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ABSTRACT 

The Coincident Coordinate Method i s  a system t o  be used throughout t he  
th ree  p r i n c i p l e  phases of product ion,  i . e . ,  design d e f i n i t i o n ,  manufac- 
t u r i n g ,  and inspec t ion .  It was developed t o  e l imina te  c e r t a i n  inconsis- 
t enc ie s  and i n e f f i c i e n c i e s  t h a t  are inherent  i n  cu r ren t  p r a c t i c e s .  I ts  
primary ob jec t ive  i s  t h a t  of main ta in ing ' the  des igne r ' s  concept of f i t  
and func t ion  of p iece  p a r t  assemblies throughout t he  e n t i r e  production 
system. This i s  accomplished i n  th ree  s t e p s .  F i r s t ,  a coordinate  system 
and methods fo r  dimensioning and to le ranc ing  i n  t h a t  system a r e  s p e c i f i e d  
which a r e  cons i s t en t  with the  way mating p a r t s  f i t  and func t ion  with one 
another i n  t h e i r  assembly. Second, an e f f o r t  i s  made t o  maintain the  
spec i f i ed  coordinate  system throughout t he  manufacture of each p a r t  by 
assur ing  t h a t  t h i s  system is  as near ly  coincident  a s  poss ib le  with one 
t h a t  i s  defined by the  d i r e c t i o n s  of t r a v e l  of t he  "ways" of each machine 
used ( t h e s e  d i r e c t i o n s  can i n  most cases  be assumed perpendicular  t o  one 
another t o  a high degree of p rec i s ion .  F i n a l l y ,  a means i s  provided fo r  
the  t ransformation of inspec t ion  d a t a  on the  c h a r a c t e r i s t i c s  of manufac- 
tured p a r t s  t o  a coordinate  system which he lps  t o  accomplish the  secand 
ob jec t ive  s t a t e d  above i n  t h a t  i t  can be r e l a t e d  t o  those def ined by t h e  
machines used, a t  least with respec t  t o  s t a t i s t i c s  of e r r o r s  made by the  
machines. 

Steps fo r  implementing Coincident Coordinate Method are presented along 
with r e s u l t s  from a c t u a l  app l i ca t ions  which have proven t h a t  increased 
p roduc t iv i ty  and reduced c o s t s  are poss ib le .  

3-4 



CONTENTS 

For e wo r d 

I n t r o d u c t i  

Coincident Coordinate Method 

General Discussion 

Implementing Object ive 1 

Implementing Obj ec t ive  2 

Implementing Obj ec t i v e  3 

Typical Procedures Involved i n  COCOM-COCOMP Appl i c a t  ion 

Design Def in i t i on  Procedures - General 

Descr ipt ion of F i t  and Function by Examples 

Manufacturing - General 

Enhancement of Machine C a p a b i l i t i e s  

Preserving Design Coordinate System - Single  
Machine 

Preserving Design Coordinate System - Mult ip le  
Machines 

Proper Divis ion of Tolerances 

Inspec t ion  

Findings Derived Through Trial Applicat ions of COCOM 

Re f e r  enc e s 

Page 

7 

9 

10 

10 

11 

12 

12 

14 

14 

17 

21 

.21 

23 

26 

29 

31 

33 

37 

5 



ILLUSTRATIONS 

Figure 

1 Example of Piece P a r t  

2 

3 

4 

5 

6 

7 

8 

9 

10 

Table 

I 

- 

Plan V i e w  of Piece Par t  with X,Y Axes Establ ished 

Piece P a r t  with Feature Axes and Contours I d e n t i f i e d  

Press  F i t  i n  Corner Holes 

Tight F i t  on Center Hole; Same Clearance on Other Holes 

Close F i t ;  Cover t o  Container 

COCOM Enhancement of Machine Capab i l i t i e s  

Schematic of Stamping Die fo r  9-Hole Pa t t e rn  - 
Escapement P l a t  e 

Schematic of Small Angle Divider Mounted on J i g  
Grinder Table 

Schematic of Incomplete Stamping Die 

TABLES 

Locational Parameters for  Features  and Contours i n  
Analyt ic  Geometry Notation 

Page 

14 

15 

16 

18 

19 

20 

23 

25 

28 

28 

Page 

1 7  



FOREWORD 

The problem of e s t a b l i s h i n g  l o c a t i o n a l  r e l a t i o n s h i p s  among n a t u r a l  

and/or  man-made o b j e c t s  with a des i r ed  degree o f  accuracy o r  p rec i s ion  has  

been ever present .  Early scholars  recognized t h a t  e r r o r s  of  d i s t a n c e  and 

angle  i n  measurements of  t he  l o c a t i o n s  of  o b j e c t s  on land and water sur- 

faces  of the  e a r t h  were i n e v i t a b l y  compounded with e r r o r s  i n  e s t a b l i s h i n g  

the  o r i g i n  and o r i e n t a t i o n  of  t h e i r  s e l ec t ed  measurement coord ina te  sys- 

t em.  Under those cond i t ions ,  t he  accurac ies  with which the  pos i t i ons  of  

t he  o b j e c t s  and t h e i r  l o c a t i o n a l  r e l a t i o n s h i p s  could be determined were 

unknown . 

This problem was a t tacked  e a r l y  i n  recorded h i s t o r y  by d i r e c t i n g  a 

cons iderable  por t ion  of the  known body of sc ience  and mathematics toward 

f i x i n g  and r e f i n i n g  the  loca t ion  and o r i e n t a t i o n  of  some coord ina te  system 

i n  the  e a r t h  r e l a t i v e  t o  i t s  pos i t i on  i n  the  s o l a r  system. 

The bas ic  problem confront ing modern engineer ing with regard t o  

l o c a t i o n a l  r e l a t i o n s h i p s  of f ea tu res  and contours  of p rec i s ion  p iece  p a r t s  

i s  similar t o  t h a t  which confronted e a r l y  s c h o l a r s ;  however, t h e r e  are 

add i t iona l  i n t r i g u i n g  complicat ions.  

Because of t h e  v a r i a b i l i t y  t h a t  exists i n  a l l  manufacturing and 

measuring processes ,  each production p a r t  p resents  i t s e l f  t o  inspec t ion  as 

'la brand new ear th"  with regard t o  unknown l o c a t i o n a l  r e l a t i o n s h i p s  t h a t  

e x i s t  among i t s  f ea tu res  and contours .  In add i t ion ,  t h e  " so la r  system" t o  

which the  p a r t  belongs does not come i n t o  ex i s t ence  unt i l  a f t e r  it has  

been matched and f i t t e d  a t  assembly with mating p a r t s .  
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This r epor t  covers e f f o r t s  which have brought t o  l i g h t  sane r a t h e r  

s u r p r i s i n g  f a c t s  concerning the  q u a l i t y  hprovement and cos t  reduct ion  

b e n e f i t s  t h a t  await  t h e  canple te  so lu t ion  of t h e  bas i c  engineering prob- 

lem of accu ra t e ly  r e l a t i n g  f ea tu res  and contours i n  manufactured p a r t s .  

This work has produced a concept and p r a c t i c a l  methods of implementation 

which have proven t o  be successfu l  toward solving t h i s  problem. 

8 



COCOM, A SYSTEMATIC APPROACH TO MEETING LOCATIONAL AND 
CONTOUR TOLERANCES I N  A CONSISTENT MANNER 

In t roduct ion  

A bas i c  funct ion of a l l  manufacturing e f f o r t s  i s  achieving the  proper 

match and f i t  of t he  ind iv idua l  piece parts t h a t  form a func t iona l  com- 

ponent or system of components. A fundamental problem i n  the  present  

methods of design d e f i n i t i o n ,  manufacturing, and inspec t ion  of t he  p iece  

parts i s  t h a t  t he  match and f i t  of the p a r t s  i s  based on sane a r b i t r a r i l y  

se l ec t ed  f e a t u r e  loca t ions  ( i . e . ,  da t a )  such as  plane i n t e r s e c t i o n s  and/or 

plane sur faces  ins tead  of on an a r r ay  comprised of a l l  the  f ea tu res  and 

contours  t h a t  i n t ima te ly  i n t e r f a c e  i n  the  assembly. A s i g n i f i c a n t  r e s u l t  

of t h i s  bas i c  problem i s  a d i f f i c u l t y  i n  maintaining throughout the produc- 

t i o n  sequence the proper loca t iona l  r e l a t i o n s h i p s  of f ea tu re s  (e .g . ,  

holes  , s l o t s ,  bosses ,  and t abs )  and contours  ( e  .g., edge conf igu ra t ions ,  

camming su r faces ,  and forms of r a t c h e t  t e e t h )  of the  mating p a r t s .  Present  

methods a l s o  r e s u l t ,  a t  inspec t ion  alone,  i n  r e j e c t i o n  of a l a r g e  percent- 

age of p iece  p a r t s  which a c t u a l l y  s a t i s f y  des ign  i n t e n t .  

The Coincident Coordinate Method (COCOM) was developed t o  b e t t e r  

achieve proper loca t iona l  r e l a t i o n s h i p s  and thus e l imina te  the  assoc ia ted  

i n e f f i c i e n c i e s  and incons i s t enc ie s  i n  the  present  design d e f i n i t i o n ,  

manufacture,  and in spec t ion  of p iece  p a r t s .  The COCOM concept i s  based on 

the  recogni t ion  t h a t  mating p a r t s  may be b e t t e r  matched and f i t t e d  by 

giving proper cons idera t ion  throughout production t o  the  a r r a y  of a l l  

those f e a t u r e  loca t ions  and contours t h a t  i n t ima te ly  i n t e r f a c e  with one 

another i n  the  assembly opera t ion .  
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Spec i f i c  a l l y ,  t he  COCOM obj ec t ives  a r e  : 

1. t o  provide a method fo r  spec i fy ing  a coord ina te  system 

and methods fo r  dimensioning and to le ranc ing  i n  t h a t  

system which a r e  c o n s i s t e n t  with the  way t h a t  mating 

p a r t s  f i t  and funct ion with one another i n  t h e i r  . 

assembly; 

2. t o  maintain t h a t  coordinate  system spec i f i ed  throughout 

manufacture of each p a r t  by assuring t h a t  t h i s  system 

i s ,  a s  much a s  poss ib l e ,  co inc ident  w i t h  one t h a t  i s  

def ined by t h e  d i r e c t i o n  of t r a v e l  of t he  "ways" of 

each machine used; and 

3 .  t o  provide a method fo r  transforming inspec t ion  d a t a  on 

t he  c h a r a c t e r i s t i c s  of these  p a r t s  t o  a coord ina te  

system i n  which, with regard to e r r o r  s t a t i s t i c s ,  t he re  

a re  known r e l a t i o n s h i p s  with those machine systems in 

which the  parts were produced, and which, as a r e s u l t ,  

a id s  i n  the  implementation of 2 above. 

These ob jec t ives  c o n s t i t u t e  the  essence of a method t o  be used 

throughout a t o t a l  production system. This r epor t  descr ibes  COCOM and t h e  

steps f o r  implementing it i n t o  a t o t a l  production system. Applicat ions of 

t he  method which have r e su l t ed  i n  increased product iv i ty  and reduced c o s t s  

a r e  discussed.  

Coincident Coordinate Method 

General Discussion 

In developing COCOM t he  underlying ob jec t ive  was t o  de r ive  a means by 

which f e a t u r e  and contour loca t ions  of var ious parts of an assembly could 

be r e l a t e d  t o  a s i n g l e  coord ina te  system. This e l h i n a t e s  d i f f i c u l t i e s  

inherent  i n  present p rac t i ces  t h a t  can r e s u l t ,  dur ing  design d e f i n i t i o n ,  



manufacture,  and i n s p e c t i o n  of p a r t s ,  because of t h e  use of a number of 

coord ina te  systems. In  present  methods o f  i n spec t ion ,  f o r  a m p l e ,  the 

COCOM o b j e c t i v e  i s  no t  being m e t  by r e fe renc ing  d i r e c t  measurements t o  

f e a t u r e s  o r  contours wi th in  t h e  p a r t  because t h e  l a t t e r ,  when used t o  

d e f i n e  a r e fe rence  frame f o r  tak ing  measurements, e x h i b i t  manufacturing 

e r r o r s  similar t o  those  be ing  measured. This s i t u a t i o n  r e s u l t s  i n  t h e  

p o s s i b l e  use of any number of coord ina te  systems whose o r i g i n s  and 

o r i e n t a t i o n s  r e l a t i v e  t o  each o t h e r  are unknown, much less t o  any s i n g l e  

coord ina te  system, and none of which i s  l i k e l y  t o  re la te  r e a l i s t i c a l l y  t o  

the  p o s i t i o n  of t h e  p a r t  a t  assembly. 

COCOM e s s e n t i a l l y  eliminates in spec t ion  d i f f i c u l t i e s  a r i s i n g  from t h e  

use o f  m u l t i p l e  coord ina te  systems by f i t t i n g  a unique coord ina te  system 

t o  an appropr ia te  a r r a y  of f e a t u r e  and/or contour l o c a t i o n s  i n  each of t h e  

ind iv idua l  manufactured p a r t s  comprising an assembly. Desired l o c a t i o n s  o f  

t hese  f e a t u r e s  and contours  are en tered  as input  t o  a mathematical model; 

l i kewise  measurements of t h e s e  l o c a t i o n s  obtained i n  sane a r b i t r a r y  co- 

o rd ina te  system a t  in spec t ion  are used as  i n p u t .  The model de r ives  a b e s t  

f i t  coord ina te  system i n  which d e v i a t i o n s  of d e s i r e d  from a c t u a l  l o c a t i o n s  

can be determined. This system i s  found by t r a n s l a t i n g  and r o t a t i n g  

des i r ed  and a c t u a l  l o c a t i o n s  r e l a t i v e  t o  one another u n t i l  sane measure o f  

f i t  i s  minimized. Use of t h e  mathematical model amounts t o  an implementa- 

t i o n  of Objective 3 o u t l i n e d  above; however, i t s  proper use ,  i n  t h e  COCOM 

c o n t e x t ,  depends on t he  p r i o r  implementation of Objectives 1 and 2 .  

Implementing Objec t ive  1 (Expressing Design I n t e n t )  -- In implement- 

ing Objec t ive  1, t h e  concept of proper f i t  and func t iona l  r e l a t i o n s h i p  of 

t h e  mating p a r t s  must be f i rmly  e s t ab l i shed .  Spec i f i c  i npu t s  f r an  t h e  

des igner  are : 

1. es tab l i shment  o f  a convenient coord ina te  system t h a t  i s  

not n e c e s s a r i l y  a s soc ia t ed  with any p a r t i c u l  ar f e a t u r e  

l o c a t i o n s  and/or contours  e x i s t i n g  i n  the  p i ece  p a r t  

i t s e l f  ( t h e  coord ina te  system used fo r  t h e  des ign  

layout f o r  a complete or p a r t i a l  assembly of p a r t s  can 

be used fo r  t h e  coord ina te  system f o r  each p iece  p a r t ) ;  
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2. d e f i n i t i o n  of a l l  f e a t u r e s  and contours of t h e  p a r t  

with r e s p e c t  t o  t h i s  s i n g l e ,  s e l ec t ed  system i n  t h e  

n o t a t i o n  of a n a l y t i c  geometry; 

3. i d e n t i f i c a t i o n  and to l e ranc ing  of those i n t e r f a c i n g  

p iece  pa r t  f e a t u r e s  and contours t h a t  are predaninant 

i n  determining f i t  a t  assembly; and 

4 .  t o1  e ranc ing  of t h e  remaining f e a t u r e s  and contours  , t h e  

u l t i m a t e  l o c a t i o n  of which w i l l  be  determined by t h e  

f i t  of t h e  predominant f e a t u r e s  i d e n t i f i e d  i n  3 above. 

Implementing Ob jec t ive  2 (Preserv ing  t h e  Design Coordinate System i n  

Manufacturing) -- Successfu l  implementation of Objec t ive  2 r e q u i r e s  

ma in ta in ing ,  throughout t h e  manufacturing ope ra t ions ,  as high a degree of 

coincidence as poss ib l e  with t h a t  s i n g l e  coord ina te  system es t ab l i shed  i n  

t h e  des ign  d e f i n i t i o n ,  i . e . ,  t h a t  r e f e r r e d  t o  i n  paragraph 1 above. 

Accordingly, manufacturing planning must a s su re  the  following: 

1. t h a t  genera t ion  of a l l  p a r t  f e a t u r e s  and contours on a 

s i n g l e  machine are done so t h a t  no adjustment of t h e  

i n i t i a l  se tup  is made during the  performance of 

success ive  ope ra t ions  ; and 

2 .  t h a t  some method i s  used t o  main ta in  coincidence with 

t h e  coord ina te  system of t h e  des ign  d e f i n i t i o n  when 

more than one machine i s  requi red  f o r  the  ope ra t ions .  

This can be done t o  s u f f i c i e n t l y  c l o s e  approximation by 

u t i l i z i n g  some r e s u l t s  from analyses  with t h e  

m a t  hem a t  i c  a1 bes t -  f i t  t ing  mod e l  which are f u r t h e r  

descr ibed  be 1 ow. 

Implementing Ob jec t ive  3 , ( R e l a t i n g  Inspec t ion  Resu l t s  t o  t h e  Co- 

o r d i n a t e  System of Manufacturing) -- Implementation of Objective 3 ,  

alluded t o  in  t h e  ear l ie r  in spec t ion  d i scuss ion ,  i s  achieved by means of 
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t h e  computer program c a l l e d  Coincident Coordinate Method Program (COCOMP) 

( see Reference 1) . 

This  program , among o the r  t h ings ,  provides  f o r  making c a l c u l a t i o n s  

with the  mathematical  model mentioned wherein d i s t a n c e s  between t h e  

predominant a c t u a l  and des i r ed  f e a t u r e  and/or contour l o c a t i o n s  are 

minimized i n  accordance with sane measure of f i t  i n  a b e s t  f i t  coord ina te  

system. Thus f a r ,  two measures of f i t  are being used. One of t hese  i s  the  

sun of  the squared d i s t a n c e s  between each of t he  a c t u a l  and des i r ed  

l o c a t i o n s  ( l e a s t  squares  approach, see References 2 and 3 ) .  The o the r  i s  

the  m a x i m u m  d i s t a n c e  between the  a c t u a l  and d e s i r e d  l o c a t i o n s  f o r  a l l  

predominant f e a t u r e s  (mini-max approach , see Reference 4 ) .  Any remaining 

f e a t u r e s  and contours  which do not  e n t e r  i n t o  the  f i t t i n g  c a l c u l a t i o n s  are 

transformed t o  the  same b e s t  f i t  coord ina te  system obtained.  

In COCOM, t h e  mini-max procedure i s  used only i n  a few except ional  

ca ses .  The least  squares  approach, on the o the r  hand, has  been r e l i e d  on 

almost exc lus ive ly ,  no t  only because it  employs a more gene ra l ly  accept- 

ab le  measure of f i t  bu t  a l s o  because it i s  more amenable t o  mathematical  

ana lys i s .  In what fol lows,  t h e r e f o r e ,  any d i scuss ion  o r  r e s u l t s  w i l l  be  

given with r e fe rence  t o  the least  squares  approach. 

Because of c e r t a i n  mathematical  p rope r t i e s  of t he  least  squares  

approach , COCOMP t ransforms inspec t ion  measurement d a t a  about l o c a t i o n s  of  

f e a t u r e s  and contours  of a s i n g l e  p a r t  t o  a coord ina te  system t h a t  i s  the  

most appropr ia te  one i n  which to  eva lua te  the  conformance of t h a t  p a r t  t o  

design i n t e n t .  For e x m p l e ,  t h e  averages of the  f e a t u r e  and contour Loca- 

t i o n s  taken over a number of p a r t s  (each i n  i t s  b e s t  f i t  coord ina te  

system) c l o s e l y  approximate the  corresponding l o c a t i o n s  i n  the  coord ina te  

system of t he  equipment on which they were generated.  S imi l a r ly ,  t he  

va r i ances  of  e r r o r s  between a c t u a l  and nanina l  p o s i t i o n s  can be r e l a t e d  

f o r  the  two systems. Thus, a l though the  COCOMP program may be  used only 

for  ,product  acceptance,  it a l s o  may be used f o r  eva lua t ions  of processes  

used t o  genera te  the  product ,  and t h i s  provides the  b e s t  measure of 

product conformance t o  des ign  i n t e n t .  Consequently , t he  implementation o f  
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t he  e n t i r e  COCOM concept provides a means fo r  evaluat ing the  t o t a l  des ign ,  

manufacturing, and in spec t ion  system. 

With t h i s  overview i n  mind, it i s  t imely  to  consider  t y p i c a l  proce- 

du res ,  i n  terms of a s i n g l e  p iece  p a r t ,  which i l l u s t r a t e  t he  general  appl i -  

c a t i o n  of the  COCOM concept and p r inc ip l e s .  

Typical Procedures Involved i n  COCOM-COCOMP Applicat ion 

Design D e f i n i t i o n  Procedures - General 

Figure 1 i s  an i l l u s t r a t i o n  of a piece p a r t  which may be considered 

f ran  a v a r i e t y  of viewpoints r e l a t i v e  t o  i t s  f i t  and funct ion i n  an assem- 

b l y  of undefined na tu re .  In present  design d e f i n i t i o n  p r a c t i c e s ,  t he  piece 

p a r t  r equ i r e s  es tabl ishment  of a "Datum-Datum Orient" o r  "Datum Reference 

Frame" i n  order  t o  manufacture and inspec t  the  p a r t .  Regardless of how 

t h i s  p a r t  may f i t  and funct ion i n  an assembly, it would be un l ike ly  t h a t ,  

by using e i t h e r  p r a c t i c e ,  p a r t i c u l a r  f e a t u r e  loca t ions  and/or contours  

could be spec i f i ed  on which t o  e s t a b l i s h  a coordinate  system t h a t  w i l l  

r e l a t e  r e a l i s t i c a l l y  t o  the  pos i t i on  of the  p a r t  a t  assembly. 

Figure 1. Example of Piece Par t  
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Figure 2 i s  a plan view of t he  pa r t  shown i n  Figure 1. The X and Y 
axes shown i n  Figure 2 i n  t he  COCOM approach were a r b i t r a r i l y  chosen f o r  

convenience. A t  t h i s  p o i n t ,  t hese  axes are not purposely assoc ia ted  with 

any f e a t u r e  loca t ion  e x i s t i n g  i n  t h e  p a r t  i t s e l f .  With t h i s  choice of 

axes ,  t he  COCOM process f i r s t  involves  descr ib ing  t h e  loca t ions  of a l l  

f ea tu re s  and contours i n  the  no ta t ion  of a n a l y t i c  geometry, -i.e.,  i n  terns 

of such parameters a s  t h e  X,Y coord ina tes  of f e a t u r e  axes ,  c e n t e r s  and 

r a d i i  of c i r c u l a r  a r c s ,  e t c .  In Figure 3 iden t i fy ing  symbols have been 

assigned t o  a l l  f e a t u r e s  and contours  i n  t h e  p a r t .  For example: 

P1,  P2, e t c . ,  r e f e r  t o  such f ea tu res  as hole  c e n t e r s ;  

L1, L2, e t c . ,  r e f e r  t o  s t r a i g h t  l i n e  contours;  and 

C1, C 2 ,  e t c . ,  r e f e r  t o  c i r c u l a r  a r c  contours .  

, 

Y 

Figure 2. Plan V i e w  of Piece P a r t  with 
X,Y Axes Establ ished 
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Y 

L11 L7 

L1 

Figure  3 .  Piece Pa r t  with Feature Axes and 
Contours I d e n t i f i e d  

For b r e v i t y ,  a c t u a l  va lues  of l o c a t i o n a l  parameters f o r  on ly  a few of 

t h e  f e a t u r e s  and contours from Figure 3 a r e  presented i n  t a b u l a r  form i n  

Table I. It should be noted he re  t h a t ,  r ega rd le s s  of t h e  form of t h e  

dimensioning on t h e  product drawing t h a t  may a t  f i r s t  be a v a i l a b l e ,  t h e r e  

are programs such as Automated Programmed Tools (APT) which w i l l  r e a d i l y  

convert  t h e  a v a i l a b l e  form t o  t h a t  requi red  by COCOM, i . e . ,  t h a t  ind ica ted  

i n  t h e  example of Table I. I f  t h e s e  programs are u t i l i z e d ,  i t  should not 



TABLE I 

Locat ional  Parameters fo r  Features  and Contours 
i n  Analyt ic  Geometry Notation 

COCOM DEFINITION 
Feature  Radius,  Slope, 

o r  Contour 
Designation 

Coordinates  o r  
X Y Para l le l  Axis 

P1 -1.100 0.500 
P2 -1.100 -0.760 
P3 1.050 -0.510 
P4 1.050 0.720 
P5 0.160 0.050 

L8* -0.170 0.100 1.732 
L9 0. 0.700 (XI 
L 10 -0.650 0. (Y 1 
L11 0 1.000 (XI 

c7 0.133 0.790 0.090 
C 8  -0.560 0.790 0.090 . 
c9 -1.050 0.680 0.300 

*Coordinates r e f e r  t o  a point  on the  l i n e  so t h a t  t he  point-  
s lope  formula may be used ( cons i s t en t  with APT) 

Descr ip t ion  of F i t  and Function by Examples -- Thus f a r ,  t he  se l ec -  

t i o n  of a coordinate  system, the  l abe l ing  of t h e  p a r t  f ea tu re s  and con- 

t o u r s ,  and the  expression of t he  a c t u a l  va lues  of l o c a t i o n a l  parameters 

has  been done i r r e s p e c t i v e  of t he  f i t  and func t ion  of t h e  p a r t .  In  t h e  

process of applying COCOM, t he  next  s t e p  i s  most important ,  namely, t h a t  

of i den t i fy ing  those  p a r t  f ea tu re s  and/or contours  which are predominant 

i n  terms of i n t ima te ly  i n t e r f a c i n g  with f ea tu res  and contours  on mating 

p a r t s  and which thus  e s t a b l i s h  t h e  u l t ima te  p o s i t i o n  of t h e  p a r t  a t  as- 

sembly. In  the  following examples, t h i s  process i s  i l l u s t r a t e d  by consider-  

ing t h r e e  d i f f e r e n t  a spec t s  of f i t  and func t ion  f o r  t h e  same p a r t ,  

In  the  f i r s t  example (F igure  41, t h e  p a r t  under cons ide ra t ion  (upper 

p a r t )  i s  t o  be mated with a s i m i l a r  p a r t  (lower p a r t ) .  Here t h e  u l t i m a t e  

pos i t i on  of t he  p a r t  a t  assembly w i l l  be mainly determined by the  compos- 
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i t e  of  t h e  dev ia t ions  of l oca t ions  i n  holes  P1, P2, P3, and P4 r e l a t i v e  t o  

t h e i r  s p e c i f i e d  loca t ions  on the  drawing. The reason fo r  t h i s  i s  t h a t  t h e  

des igner  has  s p e c i f i e d  a p res s  f i t  f o r  those  holes  and c learances  f o r  t h e  

remaining holes .  The unique bes t  f i t  coord ina te  system i n  which t h e  

l o c a t i o n s  of  a l l  f e a t u r e s  and contours  are evaluated is  t h a t  which mini- 

mizes t h e  measure of f i t  between the  a c t u a l  and the  d e s i r e d ' l o c a t i o n s  of  

P1, P2, P3, and P4. 

I 

Figure 4. 

In  the  second example (F  

Press  F i t  i n  Corner Holes 

gure 51, t he  p a r t  under cons ide ra t ion  (upper 

p a r t )  i s  a l s o  t o  be mated with a similar p a r t  (lower p a r t ) .  In  t h i s  ca se ,  

however, t h e  des igner  has spec i f i ed  a t i g h t  f i t  of t he  s h a f t  i n  hole  P5 

with c learances  f o r  t h e  remaining ho le s .  Thus, t he  freedom of  movement of 

t he  p a r t  i n  X and Y i s  r e s t r i c t e d ,  while the  o r i e n t a t i o n  of t he  pa r t  about 

t h e  s h a f t  ( i . e . ,  r o t a t i o n )  a t  assembly is  mainly determined by a composite 

of t he  dev ia t ions  of t h e  loca t ions  i n  the  remaining holes ,  P1 through P4 

and P6 through P10 r e l a t i v e  t o  t h e i r  spec i f i ed  loca t ions  on t h e  drawing. 

The b e s t  f i t  coord ina te  system i n  which the  loca t ions  of a l l  f e a t u r e s  and 

contours  are evaluated i s  t h a t  which minimizes the  measure of f i t  between 

the  a c t u a l  and des i r ed  loca t ions  of P1 through P4 and P6 through P10, 
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under t h e  r e s t r i c t i o n  t h a t  t h e  o r i g i n  of  t h i s  system i s  loca ted  a t  t h e  

a c t u a l  cen te r  of P5. (COCOMP inc ludes  the  c a p a b i l i t y  of determining t h e  

b e s t  f i t  system with t h i s  r e s t r i c t i o n . )  , 

Figure  5. Tight F i t  on Center Hole; 
Some Clearance On Other Holes 

In the  t h i r d  example (F igu re  6 ) ,  t he  p a r t  under cons ide ra t ion  (upper 

p a r t )  i s  t o  be f i t t e d  i n t o  the  inner  edge of t he  con ta ine r  (lower p a r t ) .  

In t h i s  case ,  the  des igner  has spec i f i ed  a c l o s e  f i t  between t h e  e x t e r n a l  

contours  of t h e  p a r t  and t h e  i n s i d e  contours  of t h e  con ta ine r .  While c l o s e  

f i t s  of t he  leads  t o  be mounted i n  t h e  p a r t  ho les  are a l s o  requi red ,  t h e r e  

i s  s u f f i c i e n t  f l e x i b i l i t y  i n  these  l eads  t o  a l low l a r g e r  e r r o r s  i n  t h e  

loca t ions  of t he  holes  than i n  the  p a r t  contours .  Here, t h e  u l t ima te  posi-  

t i o n  of  t h e  p a r t  a t  assembly w i l l  be determined mainly by t h e  composite of  

t he  dev ia t ions  of po in t s  along the  contours  (L1 through C12)  r e l a t i v e  t o  

t h e i r  spec i f i ed  l o c a t i o n s  on the  drawing. The b e s t  f i t  coord ina te  system 

i n  which the  loca t ions  of a l l  f e a t u r e s  and contours  are evaluated i s  t h a t  

which minimizes t h e  measure of f i t  between the  a c t u a l  and t h e  des i r ed  
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l o c a t i o n s  of po in t s  t h a t  bes t  c h a r a c t e r i z e  the  contours  of t h e  p a r t .  

(COCOMP a l s o  inc ludes  the  means by which t o  determine these  c h a r a c t e r i s -  

t i c  po in t s . )  

Figure 6. Close F i t ;  Cover t o  Container 

Of course,  i f  both holes  and contours are predominant i n  the  proper 

f i t  of t h e  example p a r t ,  then t h e  f i t t i n g  procedure would use input  d a t a  

pe r t a in ing  both t o  the  hole  loca t ions  and the  poin ts  t h a t  are charac te r -  

i s t i c  of t h e  contours .  

The most important concern of t h e  des igner  i s  t h a t  of preserving t h e  

i n t e g r i t y  of h i s  concept of f i t  and func t ion  of p iece  p a r t s  and assetebly 

throughout t h e  s t ages  of  des ign  d e f i n i t i o n ,  manufacture,  and inspec t ion .  

The t h r e e  examples above i l l u s t r a t e  not  only the  manner i n  which p iece  

p a r t s  w i l l  assemble with regard t o  predominant f ea tu re s  and contours ,  bu t  

a l s o  t h a t  t he  l a t t e r  may be r e a d i l y  i d e n t i f i e d .  With these  f ea tu res  and 

contours  i d e n t i f i e d  according t o  f i t  and func t ion  a t  assembly, it was 

shown t h a t  each s i t u a t i o n  produced i t s  own bes t  f i t  coordinate  system. 
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From these  examples and f o r  reasons given previously,  it should become 

c l e a r  t h a t  t h i s  system is  a much more appropr ia te  re ference  frame i n  which 

t o  preserve  design concept than those  p re sen t ly  used ( i . e . ,  Datum-Datum 

Orient o r  Datum Reference Frame). 

Up t o  t h i s  po in t ,  t he  sub jec t  of t o l e rances  has been avoided because 

it is  more properly covered i n  the  following d i scuss ion  of manufacturing 

processes .  

Manufacturing - General 

The p r o d u c i b i l i t y  of p a r t s  i s  c l o s e l y  assoc ia ted  with the  proper 

d i v i s i o n  among the  f e a t u r e  and contour loca t ions  of t he  t o t a l  allowable 

to le rances  of i n t e r f a c i n g  members. This d i v i s i o n  should always be 

considered i n  connection with the  r e l a t i v e  c a p a b i l i t i e s  of t he  manufac- 

t u r ing  equipment used t o  generate  the  var ious  types of f e a t u r e s  and con- 

tours  i n  the  pa r t s .  Before t r e a t i n g  the  subjec t  of t o l e rances ,  it would be 

well  t o  consider  how COCOM enhances these  c a p a b i l i t i e s  and how it  can 

r e l a t e  e r r o r s  i n  the  bes t  f i t  system t o  those made by the  manufacturing 

machines so t h a t  during manufacture t h e  design d e f i n i t i o n  coordinate  

system can, i n  a s t a t i s t i c a l  sense ,  be preserved. 

Enhancement of Machine C a p a b i l i t i e s  -- It was e a r l i e r  explained how 

the  taking of measurements with respec t  t o  a datum re fe rence  frame wi th in  

the  p a r t  r e s u l t s  i n  compounding manufacturing e r r o r s  pe r t a in ing  t o  the  

measured f ea tu res  with those of t he  datum fea tu res .  It i s  c l e a r  t h a t  t h e  

average e r r o r s  observed by t h i s  procedure can be expected t o  exceed those  

of t he  manufacturing equipment and would lead t o  the  erroneous conclusion 

t h a t  t he  equipment was less capable than i s  a c t u a l l y  t h e  case .  I n  the  same 

sense t h a t  t h i s  procedure produces an apparent degradat ion of t he  machine 

c a p a b i l i t y ,  COCOM has the  opposi te  e f f e c t .  Depending upon the  number of 

predominant f ea tu res  t h a t  a r e  entered i n t o  the  mathematical model, t h e  

average e r r o r s  i n  the  b e s t  f i t  system can be expected t o  be less than 

those of t he  manufacturing equipment. This e f f e c t i v e  reduct ion  i n  e r r o r s  

may be viewed as an enhancement of machine c a p a b i l i t y  and is  b a s i c a l l y  the 
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r e s u l t  of compensations among random e r r o r s  made by t h e  equipment i n  plac- 

ing  t h e  f e a t u r e s .  

Analysis with t h e  mathematical model used i n  f ind ing  t h e  bes t  f i t  co- 

o r d i n a t e  system ( l e a s t  squares  measure) f o r  t h e  predominant f ea tu re s  of a 

p a r t  provides t h e  means by which t o  show q u a n t i t a t i v e l y  t h e  enhancement 

achieved ( s e e  Reference 3 ) .  From t h e  r e s u l t  of t h e  a n a l y s i s ,  i f  (Xi, Y i ) ,  

i =  1, 2 .... N are t h e  des i r ed  loca t ions  of t h e  f e a t u r e s  and 

oi i s  t h e  s tandard dev ia t ion  of t he  e r r o r  made by the  machine i n  

p lac ing  t h e  coord ina te  of t h e  i t h  f e a t u r e  ( e i t h e r  i n  t h e  X o r  Y 

d i r e c t i o n )  with respec t  t o  the  des i r ed  l o c a t i o n ,  

while 

I 
a i i s  t h e  s tandard  dev ia t ion  of t h e  corresponding e r r o r  as measured 

i n  t h e  bes t  f i t  system, 

t h  

a l l  t he  coord ina tes  ( i n  a l l  poss ib le  cases)  i s  given by 

i f  oi is cons tan t  f o r  a l l  i , an upper bound on t h e  r a t i o  Oi/oi f o r  

and t h e  root  mean square va lue  (rms) of fo r  a l l  of t he  coord ina tes  

of t he  predominant f e a t u r e s  i s  given t o  a very  high order  of accuracy by 

Both t h e  upper bound and t h e  average are p lo t t ed  i n  Figure 7. 

* 
The accuracy i s  a r e s u l t  of t he  f a c t  t h a t  ai i s  of an o r Y a  o 

magnitude l e s s  than  0.001 in .  f o r  most t y p i c a l  machines. 
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Figure 7 .  COCOM Enhancement of Machine C a p a b i l i t i e s  

Clear y, the  r a t i o  Oi/Oi is  a measure of t he  enhancement of t h e  

inherent  machine c a p a b i l i t y .  For example, f o r  N = 9 t h e  s tandard dev ia t ion  

of the  coordinate  e r r o r  i n  t h e  bes t  f i t  system i s  no more than 0.95 times 

t h a t  of t he  machine. For t h e  same value of N i t  i s  seen t h a t  t he  root  mean 

square va lue  of coord ina te  e r r o r  i s  only 0.92 t i m e s  t h a t  of t h e  machine. 

Mathematical expressions (1) and (2) were derived under t h e  assump- 

t i o n  t h a t  some t r u e  ( cons t an t )  va lue ,  oi, e x i s t s  f o r  t h e  machine 

c a p a b i l i t y .  It should be c l e a r  t h a t  estimates f o r  t h i s  value can be 

obtained from Equation ( 2 )  i f  some es t imate  f o r  Oi i s  a v a i l a b l e .  It w i l l  

be shown la te r  how such an estimate can be obtained.  

Preserving Design Coordinate System - Sing le  Machine -- It w i l l  be 

r eca l l ed  t h a t  i n  the  COCOM system a l l  p a r t  f ea tu re s  and contours  generated 

on a s i n g l e  machine a r e  so done t h a t  no adjustment of t h e  i n i t i a l  machine 

s e t t i n g  i s  made during the  performance of success ive  ope ra t ions .  It W i l l  

a l s o  be recognized t h a t  t h i s  procedure i s  cont ra ry  t o  cu r ren t  p r a c t i c e  i n  

t h a t  in te rmedia te  manufacturing da ta  are normally used even though they 
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are not  ind ica ted  as such on t h e  drawing. The advantages of performing a l l  

ope ra t ions  i n  t h e  i n i t i a l  machine s e t t i n g  w i l l  now be d iscussed .  

I n  any manufacturing s i t u a t i o n ,  t h e r e  are e s s e n t i a l l y  t h r e e  ways t o  

make p a r t s :  

1. f a b r i c a t e  t h e  p a r t  d i r e c t l y  on some machine such as a m i l l i n g ,  

d r i l l i n g ,  o r  boring machine ( t h i s  approach involves  d i r e c t  

ope ra to r  c o n t r o l ) ;  

2. f a b r i c a t e  t h e  p a r t  on t h e  same type of machine ind ica ted  above, 

except t h a t  t he  con t ro l  i s  maintained by same kind of numerical ly  

con t ro l l ed  system; o r  

3 .  f a b r i c a t e  t h e  p a r t  by means of  in te rmedia te  t o o l i n g ,  such as a 

stamping d i e ,  wherein t h e  in te rmedia te  too l ing  i t s e l f  i s  f i r s t  

f ab r i ca t ed  on a machine t o o l ,  such as a jig b o r e r ,  j i g  g r inde r ,  

o r  e l e c t r i c a l  d i scharge  machine. 

Since t h e  method indica ted  i n  (3)  above encompasses t h e  g r e a t e r  span 

of manufacturing complexi t ies ,  i t  w i l l  be used t o  demonstrate t he  advan- 

t ages  of complete f a b r i c a t i o n  i n  a s i n g l e  coord ina te  system without ad jus t -  

ment of t he  machines used t o  f a b r i c a t e  the  in te rmedia te  too l ing .  This i s  a 

t y p i c a l  s i t u a t i o n  i n  which t h e r e  i s  s u b s t a n t i a l  evidence t o  support  t h e  

conten t ion  t h a t  only a s i n g l e  coord ina te  system should be used; namely, 

t h a t  obtained with t h e  i n i t i a l  s e t t i n g  of t he  machine t o o l .  

Suppose it i s  requi red  t o  f a b r i c a t e  a d i e  set t o  produce escapement 

p la tes ,  each with a p a t t e r n  of 9 ho le s ,  i n  which the  p o s i t i o n a l  t o l e rance  

of each hole  i s  0.001 i n .  diameter .  Past  experience with COCOM i n d i c a t e s  

t h a t  t he  s tandard  dev ia t ion  of t h e  e r r o r  made by t h e  j i g  borer  i n  placing 

t h e  holes  i n  t h e  d i e  i s  approximately 0.00007 i n .  The s tandard dev ia t ion  

of t h e  e r r o r  made by t h e  ensuing stamping process  i n  p lac ing  t h e  holes  i n  

any p a r t  while using t h e  d i e  i s ,  again from experience with COCOM, approx- 

imate ly  0.0001 i n .  



Tool prove-in, i . e . ,  v e r i f i c a t i o n  of t he  d i e  c a p a b i l i t y  t o  produce 

p a r t s  t o  p r i n t  t o l e rances ,  c o n s i s t s  o f  measuring and eva lua t ing  the  con- 

formance of t h e  f i r s t  15 p ieces  made with t h e  d i e .  

Figure 8 i s  a drawing of t he  d i e  with i t s  9-hole p a t t e r n .  Also shown 

i n  t h e  f i g u r e  i s  a diagram which shows what i s  meant by the  p o s i t i o n a l  

to le rance  of  t he  hole  loca t ion  given above. 

t-- 

0.0005 in. Tolerance Radii for all 

Hdes in Finish4 Part 

Desired Center, Each M e  - 

0.0002 in. Tolerance Radii for all 
Die Features 

7 
1 - n  

I I 
3(0()avg, of the 

Stamping Process 

Y 

-1 
-Y 
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Figure 8. Schematic of Stamping D i e  f o r  9-Hole P a t t e r n  
- Escapement Plate 

Even though the  p o s i t i o n a l  t o l e rance  of 0.001 i n .  diameter i s  with- 

out  regard t o  any p a r t i c u l a r  f e a t u r e  loca t ions  wi th in  the  hole  p a t t e r n ,  

suppose t h a t  t he  d i e  manufacturer e l e c t s  t o  s e l e c t  ho le  (1) as an intcr-  
mediate manufacturing datum, and ho le  (2) as  a corresponding datum o r i e n t .  

It should be noted t h a t  t he  l o c a t i o n a l  t o l e rance  of t h e  d i e  f e a t u r e s  must  
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be maintained wi th in  r a d i i  of 0.0002 i n .  i n  order  t h a t  t he  v a r i a b i l i t y  of 

t he  stamping process w i l l  not cause loca t ions  of any of t he  holes  i n  t h e  

p a t t e r n  t o  exceed t h e i r  r e spec t ive  0.001 i n .  diameter p o s i t i o n a l  t o l -  

erance.  

P a r t i c u l a r  note  should be given t o  the  f a c t  t h a t  adjustment of t h e  

machine t o o l  axes t o  a new l o c a t i o n ,  such as the  datum o r  t h e  datum- 

o r i e n t ,  does not a f f e c t  t he  v a r i a b i l i t y  of the  loca t ions  of the  holes  t h a t  

w i l l  be generated subsequent t o  the  adjustment;  i n  t h i s  example, ho le s  ( 3 )  

through ( 9 ) .  Furthermore, t he  v a r i a t i o n  i n  X f o r  datum-orient ho le  ( 2 )  

w i l l  not be a f f e c t e d .  Thus, the  only b e n e f i t  achieved by such adjustment 

i s  a poss ib l e  reduct ion  i n  both the  X and Y v a r i a t i o n s  f o r  ho le  (1) and i n  

the  Y v a r i a t i o n  for  ho le  ( 2 ) .  

Since the  mechanics of these  adjustments are time consuming, r e q u i r e  

g r e a t  opera tor  s k i l l ,  and are fraught  with oppor tun i t i e s  fo r  e r r o r ,  i t  has  

been found t h a t  the  small advantage t o  be gained,  i . e . ,  a poss ib l e  reduc- 

t i o n  i n  the  v a r i a b l e  i n  3 coord ina tes  out  of 18, i s  not worth the  e f f o r t  

and r i s k .  In f a c t ,  a s u b s t a n t i a l  amount of experimental  evidence e x i s t s  

which i n d i c a t e s  t h a t  t h e  adjustment of t h e  machine coord ina te  system 

inc reases  r a t h e r  than reduces the  o v e r a l l  e r r o r .  

Preserv ing  Design Coordinate System - Mult iple  Machines -- The 

p r i n c i p l e s  discussed above with regard t o  opera t ions  involving a s i n g l e  

machine a l s o  apply t o  any add i t iona l  opera t ions  which may have t o  be 

performed on o ther  machines. 

In  d iscuss ing  the  implementation of Objective 2, i t  was s t a t e d  t h a t  a 

method be used t o  maintain a high degree of coincidence with the  design 

d e f i n i t i o n  coord ina te  system when more than one machine i s  requi red .  It 

was a l s o  ind ica ted  t h a t  t h i s  could be done t o  a s u f f i c i e n t l y  c lose  approx- 

imation by use of the  mathematical bes t  f i t  model. 

It was seen i n  Figure 7 t h a t  as N i nc reases ,  t h e  r a t i o  of t h e  

s tandard  dev ia t ion  i n  the  bes t  f i t  system t o  t h a t  i n  the  machine system 

( i . e . ,  D{/Di) approaches 1. This implies  t h a t  as N i nc reases ,  the  bes t  f i t  
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and t h e  machine coord ina te  systems approach coincidence i n  t h e  sense t h a t  

e r r o r s  i n  the  two systems w i l l ,  on the  average, be t h e  same. Thus, i f  a 

l a r g e  number of f e a t u r e  l o c a t i o n s  were used i n  t h e  b e s t  f i t t i n g  proce- 

dure ,  average e r r o r s  i n  t h e  coord ina tes  of a l l  t h e  f e a t u r e s  and contours  

i n  t h a t  system would be very  n e a r l y  equal t o  those  i n  t h e  o r i g i n a l  machine 

system. E f f e c t i v e l y ,  then,  with a l a r g e  enough N t h e  machine coord ina te  

system can be recovered i n  a s t a t i s t i c a l  sense .  

In  any event ,  as has been r e i t e r a t e d  seve ra l  times, t he  most appro- 

p r i a t e  coord ina te  system t o  use  when changing from one machine t o  another  

i s  j u s t  t h a t  bes t  f i t  system corresponding t o  N, whatever i t s  va lue .  That 

i s  t o  say,  i f  e i t h e r  a l a r g e  o r  small number of predominate f e a t u r e s  are 

placed i n  a p a r t  on one machine, then  t h e  b e s t  r e fe rence  frame t o  use with 

a succeeding machine i s  t h e  b e s t  f i t  system obtained by using t h e  d a t a  f o r  

t hese  f e a t u r e s  i n  t h e  mathematical  model. 

The manner i n  which t h e  b e s t  f i t  coord ina te  system i s  "recovered" i n  

the  a c t u a l  p r a c t i c e  of switching from one machine t o  another  can be i l l u s -  

t r a t e d  by an example. Suppose t h a t  on ly  t h e  d i e  f e a t u r e s ,  which w i l l  be 

used t o  genera te  the  holes  fo r  t he  p a r t  shown i n  F igure  8, have been com- 

p l e t ed  on a j i g  bo re r .  It i s  now necessary  t o  t r a n s f e r  t h e  incomplete d i e  

t o  a j i g  gr inder  t o  genera te  t h e  contour po r t ion  of t h i s  t o o l i n g .  The 

problem i s  one of l o c a t i n g  t h i s  work p iece  i n  t h e  coord ina te  system of t h e  

j i g  g r inde r  so t h a t  t h i s  l a t t e r  system corresponds as c l o s e l y  as poss ib l e  

t o  t h a t  bes t  f i t  system of t h e  incomplete d i e  as der ived by using only  t h e  

loca t ions  of t he  four predominant ho les  f o r  input  t o  the  mathematical  

model. 

Figure 9 i s  a ske tch  of an assembly composed of j i g  g r inde r  t a b l e  

mounted with a s m a l l  angle  d i v i d e r .  The coord ina te  system ind ica t ed  i s  

t h a t  of t h e  machine t a b l e  and small angle  d i v i d e r  superimposed on one 

another .  Figure 10 shows the  incomplete d i e  with i t s  des ign  coord ina te  

system ind ica t ed .  A t  t h i s  po in t  t h e  procedure is  t o  l o c a t e  t h e  d i e  on t h e  

j i g  gr inder  assembly so t h a t  t h e  coord ina te  system of t h e  la t ter  co inc ides  

roughly with t h e  des ign  coord ina te  system of  t h e  d i e .  Measurements of ho le  

cen te r  l oca t ions  are next obtained by u s i n g  the  measuring f a c i l i t i e s  i n  
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t h e  aachine.  These measurements, along vitb t h e i r  draving auminals (i.e., 

t h e i r  des i red  loca t ions ) ,  are then used as input  t o  t he  l a t h e c a t i e a l  

d e l .  Phe output from the  d e l  provides the t r a n s l a t i o n  parameters (h 
fo r  x d i r e c t i o n ,  k fo r  y d i r e c t i o n )  and a r o t a t i o n a l  palellreter (9 )  t h a t  

can be used t o  a d j u s t  t h e  machine su t h a t  the des i r ed  coincidence of the 
j ig  gr inder  coordinate  system v i t h  t h e  best f i t  system for the incoslplete 

d i e  i s  achieved. 

Y 

Figure 9 .  Schematic of Spill h g l e  Divider &rmted on Jig 
Grinder Table 

Figure 10. S:r,ematic of Incomplete S t m p h g  Die 



I n  c o n t r a s t  with t h e  adjustments requi red  i n  t h e  use of t h e  datum- 

datum o r i e n t  prev ious ly  d i scussed ,  those  requi red  i n  t h e  above example can 

be  made with a g r e a t  d e a l  more accuracy f o r  t h e  following reasons :  

1. t h e  adjustments are made on t h e  b a s i s  of averaging out  both 

a c t u a l  l o c a t i o n a l  e r r o r s  and measurement e r r o r s  over a 

s u b s t a n t i a l  number of po in t s ;  and 

2 .  t h e  procedures involved r e q u i r e  much l e s s  s k i l l  and fewer 

judgements on t h e  p a r t  of t h e  o p e r a t o r ,  and thus  are much less 

sub jec t  t o  e r r o r  from t h i s  source .  

Proper Div is ion  of Tolerances -- As i nd ica t ed  previous ly ,  i t  was 

necessary  t o  d e f e r  t h e  sub jec t  of proper d i v i s i o n  of t o l e r a n c e s  u n t i l  t h e  

m a t t e r s  of process c a p a b i l i t y  enhancement and des ign  d e f i n i t i o n  coord ina te  

sys t em p rese rva t ion  during manufacturing were completed. With t h e s e  

ma t t e r s  now covered, it is  t imely t o  d i s c u s s  t h i s  s u b j e c t .  

I n  order  t o  make a proper d i v i s i o n  of t o l e rances  f o r  t h e  manufacture 

of a p a r t i c u l a r  p a r t ,  i t  i s  f i r s t  necessary t o  have a reasonably good 

e s t ima te  of t h e  c a p a b i l i t i e s  of t h e  machines t h a t  are t o  be used i n  

genera t ing  t h e  f e a t u r e s  and contours i n  t h e  p a r t .  Present methods o f  

des ign  d e f i n i t i o n ,  manufacture, and in spec t ion  preclude obta in ing  such 

reasonably good e s t ima tes  because of t h e i r  f a i l u r e  t o  preserve a known 

r e l a t i o n s h i p  with t h e  o r i g i n a l  des ign  d e f i n i t i o n  coord ina te  system 

throughout t hese  phases of production ( aga in  i n  a s t a t i s t i c a l  s e n s e ) .  

On t h e  o the r  hand, i n  COCOM t h e  necessary  r e l a t i o n s h i p  with t h e  

des ign  coord ina te  system is  always assured t o  a high l e v e l  of approxi- 

mation. As a r e s u l t  i t  i s  poss ib l e  t o  o b t a i n  estimates of t h e  c a p a b i l i t i e s  

of t he  machines being used. Suppose, f o r  example, k p a r t s  with N f e a t u r e s  

on each p a r t  were made by some machine, and t h a t  measurements (g i ,  Yi) 

were obtained fo r  t h e  loca t ions  of t h e  f e a t u r e s  on each p a r t .  These 

A 
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measurements can be en tered  along with t h e i r  corresponding nominals 

(Xi, Yi) i n t o  the  mathematical model t o  ob ta in  bes t  f i t  coord ina tes ,  (Xi  

$;), i = 1 through N, f o r  each p a r t .  With these  d a t a ,  an estimate, 

(a;)ms, f o r  t h e  root  mean square va lue  of e i t h e r  t he  X o r  Y coor- 

d i n a t e s  can be obta ined;  with t h i s ,  a corresponding estimate, oi, f o r  t h e  

machine c a p a b i l i t y  can be obtained by s u b s t i t u t i o n  of t he  egtimate f o r  

(a;),, i n t o  Equation ( 2 )  as r e f e r r e d  t o  i n  connection with Figure 7 t o  

g ive  : 

A, 

Of course,  over a period of t i m e ,  more es t imates  of t h i s  kind can be 

obtained from d i f f e r e n t  jobs on t h e  same machine and t h e s e  can be pooled 

t o  g ive  an inc reas ing ly  more accura te  estimate f o r  t he  t r u e  va lue ,  ai, f o r  

t he  s tandard dev ia t ion  of the  machine. It fol lows,  then ,  t h a t  with the  

improved estimates of  ai, Equation (2)  becomes an inc reas ing ly  mole re- 

l i a b l e  p red ic to r  of t h e  root  mean square va lue ,  ( o : ) ~ ~ ,  i n  t h e  bes t  f i t  
sys tem f o r  p a r t s  with varying number of predominant f ea tu re s  and contours .  

A necessary  condi t ion  f o r  making a r e a l i s t i c  apportionment of t he  

t o t a l  a l lowable to l e rances  among a l l  t he  f e a t u r e s  and contours  of p a r t s  

making up a complete o r  p a r t i a l  assembly i s  t h a t  a known r e l a t i o n s h i p  with 

the  design layout  coord ina te  system be maintained throughout t h e  des ign  

d e f i n i t i o n ,  manufacturing, and inspec t ion  phases of product ion.  Because of 

t he  unce r t a in ty  i n  t h i s  r e l a t i o n s h i p  t h a t  e x i s t s  i n  cu r ren t  p r a c t i c e ,  i t  

i s  necessary t o  compensate by reducing t h e  o v e r a l l  t o l e rance  allowance. 

This can r e s u l t  i n  t h e  imposi t ion of unnecessary r e s t r i c t i o n s  i n  

manufacturing. 

In  c o n t r a s t  with t h i s ,  it has a l ready  been emphasized t h a t  with COCOM 

a known s t a t i s t i c a l  r e l a t i o n s h i p  with the  design layout  coord ina te  system 

i s  always maintained.  This obvia tes  t he  need f o r  t h e  compensations and 

e l imina te s  the  poss ib l e  r e s t r i c t i o n s  assoc ia ted  with cu r ren t  p r a c t i c e .  
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I f ,  f o r  each set of  i n t e r f a c i n g  f ea tu res  and contours ,  a r ea l i s t i c  

va lue  fo r  the  t o t a l  t o l e rance  i s  obta ined ,  then i t s  apportionment among 

these  f e a t u r e s  and contours  may be considered.  With any product ion system, 

the  e f f i c i e n c y  of t he  processes  used i n  making p a r t s  w i l l  depend upon 

making t h a t  apportionment with due regard f o r :  

1. an appra i sa l  of p o t e n t i a l  processes  having the  inherent  

c a p a b i l i t i e s  which are cons i s t en t  with t h e  o v e r a l l  t o l e rance  

requirements ; 

2. t h e  r e l a t i v e  process c a p a b i l i t i e s  t h a t  p e r t a i n  t o  the  types of 

f ea tu re s  and contours  involved;  and 

3. t h e  r e l a t i o n s h i p s  between predominant and o the r  c l a s s e s  of  

f ea tu re s .  

It i s  suggested t h a t  on ly  by using COCOM can due regard t r u l y  be 

given t o  i t e m s  1, 2, and 3. The reasons for  t h i s  have a l ready  been pointed 

out i n  the  previous d i scuss ions  ; t h a t  i s ,  with o the r  product ion systems, 

adequate knowledge of process c a p a b i l i t i e s ,  r e l a t i o n s h i p s  among reference  

frames f o r  piece p a r t s ,  e t c . ,  is l ack ing .  

While proper cons ide ra t ion  of t hese  items would be e s s e n t i a l  t o  

optimizing the  implementation of  COCOM, it  would be d i f f i c u l t  t o  d i scuss  

them i n  a general  way because each s i t u a t i o n  presents  unique problems with 

var ious  poss ib le  s o l u t i o n s .  The d iscuss ion  presented ,  however, emphasizes 

the  need f o r  c lose  cooperat ion among those involved w e l l  before  t h e  design 

d e f i n i t i o n  becomes f i rm.  

Inspec t ion  
1 

General ly ,  i n  present  p r a c t i c e s  in spec t ion  of  product i s  performed 

only on the  b a s i s  of what is  observed i n  t h e  p a r t  presented t o  t h e  

in spec to r s  as compared with s p e c i f i c a t i o n s  on the  p a r t  drawing. Likewise, 

production too l ing  is  inspected only with regard t o  what i s  observed i n  
the  too l ing  as compared with s p e c i f i c a t i o n s  on the  too l  drawing. Obviously 
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t h i s  p re sen t s  a problem i n  t ry ing  t o  re la te  in spec t ion  o f  t he  pa r t  t o  t he  

in spec t ion  of t h e  too l ing  from which i t  was made. 

The datum-datum o r i e n t  method (one of  t he  two p r i n c i p l e  methods now 

i n  use)  o s t e n s i b l y  provides  a means o f  circumventing t h i s  problem because 

i t  does main ta in  a common reference  frame f o r  dimensioning and to l e ranc ing  

of both p a r t s  and t o o l i n g .  However, t h i s  s i n g l e  v i r t u e  of  t h i s  method i s  

overshadowed by i t s  d e f i c i e n c i e s  , a l ready  noted , which are:  

1. f a i l u r e  t o  d e f i n e  pa r t s  i n  a manner t h a t  is  cons i s t en t  with t h e i r  

f i t  and func t ion  a t  assembly, 

2 .  f a i l u r e  t o  maintain a known r e l a t i o n s h i p  with the des ign  

coord ina te  system dur ing  manufacture and t h e  d i f f i c u l t y  and c o s t  

involved i n  ad jus t ing  t o  datum f e a t u r e s ,  and 

3 .  f a i l u r e  t o  inspec t  product i n  a coordinate  system t h a t  has a 

known r e l a t i o n s h i p  t o  the  design d e f i n i t i o n .  (E r ro r s  i n  proper ly  

"picking up" on datum fea tu res  have been found t o  be compounded 

by e x i s t i n g  e r r o r s  i n  o ther  fea tures . )  

The a l t e r n a t e  t o  dimensioning and to le ranc ing  which was intended t o  

circumvent the  problem, i s  descr ibed i n  ANSI-Y 14.5-1973 (American 

National Standard Engineering Drawing and Related Documentation 

P r a c t i c e s ) .  This method i s  cha rac t e r i zed  by the  use o f  o p t i c a l  c h a r t s  o r  

f ixed  gages f o r  the inspec t ion  of p a r t s ,  but i t  conta ins  no prescr ibed 

approach f o r  dimensioning and to le ranc ing  and the re fo re  , f o r  t h e  

in spec t ion  o f  t o o l s  and gages used in product ion.  As a consequence of t he  

l a t t e r  omission, t he  dimensioning , t o l e ranc ing ,  and inspec t ion  o f  t o o l s  

and gages a re  done by the  use of the datum-datum o r i e n t  procedures.  I 

Obviously, with t h i s  a l t e r n a t e  method the  fundamental problem o f  r e l a t i n g  

in spec t ion  of p a r t s ,  t o o l s ,  and gages has  not been reso lved .  

It has  been suggested t h a t  t h i s  problem with t h e  ANSI  1 4 . 5  procedure 

could be solved by r e t a i n i n g  the gaging methods f o r  inspec t ion  and 

p a r t i a l l y  adopting t h e  COCOM concept by using i t  f o r  t he  dimensioning, 
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t o l e ranc ing ,  and in spec t ion  of t o o l s  and gages.  Although t h i s  approach i s  

c e r t a i n l y  f e a s i b l e ,  experimental  evidence has  shown t h a t  it would be f a r  

more e f f i c i e n t  t o  use the  t o t a l  COCOM concept by inc luding  it i n  the  

in spec t ion  func t ion  as w e l l ;  t h a t  i s ,  t o  e l imina te  gages e n t i r e l y .  

In  the  use of COCOM, t he  in spec t ion  func t ion  is  a c t u a l l y  included i n  

the  eva lua t ion  of t he  too l ing  used i n  t h e  production process .  It w i l l  be 

r e c a l l e d  from a previous example t h a t  the  t o o l  prove-in of  a d i e  used t o  

produce escapement p l a t e s  with 9-hole p a t t e r n s  cons is ted  of analyzing 

measurement da t a  on 15 product ion p a r t s .  This ana lys i s  involves  computa- 

t i o n  of averages and s tandard dev ia t ions  of corresponding measurement d a t a  

obtained over t h i s  sampling of p a r t s  a f t e r  each ind iv idua l  d a t a  set has  

been subjected t o  t h e  b e s t  f i t  mathematical procedure. The r e s u l t s  of t h i s  

a n a l y s i s  revea l  the  following: 

1. t h e  average va lues  fo r  f e a t u r e  loca t ions  accu ra t e ly  r e f l e c t  any 

e r r o r s  involved i n  the  loca t ions  of f e a t u r e s  i n  the  d i e  a s  

f ab r i ca t ed  by the j i g  bo re r ,  thus  e l imina t ing  the  need f o r  d i r e c t  

inspec t ion  of t he  t o o l i n g ;  and 

2. t h e  averages and t h e i r  corresponding s tandard dev ia t ions  toge ther  

provide the  necessary information with which t o  eva lua te  t h e  

conformance of t he  production p a r t s ,  thus supplant ing the  

inspec t ion  by gages and e l imina t ing  t h e i r  need e n t i r e l y .  

Findings Derived Through Trial  Applicat ions of  COCOM 

COCOM has  been appl ied t o  a v a r i e t y  of p iece  p a r t  and subassembly 

conf igura t ions  ; f o r  example, mounting p l a t e s  and housings f o r  gear t r a i n s ,  

t iming mechanisms, and snap a c t i o n  mechanisms; escapement wheels and 

p a l l e t s ;  d r iv ing  and holding pawls; cams and cam fo l lowers ;  r o t a t i n g  and 

s t a t i o n a r y  pr in ted  c i r c u i t  boards fo r  switching mechanisms; ar t  work and 

matching hole  p a t t e r n s  i n  

e t ch ing ;  and mating p a r t s  

p r in t ed  wiring board panels  before  and a f t e r  

of e l e c t r i c a l  connectors .  
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These items of  product were f ab r i ca t ed  by a wide range of processing 

methods such as machining, blanking,  and molding. Many items of product 

were def ined with regard t o  cu r ren t  dimensioning and to le ranc ing  p r a c t i c e s  

and then  f ab r i ca t ed  and inspected accordingly.  This s i t u a t i o n  not only 

provided an oppor tuni ty  t o  eva lua te  COCOM over a wide band of product 

conf igu ra t ions  and methodology but  a l s o  afforded many oppor tun i t i e s  t o  

compare t h e  r e s u l t s  of  t h i s  method t o  those obtained i n  cu r ren t  p r a c t i c e s .  

The na tu re  of t hese  app l i ca t ions  and genera l  d e s c r i p t i o n s  of t he  

f ind ings  t h a t  were der ived are as fol lows.  

1 .  Reappraisals  of r e j e c t e d  material t h a t  had been def ined ,  
manufactured, and inspected according t o  cu r ren t  p r a c t i c e s  

Before reappra is ing  material of t h i s  k ind ,  i t  was necessary 

t h a t  the  f e a t u r e  loca t ions  and contours  be redefined i n  accord- 

ance with the  COCOM approach. 

In  the  ma jo r i ty  of these  cases ,  t he  ensuing r e a p p r a i s a l s  

r e s u l t e d  i n  the  acceptance of products formerly r e j e c t e d .  In t h e  

remaining cases ,  these  r e a p p r a i s a l s  i nva r i ab ly  revealed s p e c i f i c  

processing d e f i c i e n c i e s  t h a t  came i n t o  sharp focus when t h e  

in spec t ion  d a t a  were transposed t o  the  bes t  f i t  coord ina te  system 

by the  COCOM approach. Had COCOM been followed a t  f i r s t  p iece  

in spec t ion ,  t hese  d e f i c i e n c i e s  would have been de tec ted  and 

cor rec ted  a t  t h a t  s t age  of production. The nonconformance i n  t h e  

product ion l o t s  assoc ia ted  with l o c a t i o n s  of f ea tu re s  and 

contours  could thereby have been e n t i r e l y  precluded. 

2.  Process c a p a b i l i t y  s t u d i e s  on f e a t u r e  pos i t i on ing  and contour 
Dro f i l i ng  Drocesses 

Process c a p a b i l i t y  s t u d i e s  performed by COCOM revealed t h a t  

a l l  f e a t u r e  pos i t i on ing  and contour p r o f i l i n g  processses  were 

s u b s t a n t i a l l y  more accura te  and p rec i se  than ind ica ted  by 

corresponding analyses  of measurements referenced from datum 

f e a t u r e s ,  plane i n t e r s e c t i o n s ,  and/or plane su r faces .  
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The process spread determined through analyzing measurement 

d a t a  from datum fea tu res  and contours was never less than 1.5 
times t h a t  obtained through analyzing raw measurement d a t a  by 

COCOM. In f a c t ,  t hese  r a t i o s  f requent ly  exceeded 10 o r  more. 

These r e s u l t s  thoroughly a f f i rm t h a t  t he  b i a ses  and v a r i a b i l -  

i t i e s  observed as  a r e s u l t  of present  process c a p a b i l i t y  study 

p r a c t i c e s  a r e  l a r g e l y  a func t ion  of cu r ren t  des ign  d e f i n i t i o n ,  

manufacturing, and inspec t ion  p r a c t i c e s  r a t h e r  than of t he  

inaccuracy and imprecision of the manufacturing processes .  

Process c a p a b i l i t y  s t u d i e s  made by the  COCOM approach were 

also performed with a view t o  fo recas t ing  performance fo r  

an t i c ipa t ed  production. As v e r i f i e d  i n  l a t e r  product ion,  t hese  

s tud ie s  were found t o  be much more r e l i a b l e  i n d i c a t o r s  of 

production performance than corresponding s t u d i e s  performed i n  

accordance with cur ren t  p r a c t i c e s .  In a d d i t i o n ,  these  s t u d i e s  

f requent ly  revealed cos t  savings t h a t  r e s u l t e d  from the  s e l e c t i o n  

of more economical processing methods than those i n i t i a l l y  under 

cons idera t ion .  

3. Prec i s ion  and accuracv s t u d i e s  on coordinate  measurine machines 

Prec is ion  and accuracy s t u d i e s  were conducted on coord ina te  

measuring machines i n  a manner s imi l a r  t o  the  c a p a b i l i t y  s t u d i e s  

conducted on manufacturing processes.  In these  s t u d i e s ,  t he  

p rec i s ion  and accuracy e s t ima tes  were computed on the  b a s i s  of 

d a t a  obtained from repeated measurements of both production par ts  

and p r e c i s e l y  f ab r i ca t ed  test specimens. In the  cases  of t he  t e s t  

specimens, t he  i n i t i a l  c a l i b r a t i o n  va lues  were obtained in  the  

context  of COCOM through an i t e r a t i v e  app l i ca t ion  

the  raw measurement d a t a .  

In gene ra l ,  t he  r e l a t i v e  s u p e r i o r i t y  i n  p rec i s ion  and 

accuracy of measuring equipment t h a t  was determined from the  data 
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by the  COCOM approach was s imi l a r  t o  t h a t  found i n  production 

processes .  A t y p i c a l  demonstration of t h i s  r e l a t i v e  s u p e r i o r i t y  

was obtained i n  reanalyzing inspec t ion  d a t a  from a p r i o r  error-of-  

measurement s tudy  ( see  Reference 5 ) .  This s tudy had been made on 

a 6- x 9- x 3/4-in. test p l a t e  with an asymmetrical p a t t e r n  of 

t e n  ho le s .  The s tudy involved t h r e e  Moore measuring machines ; 

t h r e e  in spec to r s  took measurements a t  t h r e e  d i f f e r e n t  depths i n  

each ho le .  The i n i t i a l  pooled s tandard dev ia t ion  es t imate  i n  the  

X and Y axes (based on measurements taken with re ference  t o  the  

datum-datum o r i e n t  defined on the  test p l a t e )  was computed t o  be 

0.000035. Reanalysis of these  same measurements (based on the  

app l i ca t ion  of COCOM) re su l t ed  i n  a corresponding es t imate  of 

0.000015. In add i t ion ,  t h i s  r eana lys i s  of a l l  of t he  inspec t ion  

da ta  revealed an i n i t i a l  c a l i b r a t i o n  e r r o r  i n  the  datum fea tu re  

of 0.000035. 

The f ind ings  derived through these  t r i a l  app l i ca t ions  amply 

support  a conclusion t h a t  s u b s t a n t i a l  increases  i n  p roduc t iv i ty  

and cos t  savings would r e s u l t  from the  app l i ca t ion  of COCOM i n  a 

t o t a l  production system. 

4. Implementation 

The app l i ca t ions  descr ibed above provided seve ra l  lessons 

about implementation of COCOM. For example, i f  COCOM i s  used i n  a 

scheduled manufacturing process ,  an on-the-floor computing 

f a c i l i t y  i s  necessary t o  keep the  turnaround t i m e  t o  a minimum. 

Otherwise, p a r t s  sit on the  coordinate  measuring machine wai t ing 

for  t he  r e s u l t s  of t he  b e s t - f i t  computation. The inspec tor  may 

f e e l  degraded s ince  the  computer seems t o  be performing the  

accept - re jec t  funct ion.  F ina l ly ,  i f  appl ied i n  P formal * 

production system, the  l e g a l  paper has t o  change. The drawings, 

accept - re jec t  c r i t e r i a ,  e t c . ,  have t o  be redefined.  

A l l  of t hese  "problems" w i l l  have t o  be solved anyway when 

t he  whole design-production-inspection process i s  ccmputerized, 



1. 

2. 

3 .  

4 .  

3 .  

so f u l l  e f f i c i e n t  implementation o f  COCOM may not  occ 

t h i s  s t e p  is accomplished. 
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