The approx ima t ions  

are d i s c u s s e d  i n  ea r l i e r  work.' Note t h a t  approx ima t ions  of the  form 

are  g e n e r a l l y  computed as 

t o  improve speed and a c c u r a c y .  

883 
884 
885 
88.5 
087 
888 
889 
890 
89 1 
892 
8333 
894 
895 
896 
897 
898 
899 
900 
90 1. 
902 
903 
934 
90s 
906 
PO7 
908 
909 
910 
91 i 
912 
913 
9 1 4 
915 
Pib 
917 
918 
719 
920 
92 1 
922 
923 



15.5 

BETA?? 

This s u b r o u t i n e  computes the  Rn and exp(@,!l',) factors [ s e e  

E q s .  (26)-(31)] used t o  compute t h e  y - f a c t o r s  a p p e a r i n g  i n  t h e  impedance 

integrals. When the coil dimens ions  are normal ized ,  the factors a,L; 

become 

~ r h e n  > i s  absorbed  i n  an. 

mittivity) are dropped so tha t  in nornialized form 

For  conduc to r s ,  terms i n c l u d i n g  cn ( t h e  pe r -  

[For  the. uppermost l aye r  ( a i r ) ,  an = a; there is no imagi.nary p a r t . ]  

w e  let 

If 

and  

then 

4 
'Re(un) = J 

and 



1.56 

Note a l s o  that 

I n  the main program, MUI,KFD, w e  set: 

so t h a t  

BETAl(NR) = Im(f3,) = uG(p - a > $  = pG’b/Re(B,) . 

Since Rn is  complex w e  compute real  and imaginary p a r t s  of e ~ p ( & T ~ ~ )  

as 

D O N  = exp[Re(Bn)Tn] , 

COSF = cos[1m(Bn>Tn] , 

and 

When a d e f e c t  is present  i n  a region, t h e  r o u t i n e  computes the f u n c t i o n  

brhere is the axia l  location of the defect. (DF’I’ corresponds t o  DFTAOc in 

t h e  main program.) 



1s 7 



1.58 

BETAM'C 

See BETAM (p .  155) f o r  l i s t i n g  o f  t h e  equations used. 

'This subrout ine  p e r f o r m s  c a l c u l a t i o n s  o f  the f3-factors and. e x p  (&Tn) 

i d e n t i c a l  t o  those  c a l c u l a t e d  by BETAM fo r  d e f e c t - f r e e  conduc to r s .  It 

does n o t  incl .ude cal .culat i .ons f o r  defects and is therefore a shor t e r  

v e r s i o n .  The main program (MIIi,'lRU) does 

BETAK = Re(&& = 

and 

T h i s  r o u t i n e  c o n t a i n s  (10 t es t  f o r  the exponent s i z e ,  3s i n  BETAM. 

548 c 
5"?9 c 
550 C 
5 5 ;  
55? 
5 5 3  
as4 
555 
556 c 
557 c 
558 
55Y 
568 
56 i 
5 6 2  
56J 
964 
565 
366 
567 
568 
56Y 
570 
5771 
5 7 2  

c- 



1.59 

S u b r o u t i n e  CWKFWI proiiipts the iiser t u  t y p e  i n  c h a n g e s  Ln the c~i .1  and 

c i r c u i t  pa rame te r s  f o r  a r e f l e c t i o n - t y p e  c o i l  and transfers the changed  

v a l u e s  back t o  the main program i n  COIQ40'sJ b lock H2. The c o i l  parameter 

f u n c t i o n s  are 1141~ d u p l i c a t e d  by thr COLFZL and 'CCOFIL s u b r o u t i n e s  (see 

pp. 160 and 180), 

'724 
725 c 
725 c 
727 c 
928 c 
729 
730 
73 8. 
732 
733 
734 
735 
734 
737 
738 
739 
7 40 
74 1 
742 
743 
744 
745 
74b 
747 
748 
749 
750 
75 5 
732 
759 
754 
755 
750 
757 
7581 
759 
780 
76 Y 
762 
76 3 ENIS 



160 

COLF LL 

Subrou t ine  C O L F I L  ( L I ,  LOU CNAM) r e a d s  d c o i l  name CNAM froiii t h e  

main prograiti. I f  none o r  "0." t h e  user will be asked  t o  type i n  a c o i l  

zpame ( u p  t o  s i x  charactprs). Li there is  a c o i l  i n  f i l e  2 8  w i ~ h  the 

name typed i n t o  i n p u t  t e r m i n a l  LI, i t s  parameters  are fed  back t o  t h e  

main prograin i n  COMMON blocks R 2  and H6. I f  no t  the iiser i s  r eques t ed  

( o n  o u t p u t  clnit L o u )  t o  type tiw appropriate c o i l  paramett-'rs on t ecmina l  

I , [ ,  and the  parameters  are t c a n s m i t t e d  t o  the  main program i n  the coinincon 

blocks.  (See 'Lahles  A3 and D 2  f o r  operaLor i n t e r a c t i v e  responses . )  

404 

996 
997 
Y Y M  
999 

io00  
io01  
1 0 0 1  
1005 
1004 

1 0 0 0 
1007 
1003 
1 0 0 (? 
1010 
101 I 
103 L' 
io3  s 
i o 1 4  
io1 5 
101s 
1017 
1018 
1019 

(? '? : J 

ioo?J 



Floa t ing -po in t  numbers from t h e  ModComp mlnicomputer are soaverit-ed 

t c ,  t h e  hexadecimal  r e p r e s e n t a t i o n  of t h e  f l o a t i n g - p o i n t  b i n a r y  used by the 

NDT-COMP8 microcomputer ,  which has  an exponent  and a high-  and low-order 

man t i s sa .  (The numbers conve r t ed  h e r e  are no t  used d i r e c t l y  b y  the micro- 

computer but  r a t h e r  by t h e  minicomputer assenibler  program, which g e n e r a t e s  

t he  program f o r  t h e  microcomputer , )  The t h r e e  p a r t s  of t h e  hex number are 

r e t u r n e d  i n  t h e  NCONV a r r a y .  It i s  w r i t t e n  i n  t h e  ModComp IV assembly 

1anguagee2 

SKIP 

RETN 

NZRO 



162 

C O N 8  

Subroutine CON8 convcrts MQDCOMI" floating-point numbers to the 

hexadeciaml representation o f  floating-point b i n a r y  numbers used by  the 

NDT-COMPS microcomputer. It is m i t t e n  in the ModComp IV assembly 

language. 

859 
850 c 
E361 I: 
8h2 c 
865 c 
864 C 
$65 c 
E3bS 
1307 
86kl 
I369 
870 
871 
372 
073 
I374 $ K I F '  
875 
97.5 RFTN 
877 
078 NTRQ 
879 
880 
88 P 
882 END 
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CPXQOT 

S u b r o u t i n e  CPXQOT c a l c u l a t e s  t h e  gama f u n c t i o n ,  which is  the  complex 

q u o t i e n t  of V 1 2 / V z 2 .  

V22R + j ( v 2 2 1 ) ,  etc.  
IKI the  computer notation V22T = Ih (V , , ) ,  V 2 2  = 

507 G 
508 c 
509 c 
510 
511 c 
512 
51% 
514 
S f 5  
5116 
517 
518 

CPXQOT SUHRUUI'INE (18 MAY 1977) 



1.64 

S u b r o u t i n e  G W L  d i r e c t s  c a l c u l a t i o n  o f  the real  and imaginary  p a r i s  

of  the  m u l t i l a y e r  gamma f a c t o r  yo and GAMA14 fac tor  y' by c a l l i n g  sub- 

r o u t i n e s  BE'rAM, V I N I T M ,  VMArKM, and CPXQOY. 

28 C 
3'1 c 
30 i: 
31 
32 
33 c 
3 4  c: 
35 c 
36 C 
37 c 
38 
37 
40 
4 1  
42 c 
4:s c 
44  I: 
45 c 
16 C 
47  c 
(18 C 
47 
50 
5 1  C 
52 c 
53 c 
5 4  r: 
5s c 
56 
57 
..? a3 
59  
68 C 
61 C 
62 c 
63 
6 4  
65 c 
66 c 
67 
68 
69 

c 

70 END 



T'nis r o u t i n e  is similar i n  f u n c t i o n  t o  C,L@ttL"fL (p .  164)  w i t h  the 

follorzring differences:  

1. d e f e c t s  are not  i nc luded ,  hence ,  BETAMT i s  ca l led  insmad of f3El'~Zi.I; and 

2, t h r e e  y - f a c t o r s  f o r  the d e f e c t - f r e e  conductor  s tack  a re  compiited,  ciie 

t h i r d  of which, Yr,, (GAPb4PK, GAMAPI) requires inversiclrr of the con- 

d u c t o r  s tack .  

010 I: 
4 1 I c: 
4 1 2 c 
413 
41.4 
4 1 5  c 
416 c: 
417 I: 
41.8 c 
41P I: 
420 
421. 
422 
423 
424  c 
425 c 
420 c 
427 r, 
4 28 
429 
430 rJ 
431. r: 
432 1: 
4 3 :5 
434 
435 
4 3 h  
437 c 
438 c 
439 
4 4 0  
4 4 1  
4 4 2  
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POL'IYP 

Subrou t ine  POLI'YP c o n s t r u c t s  t h e  PULARY a r ray  f o r  printing a repre- 

s e n t a t i o n  of the polynomial  expansion.  (See p.  7 8  f o r  s a m p l e  o u t p u t . )  

The ENCODE i n s t r u c t i o n  ( C f ,  l i n e  619)  i s  a ModComp a d d i t i o n  t o  5 t anda rd  

For t ran .  It is  t h e  e q u i v a l e n t  of a WRITE s t a l e m e n t ,  which performs .zm 

i n t e r n a l  character t r a n s f e r  t o  specific p o s i t i o n s  t o  c o n s t r u c t  o i i t p u ~  

* 'words.  - 1  

588 
587 
590 
591 
592 
593 
594 
5'35 
596 
597 
598 
5Y9 
600 
601 
602 
603 
604 
605 
606 
507 
608 
609 
610 
61 1 
612 
613 
814 
61 5 
616 
617 
618 
619 
620 
52 P 
622 
6 2 3 
624 
625 
626 
627 
626 
629 
63i)  
63 1 
5 3 :.! 
633 
6 5  4 
535 
636 
&37 
ts 38 
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S u b r o u t i n e  PKFGK'I' ( I A U )  p r i n t s  the c i r c u i t  parameters  on the LOU out--  

358 I: 
359 c 
JhO I: 
36 i 
362 
3&3 
36.4 
365 
366 
367 
3bB 
369 
370 
37 1 
3 7 2 
373 
374 
375 
376 
377 

MET 14 R M 
END 
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PRFCOL 

Subrou t ine  PRFCOL (LOU)  p r i n t s  the c o i l  pa rame te r s  on the L O U  o u t p u t  

u i ~  it. 

3.54 c: 
.335 c: 
336 c 
A.3  7 
338  c 
339 I: 
340 c 
3 4  3 
342 
3 4 3  
344 
345 
346 
3 4 7  
5 4 8  
349  
350 
35 P 
3 5 2  
353 
354% 
35s 
356 
3s 7 

S I J  5 K'Q U T I NE F' R F C OL.. ( 2 0  J U L Y  1Y77) 

SUBROUTINE F'KFCOL.. ( L O U  ) 

Sample Output  -I_.__.- - 

WEAN RADIUS 0.1SQ00 INCHES 

DH Z UEK 0 e 9500 1 2500 0 3600 513,O 0 0750 
PICK-UP 0 6 7500 1,2500 0 3600 51318 0 6 0770 

C O I L  INN, R A D  a tn ,  R A D  LENGTH T U R N S  EA 0 L*O,/KCES 



S u b r o u t i n e  PKFVLT prints the output: vo l tage  magnitudes and phases fo r  

the d i f f e r e n t  p r o p e r t y  s e t s  and f r e q u e n c i e s .  (See p. 70 f o r  sample 

o u t p u t .  1 

413 110 CONTINUE 
414 I50 F O R H A T ( "  FREQUENCY '~1F'E13*59' GAIN 'rlPE13*S) 
415 160 F O R M A X ( '  PROP L F I  OF '19(F9+4)) 
416 165 F O R H A T ( "  SET')  
41  7 170 FORMAT(lXtI5r' MAG ' r 9 C F 9 . 4 ) )  
418 180 F O R M A T ( '  PHA '19(F9.3)) 
419  190 F O R M A T C ~ X ) '  
420 200 FORHAT( '  W I T H  MAG ' r P ( F 9 . 4 ) )  
421 210 F O R M A T ( '  DEF PHA ' ~ 5 ' ( F S z * 3 ) )  
422 RETURN 
423 END 
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PTRVLT 

Thls routine is a shortened version of PRFVLT wi th  the capability of 

printing d e f e c t  values removed f o r  use with the through-transmission 

program (MULTKU). 
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RDGEXP 

Subrou t ine  RDGEXP c o n s t r u c t s  t h e  READNG a r ray  from a polynomial  

expans ion  of v a r i o u s  powers of v a r i o u s  f u n c t i o n s  of the magnitude and 

phase  r e a d i n g s .  

The ' " r ec ipe"  f o r  t h e  expans ion  i s  c o n t a i n e d  i n  t h e  va lue  of LOFSET 

and  i n  t h e  NPOL a r r a y  ( see  T a b l e  3 ) .  Subrou t ine  RDGEXP c o n s t r u c t s  t h e  

Mth row o f  the READNG array,  which w i l l  have the fo l lowing  e l emen t s  ( t o t a l  

e a 0 ,  where t h e  t imber  of z e r o e s  w i l l  e q u a l  (LKDPRM C I >  - TXDPR. If 

POFSET = 0 t h e  l e a d i n g  1 i s  ornitred and all. other  terms inove one p o s i t i o n  

l e f t ,  add ing  another  0 a t  t h e  r i g h t  o r  making another f u n c t i o n  term 
a v a i l a b l e  i f  needed. 

519 I: 
520 
521 
522 c 
523 
dL.4 

d&rl c 
526 c 
527 c 
d L 8  c 
529 c 
530 c 
533. c 
532 G 
533 c 
534 c 
535 C 
5Jb 
537 
538 
539 
540 
541. 
542 
543 
544 
54s 
546 
547 
548 G 
549 c 
550 c 
55 1 
552 
55'9 
554 
555 c 
554% c 
557 c 

e 'a 
c '1 c 

=.-I 

THE TYPE OF P O L Y N O M I A L  I S  SELECTEE1 
AND THE P O L Y N O M I A L  VALUES &RE CONSTRUCTED, 
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READAT 

This s u b r o u t i n e  c o n t r o l s  t h e  MODACS t o  read s i g n a l  voltages from the  

eddy-cur ren t  i n s t rumen t .  The s e c t i o n  between the  INLINE ( l i n e  1043) and 

F I N 1  ( l i n e  1063) i n s t r u c t i o n s  i s  w r i t r e n  i n  the ModComp T V  Assembly 

language;2  t h e r e f o r e ,  i t  i s  unique t o  the rninicornplttea- used f o r  t h i s  

work. For other machines this s e c t i o n  could  be r ep laced  by o t h e r  a p p r o -  

p r i a t e  i n s t r u c t i o n s .  k e  ITIMS is  c u r r c n t l y  set a~ 512 i n  the main 

programs, Tne NRET f l a g  a s s u r e s  that  one complete set is read i n t o  the 

zeroed  MARRAY a r r a y  and r e t u r n e d  t o  the main program i n  the VOLTS a r r a y .  

1020 
1021 
1022 
1025 
1024 
1025 
1026 
1027 
1028 
1029 
1030 
1031 
1032 

C 
c 
C 
C 
c 
c 
C 



1 7 3  



RFCIRK 

Subroui ine KFCIRK c a l c u l a t e s  t h e  magnitudes .wd phases  of  t h e  oui p u t  

V O T I I . ? ~ ~  [ E q .  (14) 1 f o r  t h e  d i f f e r e n f  p r o p m t y  sets, f r e q u e n c i e s ,  and l i f t -  

o f f s .  (The c i r c u i t  a n a l y q i s  begins  on p .  1 1 . )  Real and imaginary p a r t s  

of zg, zf), a d  M 

and imaginary p a r t s  of V o u t  arc sepxrar-ed. Then, the magnitude o f  the 

@I a r e  Liubstitiittvi i n t o  r q .  ( 1 4 )  f o r  V o u t ,  and t h ~  r e a l  

o u t p u t  V o I t a ~ e  i s  

Pout-l .:: \[ Re(Vo,t)]2 -I- 

ailti the phase i s  

1: rn ( vo ,-* ) 
-. . . . . . . . . . . . . . . . . . 

Re (VO1,lt 1 I -  
c o n s t a n t s  include: 

1. 1.0027518 = jT(&.ir E--7 H/m) (0 .0254 m/:ln.), and 

2 .  0.16880931 = 3J2/87; ,  which corrects f o r  v a l u e  of p A  = i j / / ?  d i v i d e d  out  

of wjrnF'- and 3 J 8 r  d i f  Eerence between defeci:  and d e f e c t - f r e e  impedance 

eql.tat-i.oi1s ~ 

The loop  struct:iure i .s so a r r a n g e d  that t h e  f i r s t  p a s s  computes lVo, - l t (  

arid 4 w i t h o u t  d e f e c t s  (DEF = 0 ) ,  and c h ~ .  second p a s s  i n c l u d e s  tlw defects 

(DEF = DEFF). 

C o i l  impedance variables are d e s i g n a t e d  ZXXK or ZXXI f o r  real or 

iniaginary parts, where XX is Mi f o r  mutua l ,  DR ft9r d r i v e r ,  and PU -for 

pickup.  Term TMAG = ( V o , t \  and PHASE '::- 6. 

4 2 4  c 
425 2: 
420 e 
427 
42E 
429 
-130 L 
431 c 
-139 c 
4 5 3  I: 
43h 
435 
456 
437 
4JB 
439 





'VIP f o l l o w i n g  i s  a sample o u t p u t :  

RF C KDT 

Subrou t ine  RFCKDT adds  a 1% d r i f t  t o  t h e  va lue  of one c i r c u i t  

pa l ame te r  a t  a t i m c  and c a l c u l a t e s  the r e s u l t a n t  change i n  t h e  c a l c u l a t e d  

p r o p e r t y ,  which was preselected i n  the rnai-n program. I t s  f u n c t i o n  i s  

similar 1-0  t h a t  o€ t h e  s e c t i o n s  of nmin  programs thaL do DLh'h and DRTFT 

c a l c u l a t i o n s  ( c . g . ,  MUL'l'KU, l i n e s  337-382), excepL t h a t  on ly  DRIFT i s  

computed, and t h e  v a r i a t i o n  i s  added t o  c i r c u i t  parameters i n s r e a d  of 

rnagniLutle o r  phase r e a d i n g s  a t  a p a r t i c u l a r  f requency ,  

666 C 
567 
668 
567 
670 
671 
672 c 
573 c 
674 c 
675 C: 
676 
677 
678 
679 
680 
581 
682 
683 
684 
683 
686 
587 
688 
689 
$90 
69 1 
692 
683  
h 9 4  
695 
696 
539 
688 
693 
700 
70 1 
702 
763 I: 
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705 e 
706 
707 
7-08 
709 
710 
71 i 
712 
713 
714 
715 
716 
717 
718 
719 
720 
72 1 
722 
723 

Subroutine RFCOJA calculates the coil .  p r o p e r t i e s  - t h e  real and 

h a g i i i a r y  parts of the integrands f o r  ZD, d'?), and Z$') [ E q s ; .  (181, ( 2 0 ) ,  

and (2211 and 2; and 2; [Eqs ,  (511, (531, and (5411.  It calLs the  other 
subroutines BESSEL, GAMAML, and BESEL1. The terms A I R 1  and A I R 2  are the 

driver and pickup coil impedances wirh no conductors present.  

- 

The BESSEL subroutine returns 

90 that 

5 irnil. ar 1 y , 
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Then 

s g  @ J ( R 4 , H 3 )  , 

and S3 through S7 equal similar e x p r e s s i o n s .  So, 

EX3 e~p(< .L3)  , 

w i t l i  similar e x p r e s s i o n s  f o r  W2, EX1, FX4, EX5,  and EX7. 

The terns 'IMUT, e t c . ,  represent the f a c t o r s  multiplied by y ' s ,  which 

e n t e r  the i n t e g r a n d s  of Eqs, (18), (ZO) ,  and (22) .  Note Chat the 

v a r i a b l e s  p o s i t i o n e d  as DKF and DFT i n  the c a l l  have been replaced by 

DFRAD and DFLOC i n  the miox program. 

Subrou t ine  BESELl rcr.timis J ,  ( U P )  where r i s  the r a d i a l  l o c a t i o n  of 

the d e f e c t  (Fj.g,  7 ) .  The remaining e q u a t i o n s  combine the v a r i o u s  f a c t o r s  

t o  generate the i n t e g r a n d s  reti~sned t o  t:he main program. 

DRIVKE/PM, and IXCKRE/TM go t o  E q s .  (18),  (20), and ( 2 2 ) ,  r e s p e c t i v e l y ;  

T e r m s  'MUTRE/ IM, 

DRVDR/ 1 

188 c 
189 c 
190 C 
191 
192 
143 
1Y4  
195 
19.5 
1 E37 
198 
197 
200 
28 1 
282 
203 
204 
205 
206 
207 
208 c 
269 c 
298 c 
211 c 
212 u 
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a 1 3  c 
214  c 
235 G 
23.6 c 
217 
218 
239 
226) .- 93 II 1. 
222 
223 
224 
225 
2 2 '5 
2 'i? '7 

228 
229 
230 
23 1 
232 
233 
234 c 
235 e 
2% e 
237 
238 
239 
240 c 
241  I: 
242 e 
243 c 
244 
245 
24a5 
247 
248 
2 4 9  
256 
25 1. 
252 
253 
254 
255 
2 5 6  
257 

259  
260 
26  1 
262  
2013 
264 
265 
266 
25 7 
268 
2 6 9  C 
278 c 
27% c 
272 c 
273 
274 e 
275 c 
276 c 
277 c 
278 
279 

258  

SUNWOUTLNE EESSEL. EVALtlATES THE I N T E G R A L  OF' 
THE F'KODIICT O F  THE BESSEL F U N C T I O N  , J I ( X )  ANI:! ITS 
ARGUMENT I X 

CALL B E S S E L ( X J H ~ ? ~ X F R Z )  
CALL EESSEL(XJRlrXrR1)  
CALL BESSEL ( XJR4 I x I R 4 )  
CALL BESSEL. XJK3 I x I R J  > 
D 2 l  = XJR2 - X J R l  
D43 = XJH4 - X J R 3  
s1 = SlYD43 
s3 = S6*D5!3 
S7=Sl r(cD21 
S 4 = S 7 t D 2 I 
S5 = S 6 X l I W  
EX3 = EXF'(-XILJ) 
w 1  = 1, .-. E X 3  
EX4 =: E:XF"(-X*L4f 
w2 =: 1. - EX4 
E X 5  :f EXP< --x*1..5 > 
w3 = EX3/(EX4*EX4*EXS*EX5) 

BYPASS THE UPUATE O F  H U T l I A L  INUIJCTANCE QUANTITIES 
FOR LARGE X I  

IF ( x  .GT,  30.0) GO 200 
E l X I  3 EXF'C-Xt1-2) 
EX7 = EXP(-X*L6)  
EX2=EXIUEXl 
EX6=EX7tEX7 
W4 3 1. - EX4*W3 
W6 = EX6IW1 
w7 = EX5*W2*W4 
WB=W7*EX7 
WP= w 1. *EX 7 
WS = W7tW6 
W6 = W6XWI 
W7 = EX6tW7Xld7 
R L l ( l ) = l , O  
R L 2 ( 1 )  = 1 * 0  
DO 50 NLz2rNLT 
LWXNUS=NL-1 
HL1 (NL) = E X l * R L I (  LlflXNUS > 
H L Z ~ N L f = E X 2 * R L 2 ~ L M T N U S ~  

THUT = s3*w5 
I3YR 22 S4tU01 
PIC = S5ttd7 
D V RD= s 7 *w9 
F'ICD=56rkW8 

30 CONTINUE 

LOOP OVER ALL NFT FRECJUENCXES 
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'TCOF IL 

T h i s  routine i s  similar i n  f u n c t i o n  t . i r  COLFIL ( p .  160) b u t  special . i-zed 

t o  t h e  through--ti-ansmission case. It a l l o w s  the s e l e c t i o n  of c o i l  naities 

f o r  t h e  d r i v e r  and the pickup. Since a l l  coi1.s f o r  which data  are f i l e d  

are r e f l e c t i o n  t y p e s ,  the d r i v e r  d a t a  f o r  tile second c o i l  (except the weati 

r a d i u s )  are normalized with  respect t o  t h e  dr ive r  (first s e l e c t e d  c o i l )  

mean r a d h s  ; t h e y  are then asaigi ied to variables r e p r e s e n t i n g  pickup c o i l  

pa rame te r s  and t h u s  . re turned t o  the main program. 



181. 

1 '3 :I. 
N I: 0 I... :=: 1. 
IIERII ( 28 ,' N C 0 l . .  1 co I I . .  I x 1 Y x 2  9 x3 t x4 9 xs 9 X 6  s x a  F X 8  9 X Y  9 x 1 0 P x 1 1 P 

8 7 3  
r3 7 9 
$375 
836 
8 7 7  c 
u7u c 
878 I: 
880 3 20 
88 1 
802 
883  
884 
885 c 
886 
887 
BE18 
80 9 
898 C 
89 1. 140 
891 
839 
894 
895 
846 c 
E177 
E198 
899 
900 C: 
(?Dl L: 
902 c 
903 150 
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TRCOTM 

Th i s  routj-ne compotes t h e  r t~ . -~ l  and i u a g i m r y  p a r t s  of t h e  c o i l  

i rnpedancr i n t e g r a n d s  given by Eqs, ( 18) , ( 19)  , and ( 2 1 )  f o r  ':a , If , and 

(yj. 'lhe d e f e c t  cases are n o t  i n c l u d c d  ( a s  i n  KPCOLM, p. 1 7 1 j .  C o i l  zP 
s p a c i n g  o p t i o n s  are selectpt l  by t h ~  i n i t i a l i z e d  v a l u e  of NOPT, w'rlic-h 

de t e rmines  the valrip of THTT iised i n  t h c  c a l c u l a t i o n s .  (Src p. 7 3  f o l  

d e s c r i p t i o n  of o p t i o n s . )  

573  c 
574 c 
575 C 
57b 
577 
578 
579 
580 
581 
5 8 2  
583 
584 
585 
586 
587 
588 
587 
580 
591 
592 c 
5P3 c 
584 c 
595 c 
596 c 
597 c 
598 c 
599 c 
600 c 
60 I 
602 
603 
604 
605 
606 
607 
608 
609 
510 
61 1 
612 
613 
614 
615 
616 C 
617 C 
618 C: 
613 
620 
621 C: 
622 C 
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h23 I: 
624 c 
625  
6 2 h  
627 
628 
629  
650 
631 
632 c 
6 3 3  c 
634 c: 
6155 c 
63h  
657 c 
6 3 8  c 
639 c 
6 4 0  c: 
64 I 
642 
643 
644 
6.85 
646 
647 
648 
649 
650 
65  1 
652 
655 
654 
655  
656  
65'7 
h 5 13 
559 
660 
66!. 
662 
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TKUC IR 

This  r o u t i n e  performs t h e  same v o l t a g e  c a l c u l a t i o n s  [ E q .  ( 1 4 ) ]  as 

s u b r o u t i n e  U C I R K .  It d i f f e r s  5rom R F C I K K  a s  f o l l o w s :  

1. %e a r r a y s ,  dimensions,  and i n d i c e s  t o  hand le  d e f e c t s  have been 

rernuved; certai  JI e q u a t i o n s  t h a t  i n c l u d e  d e f e c t s  have been modif ied.  

2. Vol tages  f o r  a i r  gaps (between c o i l s )  are c a l c u l a t e d .  

3.  S e l e c t e d  vol t ages  f o r  conductor  cornbinations are normalized 

wit11 r e s p e c t  t u  tile a p p r o p r i a t e  a i r  gap v o l t a g e  ( s e e  p. 73 f o r  d i s c u s s i o n  

o f  n o r m a l i z a t i o n ) .  

i ;o c: 
75.1. I:: 
; . I . .  . 1:: 

754 
7 5 :.i 
756 C 
7 5 7 c: 
758 c 
759 c 
760 
761 
762 
763 
7 h 4  
7 6 5 
766 
767 
768 
70" 
770 
7 7 1  
772 
773 
77 a 
775 
776 
7 7 7 

779 
780 
78 i 
7 8 2 
783 
784 
7 8 5  (: 
786 C 
78'7 
788 

730 
79 1 
792 

'-7 3:; 7 

7 ?J ,'3 

778 

789 



1.85 
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V I N I T M  

Subrou t ine  V L N I T M  i s  c a l l e d  by the GAMAML s u b r o u t i n e  to  c a l c u l a t e  t h e  

i n i t i a l  V;i[f(2,1)] matrix i n  t h e  m u l t i l a y e r  t h e o r y  and t r a n s f o r m  V ; j  t o  

t h c  next r e g i o n  (NSRT 4- 1). 

elements  from t h e  equat ion '  

The  r o u t i n e  c a l c u l a t e s  t h e  Vi2(2,1) m a t r i x  

f o r  i = 1,2, The t e r m  V I R  = Ke[V;2(2,1)], e t c . ,  i n  t h e  computer m t a t i o n .  

71 c: 
72  c 
73 c 
7 4  
75 
76 C 
97 c 
78 
77 
80 
RX 
62 
83 
8 4  
$5 
86 
87 
88 
89 
90 
91 
92 

VINITM SUBROUTINE (13 JULY 1977) 

VMATRM 

Subrou t ine  VMATKM ca l cu la t e s  t h e  t r a n s f o r m a t i o n  from t h e  NSRT r eg ion  

t o  NSTP. It is  c a l l e d  by the  G.aMAML s u b r o u t i n e .  This r o u t i n e  compures 

t h e  real  and imaginary  p a r t s  of V;2(k,l) and V52(k , l ) ,  s t a r t i n g  from the 

V(2,I.) elements (coriiputed by V1NIT;"I) and by u s i n g  t h e  equa t ions '  
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V l R O  = Re['l/ ';~(n - 1,1)] I e t c . ,  and 

V1R = Re[V;2(n,l>] , e t c . ,  

i n  t h e  computer n o t a t i o n .  (The BETA f a c t o r s  are computed by BE'ULM.) 

FOK a s i n g l e  d e f e c t  l o c a t e d  i n  an  a r b i t r a r y  conduc to r ,  Y L ,  t h e  r o u t i n e  

starts from t h a t  l a y e r  and computes 

and the co r re spond ing  t e r m s  f o r  V ; 2 ( n , l >  up through t h e  k t h  l a y e r  o r  o u t e r  

conduc tc r .  

d u v t o r s  o n l y .  (Only one d e f e c t  can  b e  t r e a t e d  w i t h  t i i i s  version of t he  

subroui : ines  becausp  BETAM r e t u r n s  on ly  s i n g l e  va lues  o f  COSD, SIND, and 

These m a t r i x  e l emen t s  are computed a l o n g  w i t h  those  f o r  ccn- 

XPONn. ) 

93 c 
94 c 
95 
96 
97 c 
98 
99 

100 
101 C 
io2 c 
P 03 
104 
d 05 
106 
107 
108 c 
109 c 
I10 
111 

WMATRM SUBROUTINE (13 JIJLY 1977) 
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112 
113 
114 
115 
116 
117 
118 c 
119 e 
120 
121 
122 
123 
124 
125 
126 
127 
128 c 
129 
130 
135 
132 
1.33 
134 
135 e 
136 
137 
138 
139 
140 
141 e: 
192 
143 
144 
145 
146 C 
147 
148 
1-49 

VMATRT 

Th i s  r o u t i n e  computcs t h e  V ; ,  ( k , l )  and VGz(k,l.) [ E q s .  (1) arid ( 2 )  

pp.  186-187 ] by fol.lowing the formal i sm out l . ined below ( s u b r o u t i n e s  V I N I T M  

and VMATRM) and d e s c r i b e d  i o  a d d i t i o n a l  d e t a i l  e l s ewhere .  ' 9  3--Lb 

loop i s  r e v e r s e d  t o  compute V;2(k',lp) and VS2(kp,1/). 

VIR11 and V 2 R / I  cor respond t o  V i ,  and V;2 f o r  unprimed v a r i a b l - e s ,  and 

V1:1R/I and V22:i /T cor respond iro V i ,  and V; ,  € o r  primed v a r i a b l e s .  (R  and 

I i n d i c a t e  real. and imaginary  p a r t s . )  Note t h a t  c h i s  r o u t i n e  i s  t h e  

th rough- t r ansmiss ion  e q u i v a l e n t  of VINITM and VMATEUl coinb i-ned , excep t  t h a t  

no d e f e c t  c a l c u l a t i o n s  are  i n c l u d e d .  

Then t h e  

I n  the  program 



189 

4 4 4  c 
4.15 [: 
44f i  c 
447  
448 
4/19 c 
4 5 0 
4 5 I. c: 
452 c 
453 r: 
454 
4 5 5 
4 5 6  
4'- 
4 5 13 
45'1" 
410 
4 6  1 
4 h l  
4 6 ;5 I: 
464 CI 
465 
466 
467 
468 
469 
470 C 
471. c, 
472 
473 
474 
475 
476 
477 
478 
479 
480 I: 
481. c 
482 
483 
484 
485 

,J / 

486 
487 
488 
489 
490 c 
4 9 1  
492 
4?3 
4 9 4  
4PS c 
496 c 
4P7 e 
4 9 8  
499 
500 
50 I 
502 c 
503 
504 
5005 e 
501 C 
507 



190  

REFERENCES 

1. C. V. Dodd, C. C. Cheng, W. A. Sinpison, D. A. k e d s ,  and J. 11. Smi th ,  

f i e  AnnZijsis of Rz f l ec t ion  Yype C'oiZs f o r  Eddy-Current Tes-bing,  

OWNL/TM-4107 ( A p r i l  1973). 

2. Modular Computer Systems Ine.. , F t .  Lauderdal.e, Fla., f?ef@rPZnCe bkWtua~, 

MAX Il~/iII/ 'IV Sys-iem Processors, AssernbZe-rs, Publ ica t ion  2 lO-O6OO500-- 
0 0 8 H O O / B O 0 ,  1976.  

3 ,  e. C. (Xeng, C, V. nocia, and W. E. b-eds,  "General Analysis  of Probe 

C o i l s  Near Stratified condllct.oL-s," Int. J .  Nodest- .  Test. 3 ( 2 ) :  

109-30 (1971) .  

C. V. Dodd and W. E. Deeds, Calculations of Mzgmtic l i ' i e~de  fr'oril 

S'?he--Varying Currents i n  the Presence of Condue toins, OkNL/TM-4958 

( J u l y  197.5), 



APPENDIX F 





C OM P I LE P, E' EAT UR E 5 

The MODCOMP FORTKAN IV Compiler1 complies  w i th  t h e  s t a n d a r d  approved 

by t h e  American S tanda rds  I n s t i t u t e  (X3.9-1966)' w i th  t h e  Eollowing modi- 

S i c a t i o n s  and e x t e n s i o n s :  

Genera l  F e a t u r e s  

I d e n t i f i e r s  may be of any  l e n g t h  but  o n l y  t h e  f i r s t  s i x  c h a r a c t e r s  are 

used  by t h e  p rocesso r .  

The r e c e i v i n g  v a r i a b l e  i d e n t i f i e r  and t h e  e q u a l s  c h a r a c t e r ,  "=") must 

appea r  on t h e  f i r s t  l i n e  of t h e  s t a t e m e n t .  

The f i r s t  comma of a DO s t a t e m e n t  must appear  on t h e  f i r s t  l i n e  of t h e  

s t a t e m e n t ,  

The comple te  s t a t e m e n t  name of s t a t e m e n t s  o t h e r  t han  DO, a s s ignmen t ,  

and s t a t e m e n t  f u n c t i o n  d e f i n i t i o n s  must appear  on t h e  f i r s t  l i n e  of t h e  

s t a t e m e n t .  

Expres s ions  may c o n t a i n  v a r i a b l e s  of mixed mode. 

S u b s c r i p t s  may be made up of any  e x p r e s s i o n .  

A main program may be named. 

A v a r i a b l e  number of arguments  may be passed  t o  a s u b r o u t i n e .  

7'he c h a r a c t e r  s t r i n g  f o l l o w i n g  t h e  STOP and PAUSE s t a t e m e n t s  may c o n s i s t  

of  any  c h a r a c t e r  i n  t h e  FORTRAN Charac te r  S e t .  

Hexadecimal c o n s t a n t s  are a l lowed i n  DATA s t a t e m e n t s .  

I n l i n e  cod ing  of  MODCOMP i n s r r u c t i o n s  is a l lowed.  

The number of c o n t i n u a t i o n  c a r d s  a l lowed is l i m i t e d  by the  compi le r  

work space. 

XMPLTCXT s t a t e m e n t  .) 

Array  i n i t i a l i z a t i o n  i n  a DATA s t a t e m e n t .  

Omission of s t a t e m e n t  nuwber(s)  i n  a r i t h m e t i c  IF. 

V a r i a b l e s  may occupy v a r i o u s  f r a c t i o n a l  m u l t i p l e s  of a " s t o r a g e  u n i t "  

( 2  MODCOMP words) .  

Ar ray  i d e n t i f i e r  a l lowed i n  EQUIVALENCE s t a t e m e n t .  

1.93 
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I n p u t  and 0ut.put F e a t u r e s  . ._. _.I_ 

E N D  and EKR o p t i o n s  i n  READ and WRITE. 

Unformntted WRITE w i t h  no l i s t l  

- A o r  - D format  d e s c r i p t o r s  w i t h  C o m p l e x  ( e i t h e r  p a r t ) .  

d g r e a t e r  t han  - w f o r  - D ,  .... E ,  - E ,  o r  - G fcjrlnat d e s c r i p t o r s  on i n p u t .  

- D format  d e s c r i p t o r  w i t h  Zkal. 

- K ,  .- F ,  o r  - G format  d e s c r i p t o r s  w i t h  Double P r e c i s i o n .  

Coma a f t e r  comma, s l a s h ,  o r  - I? i n  format s t r i n g .  

S lash  a f t e r  -. P i n  format  s t r i i l g .  

S l a s h  a f t e r  .II__ any comma ( r a t h e r  ttnan j u s t  a f t e r  the f i n a l  comma) i n  a 

fo rma t  s t r i n g .  

Omission of comma a f t e r  5 and - X f i e l d  d e s c r i p L o r s ,  a f t e r  g roupss  and 

a f t e r  l a s t  d e s c s i p t o r  i n  format s t r i n g .  

P l u s  s i g n  b e f o r e  scale f a c t o r  constant i n  iormat  s t r i n g .  

Minus s i g n  b e f o r e  c o n s t a n t  f o r  X f i e l d  d e s c r i p t o r .  

-- G f i e l d  d e s c r i p t o r  w.i.i:h Log ica l  o r  liiteger. 

P r o h i b i t i o n  on t h e  use of t h e  scale f a c t o r  w i th  - [I, .- E ,  or e x p o n e n t i a l  

form - G o u t p u t  conve r s ion  i f  i t  w i l l  c ause  t h e  g e n e r a t i o n  of an exponent 

f i e l d  w i t h  a magnitude g r e a t z r  t han  89. 

- T o s  - E not: r e q u i r e d  t o  be f l s s t  mon-blank c h a r a c t e r  i n  L o g i c a l  i.mput 

f i e l d s ,  

Repeat counl: w i t h  s l a s h  i n  format s t r i n g .  

- 7, f i e l d  d e s c r i p t o r  f o r  t r a n s m i t t i n g  machi-ae words. 

~- H f i e l d  d e s c r i p t o r s  a l lowed i n  formal: s t r i n g s  s t o r e d  i n  arrays i f  110 

extra  s p a c e s  are i n t r o d u c e d ,  

Computation overlapped wit.h WRITE. 

DEF I N N  F TLE. 

FIND. 

Direct access READ and WRITE. 

F i e l d  beg inn ing  d e s i g n a t o r  - T allowed i n  format s t r i -ngs .  

C h a r a c t e r  s t r i n g s  d e l i m i t e d  by apos t rophes  or q u o t a t i o n  m a r k s  a l l o w e d  

i n  format s t r l .ngs ,  

ENCODE and DECODE. 

L i s t - d i r e c t e d  READ and WRITE. 

BUFFER I N  and BUFFER OUT. 

- 
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Program Variables and Definitions 





COMPOS ZTE PKOGKAM VAKIAK LE L LST 

A l l  v a r i a b l e s  a r rays ,  and f u n c t i o n  names are l i s t e d  h e l ~ w ,  i n c l u d i n g  

f u n c t i o n s  a s s i g n e d  by t h e  F o r t r a n  compi l e r  ( S I N ,  COS, etc,) and used  i n  

t h e  four  main programs and t h e i r  s u b r o u t i n e  c l u s t e r s .  

When K o r  RE ( r e a l  p a r t s )  and 1 or TM ( imag ina ry  p a r t s )  are a t  the  

end of a variabl t .  name,  the two Forms are l i s t e d  t o g e t h e r  and a1.phabetfzed 

a c c o r d i n g  tJo the form p reced ing  these c h a r a c t e r s .  (Example: DVRK/DVIU 

precedes DVKF * ) 

The forms MG o r  MAG (magnitude)  and PH o r  PHn (phase)  are grouped 

t o g e t h e r  and a l p h a b e t  i zed a c c o r d i n g  t o  the c h a r a c t e r s  p reced ing  ~ h e s e  

groups. (Example: SSmG/SSPff i  p recedes  SSCMGISSCPki. ) 

I n  a few cases the rea l - imag ina ry  or  magnitude-phase groups [all i n  

t h e  middle  of a name, A l p h a b e t i z i n g  i s  a p p l i e d  t o  the c h a r a c t e r s  prre- 

c e d i n g  t h e s e  groups.  

N a m e s  with numerals  f o l l o w  i n  n!irnerical o r d e r  a f t e r  e q u i v a l e n t  coin- 

b i n a t i o n s  of l e t t e r s .  (Example: NPTl follows NPTT.) 

A 
AB s 
AIR1 
AIR2 
AZ[)G 
ANSWER 
ARG 

B 
RETAR/BETA[ 
I3 LANKS 
BTR/ RTI 
Brim/ BTIO 
B 1-B4 

CAHLEL 
CAIS.IAG/ CALP~IA 
CAPDR 
CAI'PU 
CCABLE 
C KT PAR 
CKTVAL 
c NAM 

CNVT 
COE 
COEF 
COLI, 
COLFAC 
C ONSTA 
CONVRT 
COS 
COSD 
COSF 
C 1 . 4 4  

DCMGrSR/ DCPHAR 
DCMGWDCPHCB 
DENRE/ D E N I M  
DF DE PT 
DF DIAM 
DE DP 
DF LDC 
!)FK 
DFKAD 
DFS I2  
DFS Z%E 

DF T 
DF V 
DFVOL 
DIFF 
D I N O W  
DRIFT 
DRLVliE / D R I V I M  

DVK 

DVRE 
DVKFAC 
D 1 $  D2 
D 2 1  
04 3 

DRVI)R/ DRV!)I 

DVKR/ DVRZ 

E 

ENCODE 
EXP 
EX1-EX9 

E u w r  

F 
FLOAT 
FKE Q 
FlJNTYP 
P l  

HDK 
H PU 

I C O E F  
I DAY 
I D E V  
THE X 
1.NSTNO 
IPJTG 
LNKM 

19  9 
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IOFSE'l' 
ZK 
IRDPR 
IRDPRM 
L KDPK I. 
IREC 
I R O L D  
ISAMPI, 
ISTART 
I T  
IT LM 
ITXMS 
11 

J 
JJ 
JOFSET 
J POL 
JRDPR 
JROW 

K 
KK 

L 
LAST 
L I  
T., T F T 
LITEK 
L T A  
LOT 
1,OTEK 
LOU 
LO2 
TAP'C 
L 1-L6 

M 
MM 
MAXC H 
M DF 
MM 1 
MNDEF 
MNDF 
MNT 
MT 1 
MROW 
MSET 
MSET 1 
M 1  

N 
NA 
NARK4Y 
NB 
NC 
NCAKLE 
NCC 
NCF 
NCHS 
NCOED 
NCOEDl 
NCOTL 
NCOL 
NCOlJNT 
NCP 
NCTERM 
ND 
NDEF 
NDEG 
NDFLOC 
NDFS I Z  
N D I J  
NDLK 
NDPS 
NDPS 1 
NDR'F 
NKXI '  
NF 
NFT 
NL 
NLABL 
NLT 

Nl.IGCH/NPI]ICH 
NN 
NOn F 
NOPT 
NOKM 
NP 
NPOL 
NPP 
NPRINT 
NPRO 
NPROBE 
NPROPM 
NIPROPT 
NPROPTl 
NPT 
N PTT 
NPT 1 

NMGCAL/NPHCAL 

NR 
NRDF 
N KDG 
NREG 
NRE S 
NRE T 
NROW 
NKKF P 
NRT 
NRT 1 
NRT 2 
NS 
NSC 
NSRT 
NSER 
NSTART 
NST P 
NT 
NTII 
NTHI 
NTHL 
NT IMES 
N T Y P  
NUNlT 
N 1  

OLDMGC/OLDPHC 

PERM 
PHADET 
PHASE 
YHASEM 
PHDFT 
P I C  
PICR/PTC I 
PICF  
PICFAC 
PICKRE/PI@KIM 
PICKAM 
PICKI)K/PICKDI 
P I 0 4  
POLARY 
POWAMP 
POWOSC 
PP 
PRO 
PRONAM 
PROP 
PRO P'l' 
PROPTY 

K 
KAD 
KRAR 
RCON 
RDC DR 
RDCPU 

READNG 
RES 
RHO 
R I N V  
R J  1 
RL 1 
Rl. 2 
ROLD 
RRRAR 
RSQ S 
KO 
R 1 4 5  
R9 

RJX RDGTYP , K j x  

SDIFF 
SDRIFT 
SDVCMG/ SDVCPW 
SDVMAG/ SDVPKA 
SIN 
S I N D  
S INF 
S QRT 
ss 
SSMAGISSPHA 
SSCMG/SSCPH 
SSDIFF 
SSDRIF 
STARTT 
STOPT 
SUM 
S M M A G /  S U4PIlA 
S LJMCMG/ S LJMC PH 
s IJMEXP 
s1 
s2 
S S S 7  
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T 
T I T L E  
TH 
TW LCK 
T H M  
THTT 
TMAG 
TMAGM 
TL.!DFT 
Tr;rUR/ TPlUI 
TMUTKE 1 TMUT TM 
TNDK 
T NMRE; / TNM IM 
TNNPU 
TWOPI 

1-T2 
T I I K/ 'T 1 1 1 
T 12R/T121 
T 2 1K/T2 I 1  
T 2 2R/ T 2 2 L 

u 
UN 
UNIT 
UNITS 

VI 1 K / V I  11 
V r . 1 K O / V I I  ZO 
VI 2 R O I i J I  210 
VOLFAC 
VOLTS 
VO 
VlR/VII 
V 2 R I V 2 I  

WD 
WLCDK 
WLCPU 
WP 
WUSK 

x 
XJK I--;Y J K 4  
XLOC 
XNL 
XPON 
XPOND 
XP 1-XP4 
XRAD 
XRHO 
XT H 
XVO I; 
xx 
xxxx 
XYZ 
xo-x 14 

Y 

2 

ZLDR 
%I,PU 
ZMUR/ Z M U I  
ZMUTF 
ZMUTFC 
Z PR 

Z 12 2RE/Z1%2IM 
X 55 QKE/Z 55 V I M  

ZDRR/ZDRT 

zPUs/zru c 

D e f i n i t i o n s  of P r i n c i p l e  V a r i a b l e s  

A P K l %  A I R 2  - Lnducttance i n t e g r a l  of d r i v e r  arid pickup coils, r e s p e c t i v e l y ,  
--- 

i n  a i r  (away from c o n d u c t o r s ) .  

BETAR, BETAI(NR) -Real ,  imag ina ry  p a r t s  of b e t a  ((3) f o r  r e g i o n  ( l a y e r )  NK. 

CABLEL - Probe c a b l e  l e n g t h ,  

CALFIAG, CALPKB(I,J,K) - Arrays  h o l d i n g  l a t e s t  v a l u e s  of c a l i b r a t i o n  

v o l t a g e s ,  t y p i c a l l y  f o l l o w i n g  s t a n d a r d i z a t i o n  

r e a d i n g s .  ( T  = f r equency ,  J = o r d i n a l  f o r  phase 

v a l u e s ,  R = o r d i n a l  f o r  magnitude va lues . )  

CAPDR, CAPPU - Shunt c a p a c i t a n c e s  a c r o s s  d r i v e r  and pickup c o i l s ,  r e spec -  

t i v e l y  ( C G , C 7 ) .  

CCABLE -- D r i v e r  probe cable c a p a c i t a n c e .  

CK'rVAL(1) - Array  s t o r i n g  v a l u e s  of c i r c u i t  components. 

COE(NP, 1K) , COEF( lR)  - Arrays s t o r i n g  c o e f f i c i e n t s  computed i n  the  least  

s q u a r e s  f i ts .  

CONVRT - A r r a y  s t o r i n g  l e n g t h  c o n v e r s i o n  f a c t o r s ;  1 f o r  i n c h e s ,  25.4 f o r  mm" 

DCMGAR, DCPHAR(NF) - Arrays s t o r i n g  magnitude and phase v o l t a g e s  recorded 

with t h e  probe i n  a i r .  

DCMGCB(NF) - Array  storing magnitude v o l t a g e s  r eco rded  when the  g a i n  a d j u s t -  

ment i s  made. 
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DFLOC(I) The z - d i r e c t i o n  l o c a t i o n  of a d e f e c t  w i t h i n  i t s  l a y e r .  

DFSIZ/DFSIZE( I) -. The normalized voliime of a s p h e r i c a l  d e f e c t .  

DRIVKE, DRIVIM(NL,NP,NF) Real, imag ina ry  parts of t h e  d e f e c t  component of 

t h e  d r i v e r  co i l .  impedance i n t e g r a l .  

ELAPST - D i f f e r e n c e  between s t a r t i n g  c l o c k  t i m e  aad s t o p p i n g  c l o c k  t i m e  f o r  

the c a l c u l a t i o n  of impedance i n t e g r a l s  expres sed  i n  sec-onds. 

FKEQ(NF) .- The o p e r a t i n g  f r equency  of the d r i v e r  co i l .  v o l t a g e .  

GAIN(NF) - The g a i n  of t h e  pi-ckup a m p l i f i e r  a t  f r equency  NF. 

G M R ,  GAMAI(NP) - Real, imaginary par ts  of t h e  gamma f a c t o r  f o r  mutual 

impedance i n  t h e  t r a n s m i s s i o n  case Cy,,). 
GAMADR, GAMADI(NP) - Keal, imaginary pa r t s  of t h e  d r i v e r - s i d e  gamma 

f a c t o r  (yD). 
GAMAPR, GAMAPI(NP) - Real, imaginary p a r t s  of t h e  pickup-side g a m a  f a c t o r  

(y,) ( t r a n s m i s s i o n  case) .  

GAP - Constant  co i l - conduc to r  s p a c i n g  parameter added on the pickup s i d e  i n  

the t r a n s m i s s i o n  case. 

INSTNO - Instrument  s e r i a l  number. 

IOFSET, JOFSET(1) -- Control. parameter i n d i c a t i n g  t h a t  a l e a d i n g  c o n s t a n t  

s h o u l d  be i n c l u d e d  i n  t h e  least  s q u a r e s  f i t t i n g  

f uiic t i o n s  . 
T-RDPR, JRDPR(1) - The number of terms i n  a s e l e c t e d  least  s q u a r e s  f i . t t i n g  

f u n c t i o n .  

XRDPRM - The maximum al lowed s i z e  of TKDPR, u s u a l l y  15. 

I T I M ( 1 )  - A r r a y  c o n t a i n i n g  h o u r s ,  m i n u t e s ,  and seconds of c u r r e n t  c l o c k  

t i m e  (24-h s c a l e ) .  

LL, LITEK - Numerical d e s i g n a t o r  f o r  l o g i c a l  ( o p e r a t o r )  i n p u t  u n i t  (e.g. , 
keyboard d e v i c e ) .  

LOT, LOTEK, LOU, L O 2  Numerical d e s i g n a t o r  f o r  nonpermanent r eadou t  o r  

d i s p l a y  d e v i c e  (e.&.:  CRT t e r m i n a l ) .  

LPT - Numerical d e s i g n a t o r  f o r  hard-copy ou tpu t  dev ice  (e .g . ,  l.i.ne 

p r i n t e r )  ; LOU o c c a s i o n a l l y  used, 

L S L 6  - Normalized c o i l  dimension parameters (L2--L6).  

MSET --Maximum row dimension of p r o p e r t y  a r r a y s  (PRO, PROP); i n c l u d e s  con- 

d u c t o r  and d e f e c t  p r o p e r t i e s  and l i f t - o f f  va lues .  

NARP\AY(I) - Array  s t o r i - a g  the a n a l o g - d i g i t a l  c o n v e r t e r  coun t s  from 

i n s t r u m e n t  r e a d i n g s  by t h e  MODAGS; 1 = channe l  number. 
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NCABLE - Probe c a b l e  d e s i g n a t i o n  number. 

NCHS - The number of A-0 c o n v e r t e r  c.hannels a v a i l a b l e  i n  t h e  MODACS ( 1 2  for 

t h e  sys tem d e s c r i b e d  h e r e ) .  

N13FLOC - The maximum number of l o c a t i o n s  ( s t e p  values) f o r  a d e f e c t .  

NDPS - The number of d e f e c t s  p e r  specimen. 

NFT - The maximum number of d i s c r e t e  o p e r a t i n g  f r e q u e n c i e s  i n  a program 

run (NF = running  index) .  

NLT - Tlie maximum number of d i f f e r e n t  l i f t - o f f  v a l u e s  i n  a program run  

(N1, = runn ing  index) .  

NOP'IC - Cont ro l  parameter s e l e c t i n g  coi.3.-spacing mode f o r  ?KlLTIZIJ. 

NORM - C o n t r o l  parameter  s e l e c t i n g  n o r m a l i z a t i o n  method f o r  MULTKU. 

NPOL(I,NF), JPOL(I,NF,NPROPT) - Arrays  s t o r i n g  the i d e n t i f i c a t i o n  of least  

s q u a r e s  f i t t i n g  f u n c t i o n  t, p r m s .  

NPROPPl - 'Ihe maximum number of p r o p e r t i e s  t h a t  can be f i t t e d  by a program 

(NPRom = i n d e x  s e l e c t i n g  s p e c i f i c  p r o p e r t y )  e 

NPT - Tlie maximum number of conductor  p r o p e r t y  sc ts  used  in a program 

(NP = runn ing  index) .  

NPTT - '['he maximum t o t a l  of conductor  and combined ( conduc to r -de fec t )  

p r o p e r t y  sets used  i n  a program. 

NREG - The number of a s e l e c t e d  region (conduetror o f  a i r  l a y e r ) ,  

NRT - Thc maximum number of r e g i o n s  used i n  a program run ;  i n c l u d e s  

c o n d u c t o r s  and air l a y e r s  (NK = runn ing  index) .  

P'&SE(NL, NP, NF) - The computed phase of t h e  in s t rumen t  ou tpu t  v o l t a g e  

Vout 
PICKRE, P I C K I M ( N P )  - Real, imaginary  components of pickup c o i l  impedance 

i n t e g r a l  due t o  conductors .  

PICCKDK, PICKI)I(NP) - Real, imaginary  components of d e f e c t  component of  

p ickup  c o i l  impedance i n t e g r a l .  

B O U R Y ( I , J )  - Array  s t o r i n g  a lphanumer ic  r e p r e s e n t a t i o n  of least s q u a r e s  

f i t t i n g  f u n c t i o n  terms. 

PRO(M),  PKOP(M), PROP(M,NPROP) - Arrays  s t o r i n g  v a l u e s  of a s e l e c t e d  

p r o p e r t y  f o r  least squa res  f i t t i n g ,  

RAD - Cons tan t ;  180/n ( d e g j r a d ) .  

- Mean d r i v e r  c o i l  r ad ius  ( ~ ~ , ? 2 .  
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RDCDR, RDCPU - dc r e s i s t a n c e  of d r i v e r  and pickup c o i l s ,  r e s p e c t i v e l y  

KEADNG(M,IK) - Array  s t o r i n g  t h e  computed f u n c t i o n a l  v a l u e s  of real or  

s i inu la t ed  in s t rumen t  r e a d i n g s  f o r  least  squares f u n c t i  011 

f i t t i n g  . 
RES(NR,NS), RHO(NK,NP) - Arrays s t o r i n g  r e s i s t i v i t y  va lues .  (No;?: NS i.s 

a s u b s t i t u t e  i ndex  f o r  N P . 3  

KO - Drive r  c o i l  series ( s o u r c e )  r e s i s t a n c e  

R F R 4  - Normalized i n n e r  and outer  r a d i i  o f  d r i v e r  and p i c k u p  m i l s  

(lil-BLt). 
K 9  - Pickup c o i l  shunt  r e s i s t a n c e  (R9) i n  ohins. 

SDXFF - The rms d i f f e r e n c e  between assumed v a l u e s  of selected propct"Plies 

and v a l u e s  computed by t h e  least  s q u a r e s  f i t t i n g  f u n e t i o n s .  

SDRIF'l' - The r m s  e r r o r  i n  a p r o p e r t y  v a l w  g e n e r a t e d  by s e q u e n t i a l l y  

i n t r o d u c i n g  0.012 magoi.tude and 0.01" phase e r r o r s  L i l t 0  e ach  O F  

the r e a d i n g s  used by the f i t t i n g  funceion.  

S 1  - S t e p  s i z e  f o r  changing t h e  v a l u e  of t:he i n t e g r a t L o n  v a r i a b l e ,  a. 

S 2  - Upper l i m i t  f o r  i n t e g r a t i o n ;  advanced with changes i n  s t e p  s i z e .  

TH(NR,NP), THICK(NR,NS) - Arrays f o r  s t o r i n g  conductor  tl-rickness v a l u e s ,  

THMAX - The maximum t o t a l  conduc to r  s t a c k  t h i c k n e s s .  

TMAG(NL,NP,NR) - The magnitude of in s t rumen t  ou tpu t  v o l t a g e  (Vout).  

TMUTKE, TMUTIM(NI,,NP,NF) - Real, imaginary components of muti.ial (dr ive-c-  

p i ckup)  c o i l  iinedpance. 

TNDK, TNPU -Numbers of t u r n s  o f  the  d r i v e r  a n d  pickup coi. ls ,  r e s p e c t i v e l y  

( N 3  and N 4 ) .  

'IWOPT - Const:ant:, 2 ~ .  

U(NR,NP) , PERM(NR,NS) - Arrays  s t o r i n g  perineabi.1 i t y  valiies. 

VOLTS (I> - Array s t o r i n g  v o l t a g e s  conve r t ed  f r o m  MODACS r e a d i n g s .  

VO - I n p u t  voltage a p p l i e d  t o  d r i v e r  coil .  ( c o n s t a n t  f o r  a l l  f r e q u e n c i e s ) .  

WUSK(NK,NP ,NR) -- Troduct  WUOF 2. 

x - I n t e g r a t i o n  v a r i a b l e ,  ~ ( X X  = a 2 ,  e te . ) .  

XJRl--XJR4 - V a l u e s  of Bessel i n t e g r a l s ,  37cT1 (5) dz,etc. 



ZLDK, %l..PiJ - A i r  v a l u e s  of d r i v e r  and pickup c o i l  impedances ,  respective1.y. 

ZDRR, Z D R I  - R e a l ,  imaginary  components of the driver c o i l  

ZMULC, ZMU1: - Real , imaginary  coniponents o f  the mucual c o i l  impedance 

impedance (Z,). 

( M ( 2 9 ,  ! d ( K ) )  . 
ZPUR, %P[J [  --- Real, jmagiuary  components of t h e  pickup c o i l  impedance 





APPENDIX H 

FILE MANAGEMENT PROGRAMS 

Three  programs have been used  t o  b u i l d  and  inaintain t he  c o i l  d a t a  

(RAD) f i l e  ( 2 8 ) .  The newes t ,  COLLDATA, i n c l u d e s  a l l  r e q u i r e d  e d i t i n g  

f u n c t i o n s :  r e a d i n g  and p r i n t i n g : ,  changing ,  and adding  t o  t he  f i l e ,  It 

has t h e  c a p a c i t y  t o  select e i t h e r  of t w o  c o i l  f i l e s  tiow a v a i l a b l e  in OUK 

minicoinputer s y s t e m  (28 ,29) .  ( T h e  second f i l e  stores d a t a  d e s c r i b i n g  

c o i l s  used i n s i d e  or e n c i r c l i n g  c y l i n d r i c a l  conduc to r s ;  i t s  use is ouhside 

t h e  scope of t h i s  repor t . )  
By using t h e  o l d e r  programs one can o b t a i n  a p r i a t o u t  of  t h e  file 

(28)  from t h e  REDFlL program. The CWGDAT program ahlows t h e  user t o  

change a l i n e  by w r i t i n g  over t h e  e x i s t i n g  one or to add a l i n e  by w r i t i n g  

a new reco rd .  

None of t h e s e  programs r e q u i r e s  e d i t i n g  t o  e n t e r  i n i t i a l i z i n g  d a t a ,  

Table  H 1  l i s ts  i n t e r a c t i v e  d i r e c t i o n s  f o r  run12.i.ng COILDATA. The o t h e r  

programs are much s i m p l e r ;  t hus ,  110 i n s t r u c t i o n s  were cons ide red  necessa ry ,  

A sample p r i n t o u t  of our c u r r e n t  r e f l e c t i o n  c o i l  d a t a  f i l e  i s  shown 

on p. 212,  S u b r o u t i n e s  for t r a n s f e r r i n g  c o i l  data from f i l e  28 t o  

e x e c u t i n g  programs are l i s t e d  on pp. 160 and 180. 

Tab le  H1. I n t e r a c t i v e  Program Quer i e s  and Opera to r  
Responses  Occur r ing  During Execu t ion  of COILDATA 

Line  QUERY QF Response 

16) FOR REFLECTION COILS - REF, FOK CIRCULAR C O I L S - C I R ?  

E n t e r  KEF to select f i l e  28, C I R  t o  select f i l e  29. 

16 1,  L I S T  2, CHANGE 3 .  ADD 4. STOP 

E n t e r  i n t e g e r  1-4. 

The program branches  acco rd ing  t o  t h e  o p t i o n s  l i s t e d  below. 

1 .  L i s t  ( f i l e  c o n t e n t s )  

2 8  No query  or  r e s p o n s e ;  l i s t i n g  similar t o  sample on p. 212 i s  
p r i n t e d  ou t  tan t h e  hard-copy device .  Execu t ion  r e t u r n s  t o  
l i n e  16. 

20 7 
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Table  Ell. (Cont inued)  

Line  QUERY o r  Rpsponse 

-. 2. Change ...... ( c o i l  _- da ta )  

4 9  CK%NGE COLI ,  IN LINE NO: (TYPE L T N E  NO. I N  DAI'A F I L E )  

E n t e r  i n t e g e r  number of l i n e  t o  be changed. (Line  Iinrabers l i s t e d  
i n  rxtreme l e f t  column of file p r i n t o u t . )  

52  NEW C O I L  NAME (UP TO 6 CHAR4CTEKS) 

E n t e r  s i x - c h a r a c t e r  a lphanwi i r r ic  coil name. ( F i l l  unused 
c h a r a c t e r  p o s i t i o n s  wi th  blanks. ) 

For K E F  c o i l s  program branches t o  l i n e  58; f o r  CIR  c o i l s  i t  
branches  t o  l i n e  67. 

58 TYPE: K H A K ,  R 1 ,  R2, L3, R3,  K 4 ,  L 4 ,  L 5 ,  L6, RDCDR, RDCPU, TNDR, 
T M PU 

E n t e r  i n  f r e e  format 8 5  o r  (F), R1, K,, I,?, 8 3 ,  K i + ,  L4, L5, r " g ,  H6, 
R 7 ,  N,, N q .  

( H 5  i n  i n c h e s ,  Rg arid RT i n  ohms, N 3  and lVt+ d imens ion le s s ,  
remainder  normalized wi1-h r e s p e c t  to R5. ) 

t ixecut ion r e t u r n s  t o  Line 16. 

67  TYPE: RRAR, R 1 ,  R2,  X L ,  ZL ,  RL'IM, KDCDR, RDCPU, TNDR, INPU, ZLDR, 
ZT,PU, x 

Eater i n  f r e e  format  Bg o r  ( T I ,  R 1 ,  H,, L 3 ,  L,, H l i m ,  R g ,  R7, N 3 ,  
N4, (no e n t r y ) .  

Execut ion  r e t u r n s  t n  l i n e  16. 

3 .  Add ( c o i l  d a t a )  I_- 

--1_1_ 

8 lk NEW COIL NAME ( U P  TO 4 CHARACTERS) 

85 TYPE E N D  T O  STOP 

E n t e r  s i x - c h a r a c t e r  a lphanumeric  c o i l  name. ( F i l l  unused 
c h a r a c t e r  p o s i t i o n s  with blanks ) 

Enter END i f  a l l  c o i l  data have been eiltered. 



T a b l e  HI.. (Continued) 

I 

Line QUERY o r  Response 
_._I 1-1 

I f  a new c o i l  name i s  e n t e r e d  the q u e r i e s  and responses for 
l i n e  58 or  67 w i l l  be r epea ted .  

I f  END i s  e n t e r e d  e x e c u t i o n  comple tes  t h e  END l i n e  i n  t h e  f i l e  as 
shown an the sample p r i n t o u t  and r e t u r n s  t o  l i n e  16. 

4 ,  S t o p  

110 No response. Executiion branches t o  STOP i n s t r u c t i o n  and h a l t s .  
1 -- 

1 
2 c 
3 c 
4 c 
5 c  
6 
7 
a 
9 

10 
11 
12 
13 
24 
1s 
% B  
3" 7 
2.8 
8 9  
2 Q 
21 
22 
a3 
24 
25 8: 
28 6 
27 c 
28 
29 
30 
31 
32 
33 
34 



21.9 





rt M R 4 M  

x . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
c05c0300oC03cC2230C0n3000300000=0300200 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
o o c C o c 3 o o c C C 3 5 c c o c o C c 0 0 O 5 0 0 0 0 5 o o ~ o c ~ ~ o 0  

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
c 5 C O C c C C C ~ C C c O o c C ; c Q O O O O O O C O O O O O O O O O O O S  

Q 2 C c 0 c c 3 c 0 0 0 0 0 -3 0 0 C 5 0 c 0 0 P 0 a c G 0 c 0 0 c 0 0 0 0 o U? 
0 -J (3 0 C 0 0 30 C 0 0  i: e 3  0 0 0 0 5 0 0 0 0 -+C 0 M 0 0 0 0 0 5 0 0 0 r.4 

r) o o o C C 3 c 0 c o 5 c c c c O o c 0 c o c c ~ ~ ~ ~ ~ ~ c o . o - i i o z ) o o o 5 o ~  
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