
Abstract

 Recent ly  ma ny pro duct io n　　　　 pro cesse s  w ith assembly　　　　 and a djust ment　　　　 are
auto mated　　　　 due to  the  va r io us  k inds  of  t echnologica l　　　　 pro gresse s .  So me  auto ma ted
pro cesse s　　　　inc ludes  the  prec i se　　　　a djust ment　　　　with the  accuracy　　　　of  microns.   B ut  some
other  prec ise　　　　a dj ustment　　　　processe s  are  not  y et  a utoma ted ,  that  i s ,  a re  s t i l l  re l i ed  on
ski l l ed  workers　　　　 the  nu mber o f  which i s  decrea s ing .   O n the  other  ha nd ,  co nsumer

pro duct s  co nt inue  to  mo ve  to  hig her  funct io na l i ty ,  the  need fo r  hig h-prec i s io n
technology  i s  increa sing .  In  a djust ment  process ,  the  pro ble m is  that  the
cha racter i st i cs  of  pro duct  are  d i f ferent  in  each work p ieces .  In  o rder  to  handle  the
di spers io n of  character i st ic s  o f  co ntro l led sy st em,  a  new fuzzy  inference  method
ut i l iz ing  pro babi l i ty  dens i ty  funct io ns  o f  d i spers io n o f  measure ment  v a lues  def ined
as  me mbersh ip funct ions　　　　 i s  proposed in  th i s  paper .  Bes ides  that ,  to  contro l  mo re

prec ise ly  by  co nsiderat io n of  qual i tat ive  knowledge  of  the  ca uses  of  data  d i spers io n,
a  method  to  deter mine  the  me mbership funct ions  us ing  the  d i str ibut ions  o f  grade
accumulat ion  i s  proposed.  Co nsequent ly ,  the  a ppl icat io n  of  fuzzy  contro l ,  s t r i c t ly
fuzzy  in ference ,  to  h igh  prec i se　　　　co ntro l  beca me  poss ible  us ing  the  pro posed　　　　met ho d.
An e xperi menta l  eva luat io n of  mag net i c  hea d a dj ust ment 　　　　 resu l ted in  the
improve ment　　　　of  the  success  rat e  co mpared  with convent io na l  a djust ing　　　　dev ices  under

str ic t  spec i f i cat io ns .  The  ef fect iveness  o f  th i s  proposed method  was proved f rom thi s
exper imenta l　　　　 resu l t .

１１１１ .   Introduction

Many a ssemb ly and  ad jus t ment  p ro cesse s  in  p rod uc t io n  l i ne s  a re  au to mated　 due
to  va r io us  k ind s  o f  t echno lo g ica l　 progre sse s .  So me ad jus tment　 pro cesse s  wi th  the
accuracy　 o f  micro ns  a r e  a l so  au to ma ted .  B ut  so me  o ther  ad j us tment　 pro cesse s  a r e
s t i l l  r e l i ed  o n sk i l led  worker s  and  ar e  no t  ye t  au to ma ted .   I n  o ther  wo rds ,  au to ma t ic
technolo g ie s  in  the se  p rod uc t io n　 p rocesse s  do  no t  ca t ch up  wi th  sk i l led  wo rker s�
technolo g ie s .
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Ski l led  worker s  co ns ider  many k inds  o f  measure ment  d a t a ,  no n- l inear i ty  and    
mutua l  i n t e r fe rence ,  and  choo se  and  p er fo r m mul t i -co n t ro l  i np u ts .  I n  t hese  ca ses ,
co nven t io na l  l i near  co nt ro l  me thod s  can ' t  be  app l i ed .  I t  i s  kno wn tha t  fuzzy in ference  i s
e f fec t ive  for  au to ma ted  co nt ro l  b a sed  o n exp er t  kno wled ge ,  i n  a r ea s  such  a s  s tea m
turb ine  o r  wa ter  t rea tment  p l ant  opera t io n [1 ] -[5 ] .  Ho wever ,  fo r  p r ec i se  co n t ro l
app l ica t io ns  such  a s  ad jus tment  sys t ems  fo r  co nsu mer  p rod uc t  manufac tu r ing ,  ho w to
de f ine  the  memb er ship  func t io n pr ec ise ly  i s  o f  much  imp or tance .
The  d e l ta  r ul e  used  fo r  b ack p ropaga t io n in  neura l  ne t works  i s  kno wn as  a  me thod  fo r
de f in ing memb er ship  func t io ns  [6 ] -[9 ] .

But  t h i s  me thod  can ' t  handle  d isp er s io n o f  te ach ing  d a ta .  I n  p rac t ica l  use ,  t he
charac t e r i s t ic s  o f  co n t ro l led  sys t em a re  d i f fe rent  i n  each  work p i eces  by va r ious  fac to r s .
These  a re  unavo idab le  p rob lems  in  p r ac t i ca l  app l ica t io ns .  B ut  i n  co nvent io na l  l ea rn ing
schemes,  vagueness  o f  te ach ing da ta  i s  no t  permi t t ed ,  b ecause  the  i te r a t ive  ca lcu la t io n
of  the  l ea rn ing a lgor i thm can ' t  t e rmina te .  Fur the r ,  t her e  was  no  f i e ld  s tud y o n  ho w to
handle  the  d i sper s io n of  t each ing da ta  fo r  fuzzy theor y and  neura l  ne tworks .  I t  i s  s ta t ed
tha t  i t  i s  po ss ib le  to  take  fuzzy theory as  a  k ind  o f  p rob abi l i t y  [ 10] .  Howeve r ,  to  d a t e ,
ther e  a r e  no  repor t s  about  co nc re te  me thod s .

There fore ,  i n  co nvent iona l  me thod s  i t  d emand s  sk i l l  to  co nst ruc t  t eaching  da ta  tha t
exc ludes  vagueness  f rom ac tua l  exper imenta l  da t a .  To  achieve  p rec i se  fuzzy co nt ro l  i n
prac t i ca l  use ,  we  propose  a  ne w fuzzy in fe rence  me thod  ut i l i z ing  probab i l i t y  d ens i ty
func t io ns  to  co pe  wi th  the  d i sp er s io n o f  measure ment  va lues  de f ined  a s  me mb er ship
func t io ns .  I n  add i t io n ,  co ns ider ing  q ua l i ta t ive  kno wled ge  o f  t he  d a t a  d is t r ib u t io n ,  we
propose  a  me thod  to  d e te rmine  memb er ship  func t io ns  us ing  the  d i s t r ib ut io ns  o f  grade
accu mula t io n.

B y these  p ropo sed  me thod s ,  t he  s t a t i s t ica l  q uant i ta t ive  in for mat io n and  the
qual i t a t ive  kno wled ge  a re  p rocessed  s i mul taneous ly  o n fuzzy in ference .  And  th i s
me thod  rea l izes  the  p r ec ise  mul t i - i np u t s  and  non- l inear  ad j us tment  a lgor i thm.
We app l i ed  the  p ropo sed  me thod  to  auto mat ic  p rec i se  ad j us t ment  dev ice  fo r  magne t i c
head ,  and  the  exper i menta l  re su l t s  we re  sa t i s fac to ry.

A summary o f  magnet ic  head  ad j us t ment  and  the  ad jus tment  a lgor i thm are  co ve red
wi th in  the  seco nd  and  th i rd  s ec t io ns  o f  t h i s  pape r  a s  co ncre t e  examp les  o f  t he
req ui r ement s  co ncerning da ta  d i sp er s io n.  Then,  t he  new in ference  me thod ,  i n  which
probabi l i t y- t yp e  fuzzy in fe rence  and  an  accumula t io n-grad e  me mb er ship  func t io n  a r e
used ,  a r e  co vered  in  t he  fo ur th  sec t io n .  The  exper imenta l  r e sul t  o f  t h i s  me thod  app l i ed
to  magne t i c  head  ad jus tment  i s  sho wn in  the  f i f th  sec t io n,  which i s  fo l lo wed  b y the
co nc lus io n.
                                                   
                                      
2.  Construction of  Magnetic  Head and Outlook of  Adjustment

The co ns t ruc t io n o f  t he  magne t i c  head  i s  sho wn in  F ig .1 .  A magne t ic  head
co mpr ise s  a  head  base  made  o f  b ra ss  and  an  amo rp ho us  or  fe r r i t e  head  ch ip .  The  t ip  o f
the  head  base  i s  d ivided  into  t wo p ro jec t io ns .  Each head  chip  i s  f i xed  on  the  t wo
pro jec t io ns  wi th  ad hes ive .  T he  gap  for  r ead ing and  wr i t i ng  i s  f o rmed  o n the  f ro nt  face
of  t he  head  ch ip .  A d i s tance  be t ween the  gaps  i s  ca l l ed  t he  gap  d i s t ance  a s  sho wn in
Fig .2 .  Each  he ight  to  t he  gap  fro m a  cer ta in  d a tu m l eve l  i s  t e rmed  an  abso lut e  he igh t .
And ,  t he  lo ng i tud ina l  d is t ance  o f  t wo  abso lu te  he igh t s  i s  c a l led  the  he igh t  s t ep .

A r i se  in  the  magne t ic  record ing  dens i ty  in  r ecen t  yea rs  req u i r es  the  abo ve
d imens io na l  to l e rances  to  b e  in  the  o rd er  o f  µm. De v ia t io n  i s  wi th in  the  mic ro n o rd er
when a  head  chip  i s  f i xed  o n the  head  base  wi th  ad hesive .  Ho wever ,  t ha t  dev ia t io n i s
insuf f i c i en t .  There fore ,  read jus tment  mus t  b e  do ne  to  sa t i s fy  sp ec i f ica t io ns .  So  fa r ,  a
wo rker  measure s ,  f ro m abo ve ,  each  d imens ion  by v i sua l  ob serva t io n  wi th  a  mic ro scope .
Then,  a  worker  ad j us t s  t he  head  base  b y do ing h igh  prec i s io n p la s t ic  defor ma t io n  us ing  a
j ig ,  which  serves  a s  a  min ia tur e  v i se .  In  t h i s  case ,  i t  i s  no t  o n ly  ine f f ic ien t  to  ad jus t
la rge  quan t i t ie s  o f  magne t i c  heads  by hand ,  bu t  t he  s t r es s  on the  worker  making  the
h igh-prec is io n ad j us tment  i s  a l so  a  t ro uble so me prob lem.  There fo re ,  au to ma t io n i s  t he
des i red  so lu t io n.



   
The  co nfigura t io n  o f  t he  ad j us tment  mechan i sm o f  the  deve lo ped  auto mat io n

device  i s  sho wn in  F ig .3 .  The  de ta i l s  o f  t he  mechan i s m and  the  measur ing  d evice  [1 1]
are  d escr ibed  in   F ig .3( a )  i s  t he  gap  d i s tance  spr ead er  mechani sm.  A wed ge  i s  p ushed
bet ween  the  t ip s  o f  t he  head  b ase ,  and  th i s  o ne  co nt ro l s  t he  a mo unt  o f  sp r ead ing b y
co nt ro l l i ng  depress io n in  the  ver t i ca l  d i rec t io n.  F ig .3 (b) (c )  i s  t he  he igh t  s tep  ad j us tment
mechani sm.  Thi s  makes  ad jus tment s  b y p ush ing up  the  t ip  o f  t he  head  base  us ing t wo
bar -shap ed  too l s  separa t e ly .  The  ab so lute  he ight  i s  lo wered  when  a  head  ch ip  i s  f i xed
wi th  the  ad hes ive .  There for e ,  p ush ing up  the  head  b ase  a lo ne  i s  e f fec t ive  fo r  t h i s
ad jus tment .  T he  ad j us tment  mechan i sm to  na r row the  gap  d i s tance  i s  i l lus t r a t ed  in
Fig .3 (d) .  The  gap  d i s tance  i s  nar ro wed  b y p inch ing  the  p ro jec t ing sec t io ns  f ro m bo th
s id es .

As  fo r  t he  mo ve ment  d is tance  (ca l led  the  to ta l  d e forma t io n q uan t i t y)  which i s  t he
co nt ro l  i np u t  fo r  t hese  mechani sms ,  co n t ro l  i s  poss ib l e .  B ut ,  i n  t he  amou nt  o f  sp r ing
back,  so me e l as t ic  d e forma t io n i s  r e turned .  T here for e ,  t he  co nt ro l  a lgor i thm mus t
ca l cula t e  a  to ta l  d e forma t io n q uan t i ty  co ns ide r ing  the  a mo unt  o f  sp r ing b ack.

3.    Problems of  Adjustment Algorithm
      
           

The prob le ms  tha t  t he  ad j us t ment  a lgor i t h m had  to  so lve  were  a s  fo l lo ws .
(1 )  Even  i f  o nl y  par i t y  g ives  i t  a  to t a l  de fo rma t io n  q uan t i t y ,  t here  i s  d i sper s io n in  t he

amount  o f  sp r ing back.
(2 )  The  re la t io n  be tween  the  t o t a l  d e forma t io n q uan t i t y  and  the  amo unt  o f  p l as t i c

de forma t io n i s  no n- l inear .
(3 )  The re  i s  mutua l  i n t e r fe rence  i n  t he  he igh t  d i r ec t io n  and  the  gap  d i r ec t io n .
(4)  The re  i s  an  e f fec t  i nf luenced  f ro m the  ad jus t ment  h i s to ry.

De ta i l ed  exp lana t io ns  of  t he  abo ve  i s sues  a re  a s  fo l lo ws .

3.1  P last ic  Deformat ion Dispers ion and Non-l ineari ty

  
The  h i s to gram o f  he igh t  s t ep  p la s t ic  de fo rma t ion  when  a  head  was  d e formed  b y the

r ight -he ight  ad j us tment  dev ice  i s  sho wn in  F ig .4 .  The  po in ted  bar  char ts  in  the
h is togram sho ws  the  d i sper s io n o f  t he  a mount  o f  p la s t i c  de forma t io n when a  to t a l
de forma t io n q uant i t y  o f  110µm  was  g iven.  T he  nu mb er  o f  samp les  was  59 .  I n  th i s  way a
d i f fe rence  i n  p la s t ic  defo rma t io n ,  even when  the  same  to t a l  de for ma t io n quan t i t y  i s
used ,  i s  b ro ught  abo u t .  Tho ugh  there  a re  var io us  causes  o f  t h i s  d i sper s io n,  o ne  fac tor  i s
the  d i sper s io n o f  head  base  th i ckness .  T he  d imens io na l  accuracy fo r  head  base  th i ckness
i s  co ar se  b ecause  the  d isper s io n o f  head  base  th i ckness  do esn ' t  f i na l ly  in f luence  the
per formance  o f  t he  p rod uc t .

A th ick  head  wi th  a  high  s t i f fness  doesn ' t  b end  eas i ly  whi le  a  t h in  head  wi th  a  lo w
st i f fness  does  b end  ea s i l y .  The  d i sp er s io n  o f  t he  d a t a  i nvo lves  such  q ua l i ta t i ve  t rends ,
d iscussed  in  d e t a i l  i n  Sec t io n 4 .1 .  Re fe r  to  F ig .11 .

And a l so  f ro m Fig .4 ,  we  can  reco gnize  tha t  t he  re la t io n  be tween  the  average  va lue
of  the  he igh t  s t ep  p la s t ic  de fo rma t io n  and  the  to t a l  d e forma t io n q uan t i ty i s  no n-l in ear .
We mus t  t ake  th is  no n- l inear i t y  in to  co nsid era t io n a s  we l l .
                                                  
                                          
3.2  Mutual  Interference

A wed ge  i s  d r iven to  ad j us t  t he  wid th  o f  t he  gap  d i s tance  us ing the  spr eader
ad jus tment  mechani sm.  There fo re ,  a s  sho wn in  F ig .5 (a) ,  no t  o nl y  i s  t he  t ip  o f  t he  head
base  spread ,  b u t  a l so  d ragged  do wn ward .  I n  o ther  words ,  p l a s t ic  de for ma t io n  i s
per formed in  the  he igh t  d i rec t io n.  Then,  when ad j us tment  in  the  he igh t  d i rec t io n i s



per formed b y the  he igh t  s t ep  ad j us t ment  mechani sm,  the  jo in t  o f  t he  p ro jec t io n b eco mes
the  cen te r  o f  ro ta t io n,  and  a  head  base  i s  d e formed .

There fore ,  t he  wid th  d i rec t io n i s  na r ro wed as  sho wn in  the  F ig .5 (b)  and  Fig .6 .  I n
thi s  way,  gap  d i r ec t io n and  he ight  d i rec t io n can ' t  be  ad jus t ed  indep enden t l y .  So ,  an
a lgor i th m mus t  dec ide  the  amo unt  o f  ad j us tment  co ns ider ing each a mo unt  o f  mut u a l
int e r fe rence .
 

3.3  Adjustment History Inf luenced Effect

A phenomenon  ca l led  work  hard ening ,  t he  B ausch inger  e f fec t ,  i s  a  p l as t ic
de forma t io n charac te r i s t ic .  I n  the  ca se  o f  a  head  which had  a l read y b een  p la s t i c
de formed ,  an accura t e  to t a l  de for ma t io n quan t i ty  can ' t  be  ca l cu la t ed  un le ss  t he  fo rmer
d i rec t io n and  q uant i ty  o f  d e forma t io n ( ad j us tment  hi s to ry)  a re  taken in to  co ns ider a t io n.
A s t r e ss  ana lys i s  o f  t he  head  base  mad e  b y the  f in i te  e l ement  me thod  sho wed  tha t  t he
pro jec t io n jo in t  p ar t  o f  t he  head  base  i s  de for med  b y bo th  gap  d i r ec t io n  ad j us t ment  and
he igh t  d i rec t io n ad jus tment .

An  exp er imenta l  r e sul t  sho wed  a s  fo l lo ws .  I t  i s  t he  o ne  case  t ha t  o n ly  r igh t  he igh t
i s  de fo rmed .  I n  ano ther  ca se ,  a f te r  l e f t  he igh t  i s  d e for med,  nex t  r ight  he ight  i s
de formed .  To  co mp are  wi th  t he se  t wo  cases ,  t he  amount  o f  p l a s t ic  de forma t io n  i s
d i f fe ren t  even in  t he  case  o f  equa l  r i ght -he igh t  to ta l  de forma t io n.  Therefo re ,  when the
amount  o f  ad jus tment  i s  dec ided ,  we  mus t  t ake  the  d i r ec t io n and  quan t i ty  o f  t he  p r io r
ad jus tment  in to  co ns ider a t io n.

4.   Probabil i ty-type Fuzzy Inference Adjustment Algorithm Using
Accumulation-grade Membership Function

4.1  Probabil i ty- type Fuzzy  Inference for Plast ic  Deformat ion  Dispers ion

The  ca se  o f  1 - inp ut  and  1-o u tp ut  wi l l  se rve  here  a s  a  s imp le  exa mple .  Suppo s ing
tha t  t her e  i s  no  mutua l  i n t e r fe rence ,  ho w to  ca lcu la te  t he  to ta l  d e forma t io n q uant i t y  t o
ad jus t  t he  he igh t  s tep  wi th  the  r igh t -he igh t  ad jus t ment  mechan is m i s  exp la ined .

What  mus t  b e  ca l cu la ted  b y the  a lgor i th m is  t he  to t a l  d e for ma t io n q uan t i t y  need ed
to  ge t  t he  req u i red  amou nt  o f  he igh t  s t ep  p la s t ic  de fo rma t io n.  B ut ,  t he  amo unt  o f  p l a s t ic
de forma t io n i sn ' t  un iq ue ly de te rmined  even i f  p l as t i c  d e forma t io n i s  pe r formed  b y the
same  to t a l  de for ma t io n  q uan t i ty  a s  sho wn in  F ig .4 .  A probab i l i t y  curved  su r face  a s  in
Fig .7  where  a  ver t i ca l  ax i s  sho ws  prob abi l i t y  can  b e  imagined  fro m F ig.4 .  The
d isper s io n o f  t he  to ta l  de forma t ion  q uant i t y  fo r  a  g iven  p l a s t ic  d e for mat io n q uan t i t y  can
be  sho wn in  the  a -a '  c ross  sec t io n o f  t he  curved  sur face  in  F ig .7 .  T he  a lgo r i thm has  o n ly
to  make  a  p laus ib l e  so lu t io n fo r  to ta l  de forma t io n q uant i t y  in  th i s  d isper s io n o f  t he  to ta l
de forma t io n quant i t y .  In  t h i s  case ,  because  t he  cen te r  o f  g rav i ty  o f  t he  a -a '  c ross  sec t io n
is  p l aus ib le ,  t h i s  va lue  i s  mad e  the  co nt ro l  i np ut  o f  t he  he igh t  s t ep  ad j us t ment .

The  abo ve  o pera t io n i s  genera l i zed  a s  a  fuzzy infer ence  la w tha t  ca lcu la t es  co nt ro l
inp ut .  F i r s t ,  me mb er ship  func t io n i s  de f ined  b y us ing  the  d i s t r ib u t io n  o f  t he  a mo unt  o f
p la s t ic  de fo rma t io n  fo r  t he  co ns tan t  to t a l  de forma t io n  q uan t i ty .  T he  probab i l i t y
d is t r ib u t io n o f  t he  d i sper s io n o f  t he  a mo unt  o f  he igh t  s tep  p la s t i c  d e forma t io n whe n  the
r ight -he ight  was  de fo rmed  b y the  to ta l  de fo rma t io n q uan t i t y  110  µm i s  sho wn in  F ig .8 .
The  prob ab i l i t y  dens i ty  func t io n )(xf  o f  a  norma l  d i s t r ibut ion wi th  mean α  ,  S t anda rd

Devia t io n σ  i s  Eq . (1) .  x  i s  a  co nt inuo us  probab i l i ty  var iab le .   
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That  p robab i l i t y  d i s t r ibu t io n  func t io n )(xF  i s  Eq . (2) .
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There fore ,  t he  prob abi l i t y  )( bxap ≤≤  t ha t  a  co nt inuo us  pro bab i l i t y  var iab le  x  i s

wi th in  sec t io n [ ]ba,  i s  ca lcu la ted  b y Eq . (3) .

)()()( aFbFbxap −=≤≤                                             (3 )

The  int egra l  o f  Eq . (1)  can ' t  b e  eva lua ted  in  the  s imp le  me thod .  Ho wever ,  i t  i s  kno wn
tha t  t he  p robab i l i t y  t ha t  a  co nt inuo us  p robab i l i ty  var iab le  i s  wi th in  a  sma l l  s ec t io n o f
the  wid th  h  a ro und  x  can be  approx ima ted  by Eq . (4 ) .

hxf ⋅)(                                                              (4 )

So ,  p robab i l i t y  can be  ca lcu la t ed  b y Eq . (5) .
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In  th i s  case ,  t he  s ma l l  sec t io n  wid th h  was  de f ined  a s  1µm,  the  r eso lu t ion  o f  t he
gap  measure ment .

The  le f t  ve r t ica l  ax is  o f  Fig .8  sho ws  the  f r eq uenc y o f  t he  h is to gram.  T he  r igh t
ve r t ica l  ax is  sho ws  the  p robab i l i t y  ca l cula t ed  by  Eq . (5 ) .  W e j ud ged  tha t  i t  was  po ss ib le
tha t  t he  d i sper s ion o f  t he  a mount  o f  p la s t ic  de fo rma t io n was  ap proxi ma ted  b y the
nor ma l  d i s t r ib ut io n f rom th i s  re su l t .  I t  wi l l  b e  f ina l ly  j ud ged  whe ther  t h i s
appro xi ma t io n  i s  cor r ec t  b y the  q ua l i t y  o f  t he  ad j us t ment  exper iment  r esu l t s .  T hen,  t he
me mbersh ip  func t io n  i s  d e f ined  b y us ing  Eq . (5 ) .  Because  p rob ab i l i t y  i s  l e ss  t han 1 ,  t he
maxi mu m value  o f  t he  grad e  o f  t h i s  me mber sh ip  func t io n beco mes le s s  t han 1 .  In  th i s
ca se ,  p robab i l i t y ,  t ha t  i s  grade ,  doesn ' t  take  the  va lue  o f  0  in  any inp u t  va lue  b y the
reaso n o f  t he  charac t e r i s t ic s  o f  t he  p rob ab i l i ty  d ensi ty  func t io n.  In  o ther  wo rds ,  t he
range  o f  t he  me mb er ship  func t io n  i s  i n f ini ty .  S ince  ther e  i s  no  co ns t r a in t  t ha t  t he  ran ge
mus t  be  f in i te  i n  t he  dec la ra t io n  o f  t he  memb ersh ip  func t io n,  t he  co nd i t io ns  fo r  t he
me mbersh ip  func t io n  are  sa t i s f ied .  E ight  k ind s  o f  me mbersh ip  func t io n  were  de f ined
fro m the  d i s t r ib u t io n  o f  p la s t i c  de forma t io n in  e igh t  to ta l  d e forma t io n quan t i t i e s .  Al so ,
the  co nt ro l  i np u t  o f  t hen-pa r t  i s  a  uniq ue  q uant i t y .  T here fore ,  t he  fo l lowing  IF -THEN
rule  whose  t hen-pa r t  i s  s ing le ton i s  der ived  a s  a  fuzz y ru le .

IF  the  ta rge ted  amo unt  o f  he ight  s tep  p l a s t ic  defor ma t io n  i s  abo ut  9 .3µm
THEN co nt ro l  i np u t  o f  r igh t -he igh t  d e forma t io n i s  110µm
Fuzzy in fer ence  i s  do ne  us ing  the se  me mber sh ip  func t io ns  a nd  the  IF-THEN rules .
I f  a  he igh t  s tep  p la s t i c  d e forma t io n i s  x  and  a  to t a l  de fo rma t io n  q uan t i ty  i s  y ,  t he     
1 - inpu t  and  1 -ou tp ut  fuzzy in fer ence  i s  expre ssed  by the  fo l lo wing  eq uat ion.

R i  :  I f  x  i s  A i  t hen y  =  f i   ( i=1 ,2 ,�. .  ,8 )                                           ( 6 )  

           
µ i= A i(x)                                                        (7 )
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R i :  T he  fuzz y ru le  i .  A i :  Fuzzy va r i ab le .  f i :  S ing le to n.  µ i  :  i f -par t  f i t ness  va lue  o f  R i.
y * :  I n fer ence  va lue .

The  example  o f  t he  i n ference  p rocess  i s  shown in  F ig .9 .  For  example ,  an  i n ference
process  to  g ive  a  he igh t  s t ep  an a mo unt  o f  p la s t i c  de fo rma t io n o f  5µm i s  ment io ned
co ncre t e ly .  F i r s t ,  t he  f i t nes s  va lue  o f  each ru le  i s  ca l cula t ed  in  i f -pa r t .  T hen ,  t h i s
ca l cula t ed  f i t nes s  va lue  i s  made  the  gr ade  o f  t he  me mb er ship  o f  then-par t .  Then the
center  o f  grav i ty  o f  t he  to ta l  d e forma t io n q uan t i t y  ca l cula t ed  in  each  rul e  i s  mad e  an
inference  r esu l t  a s  shown in  the  b o t to m r igh t  o f  F ig .9 .  In  t h i s  ca se ,  t he  in fe rence  r e sul t
t ha t  t he  to t a l  de fo rma t io n  q uan t i t y  o f  88 .6µm  sho uld  b e  g iven to  the  r igh t -he i gh t  i s
ca l cula t ed .

4.2  Probabil i ty- type Mult ip le- input /Mult iple-output  Fuzzy Inference  ( for
Mutual  interference and Adjustment His tory)

In  the  case  o f  1 - inp ut  and  1 -o u tp u t ,  even  in  t he  fo rm o f  fuzzy in ference ,  i t  i s
a lmo s t  eq u iva lent  to  tak ing  the  r id ge  o f  t he  p rob abi l i t y  curved  sur face  in  F ig .7  o r  t he
re l a t io n in  Fig .4 .  For  a  p rob le m l ike  the  magne t i c  head  ad j us tment ,  because  o f  mut ua l
int e r fe rence  and  the  e f fec t  i n f luenced  f rom o f  the  ad jus tment  h i s to ry,  fuzzy rul e s
beco me  mul t ip le - inpu t /mul t ip le -ou tp u t .  Fuzzy in fe rence  i s  an  e f fec t ive  measure  i n  such
a  ca se .

For  examp le ,  i t  can ge t  t he  fo l lo wing  kno wled ge  fro m the  ab so lu te  he igh t
ad jus tment  exper iment .
The  r i gh t -he ight  i s  de formed  p la s t i ca l ly  about  5µm when  co n t ro l  i np u t  fo r  r i ght  he ight
i s  103 µm and  co nt ro l  i np u t  fo r  le f t  he ight  i s  140µm.
Then,  t he  l e f t  he ight  i s  a l so  de for med  p la s t i ca l ly  abo ut  15µm.
But ,  t he  gap  d i s t ance  i s  de for med p la s t i ca l ly  abo ut  3µm a s  we l l .

In  th i s  wa y,  t he  gap  d i s t ance  i s  de fo rmed  even  i f  o nl y  the  le f t  and  r ight  he ight s  a re
de formed .  P la s t ic  de forma t io n d ue  to  mutua l  i n t e r fe rence  t end s  to  be  reco gnized  a s  hard
to  manage .  B ut ,  i f  t h i s  k no wled ge  i s  t aken co nve r se ly ,  t he  fo l lo wing  fuzz y ru le  can b e
go t .
IF  the  ta rge ted  va lue  o f  r igh t -he ight  p la s t i c  d e forma t io n i s  abo u t  5µm
and the  ta rge ted  va lue  of  le f t -he igh t  p la s t i c  de forma t io n i s  abo u t  15µm
and the  ta rge ted  va lue  of  gap  d i s t ance  p l a s t ic  de for ma t io n  i s  abo ut  3µm
THEN co nt ro l  i np u t  o f  r igh t -he igh t  d e forma t io n i s  103µm
and co nt ro l  i np ut  o f  le f t -he igh t  d e forma t io n i s  140µm
and co nt ro l  i np ut  o f  gap  d is tance  de for ma t io n  i s  0µm

In th i s  case ,  3 - inp u t /3 -o utp ut  no n-l inear  mode l ing  beco mes necessary.  Ho wever ,
mul t ip le - inp u t /mul t ip le -o u tp u t  no n- l inear  mod el ing can  be  co nst ruc t ed  eas i ly  us ing the
probabi l i t y- t yp e  fuzzy in fe rence  d i scussed  in  th i s  pap er .  T here fore ,  mutua l  in t e r fe rence
can b e  t aken  in to  co nsid era t io n  eas i ly .

Fuzzy in ference  yi e lds  t he  nex t  eq ua t io n in  t he  ca se  o f  3 - inp u t  x1 ,  x 2 ,  x 3 ,  o u tp ut  y .

R i  :  I f    x 1  i s  A i 1  and
x 2  i s  A i 2  and
x 3  i s  A i 3

t hen y  = f i   ( i=1 ,2 ,��.,n R )                                        (9 )

µ i= A i 1 ( x 1 )*A i 2 (x 2 )*A i 3 (x 3 )                                         (10)
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n R :  The  number  o f  r ul e s .

Us ing the  p robab i l i t y- typ e  fuzzy in ference  p re sen ted  here ,  t he  f i t nes s  va lue  o f
i f -pa r t  i n  t he  ca se  o f  3 - inp u t s  was  ca l cu la ted  b y the  mul t ip l i ca t io n  o f  grades  o f  t h ree
me mbersh ip  func t io ns  (F ig .10 ) .  Th i s  i n ference  la w achieves  t ha t  i n fe rence  va lue
cor re spo nd ing to  the  p robab i l i t y  o f  t he  p rob ab i l i t y  t ha t  3  co nd i t io ns  o f  i f -par t  a r e
sa t i s f ied  to ge ther .  The  co ns ider a t io n o f  ad j us tment  hi s tory can  be  made  a  fuzzy rul e  b y
the  same me thod  as  fo r  co nsid era t io n o f  mutua l  in t e r fe rence .  The  examp le  o f  t he  ru le  o f
the  le f t -he igh t  ad jus tment  a f t e r  r i gh t -he igh t  ad jus t ment  was  do ne  i s  shown.

IF r igh t -he igh t  was  de formed  wi th  co n t ro l  i np ut  o f  150µm
and the  ta rge ted  va lue  of  he igh t -s t ep  p la s t i c  d e forma t io n i s  abo u t  -3 .5µm
THEN co nt ro l  i np u t  o f  le f t -he igh t  d e forma t io n i s  150µm

4.3  Accumulat ion Grade Membership  Function (Consideration  of  Qual i tat ive
Knowledge)

The me tho ds  a l read y ment io ned  can ' t  red uce  d i sp er s io n  i t se l f .  I n  the  case  o f  F ig .8 ,
the  r igh t -he igh t  i s  de for med  b y 110µm  to  ad j us t  t he  he igh t  s t ep  b y 9 .3µm. B ut  ther e  i s  a
d isper s io n o f  7 µm wi th  3σb y the  exper imenta l  r e sul t .  There for e ,  ad j us tment  can ' t  b e
done  o ne  t ime  wi th  any fur ther  accuracy.  Ho weve r ,  i f  t he  d i spe rs io n fac tor  can  be  taken
into  co ns ider a t io n,  i t  becomes poss ib le  t ha t  an  ad j us t ment  wi th  be t te r  accuracy can be
done .

Fig .4  i s  exp la ined  here  a s  an example .  The  d i spe r s ion  o f  t he  amount  o f  he igh t -s tep
p la s t ic  de fo rma t io n  was  3σ=7.4 9µm when  the  r igh t -he igh t  was  de formed  b y the  to ta l
de forma t io n q uant i t y  110µm .  T he  nu mber  o f  samp les  was  59 .  T he  head  base  th i ckness  in
each  work  p i ece  was  measured  b y a  capac i t ive  sensor .  The  re la t io n be tween  the
d isper s ion o f  t he  board  th ickness  and  the  d ispers ion o f  t he  amount  o f  p la s t ic
de forma t io n a re  sho wn in  Fig .11 .  T he  marks  i n  t he  f igure  a re  ac tua l  measurement
va lues ,  and  the  co n t inuo us  l i ne  i s  t he  re su l t  ca lcu la t ed  b y lea s t  sq uare s .  T h is  ab so lut e
va lue  o f  t he  coe f f i c i ent  o f  cor re la t io n i s  s ma l l  a t  0 .31 .  B ut ,  i t  i s  unde rs tood  tha t  t he
amo unt  o f  p la s t i c  de forma t io n i s  l a rge  when  boa rd  thi ckness  i s  sma l l ,  and  the  a mo unt  o f
p la s t ic  de fo rma t io n  i s  sma l l  when  board  th ickness  i s  la rge .  So ,  t h i s  d i s t r ib u t io n  i s
d ivid ed  fuzz i ly ,  ba sed  on  the  board  th ickness .  The  me mbersh ip  func t io n o f  t he  head
base  thi ckness  i s  sho wn in  F ig .12 .  The  me thod  o f  fuzzy d iv i s io n i s  ment io ned  in  de ta i l
us ing  Fig .13 .  T he  gr ade  o f  t he  memb er ship  func t io n fo r  �th in�  b eco mes 0 .51  i f  t he
board  thi ckness  o f  1  samp le  ins ide  the  p l a s t ic  de for ma t io n  q uan t i ty  6µm ( n u mb er  o f
samp les :  5 )  i s  0 .96 mm.  Grade  o f  �ave rage�  b eco mes  0 .49 ,  and  grad e  o f  �thi c k�  beco mes
0 .0 .  The  gr ade  o f  each me mb er ship  func t io n was  ca l cu la t ed  fo r  f ive  samples  o f  t he  to ta l
de forma t io n q uant i t y  110µm and  p la s t ic  de for ma t io n  quan t i t y  6µm.  T his  re su l t  i s  sho wn
in Fig .13 .  Grad e  i s  added  to  every memb er ship  func t io n.

Thi s  i s  c a l led  an accumula ted  gr ade .  The  d i s t r ibut ion o f  t he  accumula ted  gr ade
occur s  as  sho wn in  F ig .14  when  th i s  op era t io n i s  do ne  fo r  a l l  t he  p la s t ic  de forma t io ns  o f
to t a l  de for ma t io n  q uan t i ty  110µm.  Each accumula ted  g r ade  d i s t r ibu t ion was  t rea ted  a s  a
nor ma l  d i s t r ibut ion,  and  the  approx ima t io n func t ion  der ived  from the  Eq . (5 )  was  made
as  the  me mber sh ip  func t io n.  Th is  was  ca l led  the  accumula t io n gr ade  memb ership
func t io n.

In  th i s  case ,  t he  average  p l a s t ic  de for ma t io n  fo r  t he  th in  bo ard  thi ckness  b eco mes
10 .1 µm.  And  the  ru le  tha t  i s  sho wn in  Sec t io n4 .1  abo ve  beco mes the  fo l lo wing(Fi g .15) .
IF  bo ard  thi ckness  i s  � th in�
and  the  ta rge ted  va lue  of  r igh t  he igh t -s t ep  p la s t i c  de forma t io n i s  abo u t  -10 .1µm
THEN co nt ro l  i np u t  o f  r igh t  he igh t  d e forma t io n i s  110µm
A prob ab i l i t y- t ype  fuzzy in fer ence  fo r med  by the  accumula ted  g r ade  memb er ship
func t io n,  which mad e  i t  po ss ib l e  to  in t rod uce  qua l i ta t ive  kno wled ge  fo r  s ta t i s t i ca l
qua l i t a t ive  ca lcu la t io n,  was  d es igned  as  ment ioned  abo ve .



5.  Experimental  Result  of  Magnetic  Head Adjustment

The  exper imenta l  r e sul t s  a re  sho wn in  Tab le  1 .  Here ,  t wo  t i mes  ad j us tment s  a re
a l lo wed in  o ne  work  p i ece .  B ecause  thi s  a lgo r i th m was  a  s to chas t i c  i n fer ence  me thod ,
accuracy was  eva lua t ed  b y the  accumula t io n  p rob ab i l i t y  o f  t he  nor ma l  d i s t r ib ut io n.
The  e r ro r  o f  t he  a mo unt  o f  p la s t i c  de forma t io n i s  t aken to  be  a  norma l  d i s t r ibu t ion.  T he

mean s tandard  devia t ion  σ  which i s  t he  average  o f  t he  d i sper s io n o f  p l a s t ic

de forma t io n in  the  co nst ant  to ta l  d e forma t io n quan t i t y ,  and  a  mean co mp uted  er ro r  d
are  used .  T he  d i s t r ib u t io n  o f  t he  p l as t i c  d e forma t io n q uant i t y  e r ro r  i s  exp res sed  b y the
probabi l i t y  densi ty  func t io n  o f  Eq . (12)  a s  fo l lows .
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At  th is  t ime ,  an  ad j us tment  succes s  ra te  i s  ca lcu la ted  b y the  accu mula t io n p robab i l i t y  o f
Eq . (12)  in  the  �good �  a r ea  ± s .
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s  i s  t he  spec i f ica t io ns  va lue  o f  t he  q ua l i ty  dec i s io n .  On the  co nt r a ry,  i f  we  kno w

standa rd  dev ia t io n σ  and  a  mean ad j us t ment  success  r a t e  )(xF ,  a  mean co mputed  e r ror

d  can b e  ca lcu la ted  b y the  ap pro xi mat io n  so lu t ion .  Next ,  p er formance  comp ar i so n wi th
the  usua l  a lgor i thm in  the  ad j us t ing d evice  deve lop ed  be fore  i s  p er fo rmed .  T hi s   
a lgor i th m o n ly int e rpo la te s  the  average  va lue  of  t he  l i near  d i sp er s io n .  The  e f fec t  o f  t he
board  thi ckness  i sn ' t  t aken  in to  cons id era t io n .  Mutua l  in t e r fe rence  i s  taken  into
co ns ide ra t io n  b y l i near  s i mul t aneo us  eq ua t io ns .  Adjus tment  h i s to ry i sn ' t  t aken in to
co ns ide ra t io n  a t  a  second  ad j us tment .

For  t he  f i r s t  ad jus tment ,  t he  co mp uted  accuracy o f  t he  amount  o f  ad j us tment
impro ves  abo ut  fo ur  t imes  a s  sho wn in  Table  1 .  I n  add i t io n ,  t he  sp ec i f i ca t io ns  o f  t he
he igh t  s t ep  in  th i s  exper iment  dev ice  a r e  ha l f  t ha t  fo r  usua l  ad jus tment  mach ines .  I n
o ther  word s ,  t h i s  d evice  mus t  p er fo r m wi th  higher  accuracy than a  nor ma l  fac i l i t y .
Neve r the le ss ,  t he  ad jus tment  success  r a t e s  a r e  imp ro ved  abo ut  25 %,  even  when  t wo
adjus tment s  were  necessary.  The  success  ra te  whe re  spec i f ica t io ns  can be  sa t i s f ied  b y a
seco nd  ad jus tment  i s  c a l led  a  to t a l  success  ra te .  Tho ugh  ad j us t ment  spec i f ica t io ns
beca me severe ,  t he  to ta l  success  ra te  was  imp roved  abo ut  10 %.

A ver y l a rge  numb er  o f  wo rk p i ece  was  requ i r ed  fo r  t h i s  exper iment  fo r  eva lua t ion
of  the  d i sp er s io n .  Therefo re ,  an expe r iment  tha t  d id n� t  take  head  b ase  th i ckness  in to
co ns ide ra t io n  co uld n ' t  be  do ne  sepa ra te l y .  T here fore ,  t he  e f fec t  o f  t he  co nsid era t io n o f
board  thi ckness  was  es t i ma ted .  The  d isp er s io n  when  co nsid era t io n  wasn ' t  do ne  was  3σ
=7.49 µm as  i n  as  F ig .14 .  Ho wever ,  t he  d isper s ion o f  t he  accumula t ion gr ade  when  head
base  thi ckness  i s  t h in  decr ease s  s l igh t ly  wi th  3 σ =6 .57µm.  A success  ra t e  was
ca lcula t ed  a t  8 6 .3 % b y en ter ing a  d i sp er s io n  whe re  board  th ickness  wasn ' t  t aken in to
co ns ide red  for  Eq . (13) .  A success  ra te  was  ca lcu la ted  a t  89 .6 % i f  t he  e ffec t  o f  b oard
thi ckness  was  taken into  co nsider ed .  I t  was  e s t ima ted  f ro m th is  re su l t  tha t  t he
impro vement  was  abo ut  3 %.  Thi s  ca se  co uld n ' t  ge t  a  r emarkable  e f fec t  b ecause  the
coe f f ic ien t  o f  cor r e l a t ion  was  too  p oor  a t  -0 .31 ,  a s  sho wn in  F ig .11 .  However ,  i n
pr inc ip le ,  i t  co u ld  b e  do ne  fro m the  v ie wpoin t  o f  t he  p robab i l i t y - typ e  fuzzy in fe rence
using  an  accumula t io n  grade  me mb er ship  func t io n .



6.  Conclusion

Appl ica t io n o f  fuzzy con t ro l  to  p r ec i se  ad jus tment  p rocess  in  p rod uc t ion  l i ne  was
s tud ied  fo r  imp ro ving  the  success  r a t e  o f  ad jus tment .  A probab i l i t y- typ e  fuzzy i n fe rence
tha t  ca t ches  d a t a  d ispers io n a s  fuzz iness  was  p ropo sed .  A memb er sh ip  func t io n i s
de f ined  in  th i s  me thod  a s  a  p rob ab i l i t y  dens i ty  f unc t io n  o f  t he  d i spe rs ion .  Al so ,  an
accu mula t io n gr ade  memb er sh ip  func t io n was  propo sed  to  impro ve  in ference  accurac y
more .  T hi s  me thod  d e f ines  me mber sh ip  func t ions  in  co nsid era t io n o f  q ua l i ta t ive
kno wled ge  o f  t he  causes  o f  d i sper s io n.  T he  appl ica t io n o f  fuzzy in fe rence  to  h igh
prec ise  co nt ro l  b ecame  po ss ib le  us ing thi s  p ropo sed  me thod .

An exp er imenta l  eva lua t io n  o f  magne t ic  head  ad j us tment  re su l t ed  in  a  success  ra te
of  99 .5 %,  tha t  was  co nsid ered  a  su f f ic ien t  success  ra t e .  T he  success  ra te  was  impro ved
abo ut  10%,  a s  co mp ared  wi th  co nvent io na l  ad jus t ing  dev ice s ,  und er  s t r ic t
spec i f ica t io ns .  T he  e f fec t iveness  o f  t h i s  p ropo sed  me thod  was  p ro ved  fro m th i s
exper imenta l  r e sul t .
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