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SUWKY 

This paper reports on the process and operations planning systcm KOL'ND and the strategies which underlie the decision making 
processes in the planning of turning operations. A t  first, an outline is ziven about the environment for which generative 
systems like ROUND are being developed. Thc differences between high volume production and job shop production, with respect 
to flexibility and productivity, are designated. The impact of automation on job shop production and its consequences for 
process and operations planning are discussed. In small batch manufacturing svstems, relatively large amounts of process 
planning data have to be processed. sophisticated computer aided process planning 
tools. Because available XC part programing systems usually do not support the peneration of reliable and economic 
technological data,it is necessary to develop generativc process and operation planning systems. Due to the relative 
complexity of the technological models, generative systems usc a lot of computing power. Reduction of possible variants, 
combined with model refinement are techniques which are used in KOUIU. in order to avoid excessive iteration. This is 
illustrated by the explanation of strategies which are implemented in two newly developed modules: The clamping module WMIFIK 
and the module for selection of tools for the roughing operation KBDRTL. 

which leads to an increasing interest for 

1. INTRODUCTKX4 

Today. two important market trends. related to lndustrial 
products, are a steady decrease of product life cycles and a 
growing In order to keep up 
with these developments it is necessary to reduce stocks and 
work-in-progress. in order to improvc short term deliverv and to 
reduce cost. This apparent contradiction can only be solved by o 
combination of high productivity and flexibility. However, 
productivity and flexlbility trad~tionally are found to be 
mutually exclusive. The high productive flow-type, high-volume 
manufacturing systems, u s u a l l y  are rather rinid. In order to 
achieve a high productivity level. special machine tools are 
lined up along a transport system, while machining operations are 
carried out in a fixed sequential order. .The product mix is very 
limited and known on bcforehond. The process and operations 
planning usually is carried out during the design sLoge of the 
manufacturing system and is primarily directed towards thc 
efficiency of the machining operations. Pre-production series arc 
run in order t o  test and tune the different stations in the 
system. Limited buffers are available to mect temporary 
interruptions and to compensate for drop-outs. With respect to 
production control, the continuity of material flow is 
emphasized. Nadification oi the product is very much restricted 
due to substantial re-programming and set-up times. 

Typical job-shop type flexible systems show a rather low 
productivity. In order to be able Lo produce a wide and 
unpredictable variety of products, general purpose machine tools 
are manned by skilled operators and usually are grouped according 
to type (function). Transport of products is not very 
sophisticated and sevcre roumng problems exist because the 
sequence of operations can be different for every different 
product. Part and operations planning is a continuous activity 
which primarily is directed towards the reduction of drop outs 
and the improvement of the reliability of the Operations. In many 
cases a substantial amount of work-in-progress is found on the 
shop floor, serving aa a buffer between subsequent machining 
operations. Due to this fact the overall production times in this 
type of system usually are rather high. 

Flexible manufacturing autanation promises an adcquate 
combination of productivity and flexibility. In mass production, 
it must enable high-volume production systems to be adapted in a 
flexible way to product changes. while in mall-batch 
manufacturing it must lower production costs but 
also significantly reduce overall production times by the 
reduction of work preparatlon and sat-up times. Ilowcver. a 
considerable difference in productivity lcvel and flexibility 
will remain between the two different tvpes of autowted 
nunufacturing systems. The main reason for this is the large 
difference in the omount of data per 'unit of product' which has 
to be handled by the system. In the job-shops this ratio is much 
higher than in high volume production. Dn the average, more than 
seventy percent of all activities consists of data 
processing, while less than thirty percent is directly related to 
the material processing and handling activities. When shop-floor 
automation is not supported by efficient data processing and darn 
communication, of 
the job-shop significantly. but it will lower its flexibility 
drastically. Hence flexible automation of a job-shop is 
substantiolly more difficult than flexible automation of high- 
volume production. 

Practically all operational Flexible .Hanufacturing Systems 
(RIS) are used in high-volume production. O n l y  vcry few are able 
to produce a mix of more than ten different products. From the 
point of view of traditional high-volume production, this is of 
course a tremendous improvement in flexibility but it still takes 
a lot of time and effort to add new products to the mix. Because 
some of these systems are able to produce products of this mix in 
an arbitrary sequence, they are often referred to as small-batch 
production systems. This is in fact confusing because the meaning 
is different when it is used in relation to a job-shop 
environment. Although batch sizes may be small in both cases, the 
frequency of product repetition is high in high-voluioe production 
and usually extremely low in job-shop production. 

It may be clear that Wi systems, developed for use in high 

demand for shorter delivery times. 

it will not be able to raise the productivity 

volume production. by no m a n s  are fit for use in a job-shop 
environment. llowevcr. nany job shops already have enough 
diificultics with thc utilization of individual CiiC machine 
tools. Production problems usuallv are solved on the spot. by the 
machine tool operators and hardly any information is fed back to 
the planning department (if there cxists any). In manv cases the 
ratio between produclive and non-productive time is not much 
higher than onc to ten. This Is mainly caused b y  set-up-, 
tooling-, programming-, testing-, handlinR- and scheduling 
problems. It is obvious that. it is nor very sensible to install 
cumplex and expensive F:4S when there is no adequate control of 
information flow. 

2. PXWESS AYD OPEKATIOXS PLAXSlNG FOR F3S 

In the past decade the developments in SC-control have been 
directed towards better programmability on the shop floor. 
ilialogue input. graphic simulation, complex canned cycles etc. 
have increosed the productivity and flexibility of the man- 
machine system. In this nay it has been possible to introduce NC- 
machines in conventional workshop environnents, while avoiding 
the necessity of radical changes in the organization. CSC has 
lowered t.he threshold for the introduction of automation but it 
hampers the evolution towards marc integrated PIS. 
The development of PMS for job-shop environments undoubtedly 

is production 
engineering today. However. integration of highly automated 
nunufacturing equipent is a very complicated matter. A lot of 
problems have to be solved in order to be able to achieve 
an acceptable productivitv level without lo sing thc required 
flexibility. Major technical problems are caused by the poor 
c m u n i c a t i o n  facilities of CNC controllers and the differences 
in programing functions, codes and formats [l]. Thls could be 
solved by buying a complete turn-key MS system from one 
manufacturer, but in most cases existing equipment has to be 
integrated. 

The most important technological problems are related to set-up 
design, tool selection and selection of proper machining 
conditions. Organization problems arise in the areas of order 
planning, scheduling. tool- and materials management, cycle-time 
adjustment, production control etc. 

h e  of the prevailing requirements with respect to flexibility 
in scheduling. for instance, is the freedom to allocate identical 
workpieces to different machine tools. This requires either a 
variety of machine tool dependent NC-programs to be available 
beforehand. or the possibility to generate YC-programs within the 
time span available between the selection of the machine tool and 
the actual machining operation. rhis type of (dynamic) scheduling 
causes severe problems, in particular when relatively complex 
workpieces are involved. 

in 
job-shop FXS. The planner is responsible for the distribution of 
the detailed manufacturing data throughout the system. Because of 
the fact that all octions and operations are interrelated, 
uncontrollable interference on Lhe shop floor is not desirable. 
This means that flexibility no longer can depend on 
improvisations on the shop floor but has to be implemented in the 
preparatory and managcment functions. This puts a heavy burden 
on the planning department. The preparation of large amounts of 
adequate and accurate data within limited time requires 
sophisticated computer oids. 

,%ny of the presently available NC-part-programming systems are 
only dealing with the geometrical aspects of machining . They are 
able to calculate tool paths, but need human interaction for the 
interpretation of product models which are generated by CAD 
systems or by manual input of conventional drawings. The 
technological decisions. such as the selection of set-up, tools 
and machining parameters usually have to be taken in the 
conventional way. as only very lev system support these 
functions properly. Some workpiece-programing systems and CXC 
controllers provide the possibility for storage and retrieval of 
tool and machining data, but without models to describe the 
complex relationships between the machining variables and the 
different constraints It is not possible to utilize the equipment 

one of the nmst challenging areas in the field of 

Process and operations planning is one of the key functions 
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i n  a n  e f f i c i e n t  way. 

3. CLNERATIVE PLANXI"; SYSTEMS VERSUS !I.ZCIII!IAUILI'I'Y DATA BASES 

As e v e r y  o t h e r  p r o d u c t  is d i f f e r e n t  v i t h  r e s p e c t  t o  b a t c h  size, 
work m a t e r i a l ,  s h a p e .  vo lume o f  material t o  b e  removed.  a d d e d  
v a l u e  by p r e v i o u s  o p c r a t i o n s .  s u r f a c e  q u a l i t y  etc..  i t  i s  a l m o s t  
i m p o s s i b l e  t o  r e t r l e v e  a l l  n e c e s s a r y  t e c h n o l o g i c a l  m a c h i n i n g  
i n f o r m a t i o n  f r o m  a d a t a  b a s e ,  j u s t  by t r y i n g  t o  f i n d  a similar 
m a c h i n i n g  s i t u a t i o n .  

As so manv d i f f e r e n t  f a c t o r s  i n f l u e n c e  t h e  m a c h i n i n g  p r o c e s s ,  
t h e  u s e  of g e n e r a l i z e d  m a t h e m a t i c a l  models w h i c h  d e s c r i b e  t h e  
r e l a t i o n s h i p s  be tween m a c h i n i n g  v a r i a b l e s  a n d  t h e  f i n a l  r e s u l t  o f  
t h e  m a c h i n i n g  p r o c e s s  is t h e  b e s t  way t o  p r o d u c e  r e l i a b l e  a n d  
e c o n o m i c  ;1C p r o g r a m s  w i t h i n  a l i m i t e d  amount  o f  time. U s i n g  
g e n e r a t i v e  p r o c e s s  a n d  o p e r a t i o n s  p l a n n i n g  s y s t e m s  is a l so  t h e  
b e s t  way t o  a c c u m u l a t e  k n o w l e d g e  a b o u t  t h e  i n t e r d e p e n d e n c e  o f  t h e  
p a r a m e t e r s  which  c o n t r o l  t h e  m a c h i n i n g  p r o c e s s e s .  For i n s t a n c e .  
by p r o v i d i n g  t h e  p o s s i b i l i t y  t o  e x p l a i n  t o  t h e  o p e r a t o r  t h e  
r e a s o n s  b e h i n d  t h e  p r e f e r e n c e  for c e r L a i n  m a c h i n e  tools. t o o l s  or 
m a c h i n i n g  c o n d i t i o n s ,  i t  becomes  p o s s i b l e  t o  d e t e c t  w h e t h e r  t h e  
p r o d u c t i o n  s y s t e m  is w e l l  t u n e d  t o  t h e  p r o d u c t  m i x  or n o t .  

Xot o n l y  k n o w i n g  ' h o u '  b u t  a l so  knowing 'why' is v e r y  
i m p o r t a n t .  I t  is d; in?erous  to a c c u m u l a t e  a l o t  o f  d a t a  on  
m a c h i n i n g  o p e r a t i o n s  u l i i c h  h a v e  b e c n  s u c c e s s f u l  i n  t h e  p a s t ,  
w i t h o u t  r e c o r d i n g  how s u c c e s s f u l  t h e y  were a n d  u n d e r  w h i c h  
c i r c u m s t a n c e s  t h e y  were s u c c e s s i u l .  T h i s  is t h e  m a i n  p r o b l e m  of 
l a r g e  m a c h i n a b i l i t y  d a t a  b a s e s .  

of 
t h e  d a t a  which  are n e e d e d  is o f t e n  n o t  a v a i l a b l e  i n  t h e  r i g h t  
f o r m  a n d  h a v e  to be e v a l u a t e d  f r o m  m e a s u r e m e n t s  o n  t h e  s h o p  
f l o o r .  u h i c h  u s u a l l y  is v e r y  l a b o r i o u s .  It is much easier t o  
select t e c h n o l o g i c a l  d a t a  d i r e c t l y  f r o m  a g e n e r a l  handbook or 
d a t a  b a s e ,  b u t  i t  is o b v i o u s  t h a t  t h i s  d a t a  d o e s  n o t  t a k e  i n t o  
a c c o u n t  t h e  c o n s t r a i n t s  a n d  p o s s i b i l i t i e s  o f  t h e  s p e c i f i c  
s i t u a t i o n  C21. 

T h e  p r o b l e m  of g e n e r a t i v e  s y s t e m s  is t h a t  t h e  greater p a r t  

4. sriwrtw. FEED FORWARD A N D  FEEU BACK 

I n  p r o c e s s  end  o p e r a t i o n s  p l a n n i n g .  d e c i s i o n s .  made a t  e a r l y  
s t a g e s .  may b a d l y  i n f l u e n c e  d e c i s i o n s  t o  b e  made i n  later s t a g e s .  
F o r  i n s t a n c e .  when t h e  s e t - u p  f o r  t h e  m a c h i n i n g  of a s p e c i f i c  
w o r k p i e c e  has t o  b e  d e t e r m i n e d ,  a l l  d e t a i l s  a b o u t  t h e  d i f f e r e n t  
m a c h i n i n g  o p e r a t i o n s  h a v e  n o t  y e t  b e e n  c a l c u l a t e d .  l l e n c e  it is 
d i f f i c u l t  f r o m  
t e c h n i c a l  as w e l l  as a n  e c o n o m i c a l  p o i n t  o f  v icw.  However,  a 
pwr s e t - u p  c a n  i m p o s e  too heavy c o n s t r a i n t s  u p o n  t h e  m a c h i n i n g  
c o n d i t i o n s  a n d  c o n s e q u e n t l y  hamper  p r o d u c t i v i t y .  

t h e  o t h e r  hand  i t  is c e r t a i n l y  n o t  p r a c t i c a l  t o  i n v e s t i g a t e  
a l l  p o s s i b l e  v a r i a n t s  e x t e n s i v e l y  i n  o r d e r  t o  b e  a b l e  t o  select 
t h e  b e s t  s o l u t i o n .  I t  is n o t  s e n s i b l e  e i t h e r  t o  r e p e a t e d l y  g o  
b a c k  o n  d e c i s i o n s  t a k e n  ear l ier .  i n  o r d e r  t o  a v o i d  p r o b l e m s  
o c c u r r i n g  a t  a la ter  s t a g e .  To much f e e d  back  w i t h i n  a s y s t e m  o f  
t h i s  c o m p l e x i t y  c a u s e s  i n t o l e r a b l e  c a l c u l a t i o n  times a n d  costs. 

F o l l o w i n g  a s t r a t e g y  w h i c h  is m a i n l y  b a s e d  o n  a f e e d  f o r w a r d  
a p p r o a c h ,  t h e  n e e d  nf e x c e s s i v e  i t e r a t i o n  c a n  b e  a v o i d e d .  I n  t h i s  
wag i t  is  p o s s i b l e  t o  m k e  s h o r t  c u t s  a n d  t o  s o l v e  t h e  p r o b l e m  i n  
a l i m i t e d  p e r i o d  o f  time. Strategies  s h o u l d  m a i n l y  b e  b a s e d  o n  
e a r l y  e l i m i n a t i o n  o f  u n s u c c e s s f u l  b r a n c h e s  i n  t h e  d e c i s i o n - t r e e .  
T h i s  c a n  be a c h i e v e d  by u s i n g  coarse e s t i m a t i o n  m o d e l s  i n  t h e  
f i r s t  s t a g e s  o f  t h e  p l a n n i n q  p r o c e s s  i n  o r d e r  t o  w e i g h  t h e  
c o n s e q u e n c e s  of s e l e c t i o n s  i n  terms o f  times a n d  costs. 
C o n v e r g e n c e  t h r o u g h  model  r e f i n e m e n t  i n  t h e  s u b s e q u e n t  s t a g e s  
l e a v e s  t h e  p o s s i b i l i t y  f o r  o p t i m i z a t i o n  o f  t h e  i n d i v i d u a l  
m a c h i n i n g  o p e r a t i o n s ,  w i t h o u t  e x c l u d l n g  t h e  p o s s i b l l i t g  o f  f i n a l  
a d j u s t m e n t s  o f  c y c l e  times for  s y n c h r o n i z a t i o n  p u r p o s e s .  

t o  d e c i d e  o n  b e f o r e h a n d  w h i c h  s e t - u p  is t h e  b e s t  

On 

5 .  ROUND, A GENERATIVE PLANNING SYSTEM FOR TURNING OPERATIONS 
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FIG. I THE LAYOUT OF THE SYSTM ROUND. 

is a g e n e r a t i v e  p r o c e s s  a n d  o p e r a t i o n s  p l a n n i n g  s y s t e m  f o r  ZOUND 

t u r n i n g  o p e r a t i o n s ,  w h i c h  is b e i n g  d e v e l o p e d  i n  t h e  L a b o r a t o r y  o f  
P r o d u c t i o n  E n g i n e e r i n g  a t  T w e n t e  U n i v e r s i t y  o f  T e c h n o l o g y .  The 
s y s t e m  h a s  b e e n  d e v e l o p e d  s t a r t i n g  f r o m  a p r o g r a m  w h i c h  
c a l c u l a t c s  e c o n o m i c  c u t t i n g  c o n d i t i o n s  i n t o  a l a r g e r  s y s t e m  w h i c h  
c o v e r s  t h e  p l a n n i n g  a n d  i n f o r m a t i o n  p r o c e s s i n g  o v e r  t h e  w h o l e  
t r a j e c t o r y .  f r o m  part d e f i n i t i o n  t o  NC m a c h i n i n g .  A w o r k i n g  
p r o t o t y p e  e x i s t s .  
R W N D  is b u i l t  u p  o u t  o f  a number  o f  m o d u l e s .  e a c h  o f  them 

c o v e r i n g  a d i s t i n c t  part of t h e  p l a n n i n g  t a s k .  The c u t t i n g  
t e c h n o l o g y  m o d u l e  131 a n d  a n  o v e r a l l  d e s c r i p t i o n  o f  t h e  s y s t e m  
147 F i g . 1  s h o w s  a 
d i a g r a m  o f  t h e  l a y o u t  o f  t h e  s y s t e m .  I n  t h e  c h a p t e r s  6 a n d  8 two 
m o d u l e s  w h i c h  h a v e  r e c e n t l y  b e e n  d e v e l o p e d  a n d  t h e  u n d e r l y i n g  
s t r a t e g i e s  w i l l  be d i s c u s s e d .  

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

6 .  THE CLAMPING I W D U L E  R N D F I X  

A ROUND r u n  s tarts w i t h  t h e  e x e c u t i o n  of  t h e  i n p u t  m o d u l e  R N D I N P  
151. A f t e r  t h e  part h a s  b e e n  s p e c i f i e d  t h e  d i m e n s i o n s  o f  t h e  
b l a n k  may b e  d e f i n e d .  S p e c i f i c a t i o n  o f  t h e  b l a n k  w i l l  o n l y  b e  
n e c e s s a r y  when i t  is a c a s t i n g  or when i t  is p r e - s h a p e d  
o t h e r w i s e .  When bar material is to  b e  u s e d ,  t h e  b l a n k  
d i m e n s i o n s  are  d e t e r m i n e d  by t h e  c l a m p i n g  m o d u l e  R N D F I X  16J. The 
p r i m a r y  t a s k  of t h i s  module  is t o  d e t e r m i n e  t h e  s e q u e n c e  o f  set- 
ups .  

FIG. 2 TWO ALTERNATIVE S O L U T I O N S  FOR THE MACHINING OF A 

PART IN TWO SET-VPS. 

F i r s t  t h e  o m s t  a p p r o p r i a t e  m a c h i n e  tool a n d  a number  o f  
p o s s i b l e  a l t e r n a t i v e s  s h o u l d  be s e l e c t e d  f r o m  t h e  o n e s  w h i c h  are 
a v a i l a b l e .  T h i s  s e l e c t i o n  is b a s e d  upon cri teria l i k e  
c o m p a t i b i l i t y  o f  w o r k p i e c e  d i m e n s i o n s  a n d  g e o m e t r i c  r a n g e  of t h e  
m a c h i n e  tool ,  a v a i l a b l e  j i g s  a n d  f i x t u r e s ,  a c c u r a c y ,  m a c h i n e  tool  
power ,  t o r q u e ,  work  m a t e r i a l .  vo lume of m a t e r i a l  t o  b e  removed 
etc. A s  t h i s  part of t h e  m o d u l e  is still u n d e r  d e v e l o p m e n t .  
a i r t o m t i c  m c h i n r  tool . s e l e c r . i o n  is not. y e t  a v a i l a b l e  i n  t h e  
p r o t o t y p e  v e r s i o n  a n d  h e n c e  t h i s  t a s k  h a s  t o  b e  p e r f o r m e d  by  t h e  
o p e r a t o r .  

A f t e r  h a v i n g  s e l e c t e d  a s p e c i f i c  l a t h e  t h e r e  is  o n l y  a l i m i t e d  
f r e e d o m  i n  s e l e c t i n g  j i g s  a n d  f i x t u r e s ,  b e c a u s e  e x c h a n g e  or  
m o d i f i c a t i o n  o f  h y d r a u l i c a l  c h u c k s  a n d  t a i l s t o c k s  is u s u a l l y  n o t  
p o s s i b l e  or tw much time c o n s u m i n g  and  c o s t l y .  It d o e s  n o t  pay  
o f f  i n  small b a t c h  m a n u f a c t u r i n g .  E x c h a n g e  of jaws however  is a 
realist ic p o s s i b i l i t y .  Hence  t h e  c l a m p i n g  p r o b l e m  is r e d u c e d  t o  
t h e  d e t e r m i n a t i o n  o f  t h e  number a n d  s e q u e n c e  o f  c l a m p i n g s .  t h e  
s e t - u p  o f  c h u c k  a n d  t a i l s t o c k  a n d  i n  som cases t h e  c a l c u l a t i o n  
o f  t h e  r e q u i r e d  l e n g t h  o f  t h e  b l a n k .  

I f  a part c a n  b e  m a c h i n e d  e n t i r e l y  i n  o n e  s e t - u p ,  i t  is v e r y  
l i k e l y  t h a t  t h i s  w i l l  be t h e  best s o l u t i o n .  O n l y  i n  t h o s e  cases 
w h e r e  c o m p l i c a t e d  s e p a r a t i n g  o p e r a t i o n s  are r e q u i r e d  i t  w i l l  b e  
n e c e s s a r y  t o  c o n s i d e r  more t h a n  o n e  s e t - u p .  I n  t h e  s e c o n d  s e t - u p ,  
a m a c h i n e d  s u r f a c e  n a y  h a v e  t o  act a s  a c l a m p i n g  s u r f a c e  w h i c h  
l i m i t s  t h e  maximum a p p l i c a b l e  t o r q u e .  The c o m b i n a t i o n  of work 
m a t e r i a l  a n d  r e q u i r e d  c l a m p i n g  f o r c e  may c o m p e l  to  t h e  u s e  of 
s o f t  jaws, w h i c h  h a v e  to  be p r e - m a c h i n e d  t o  f i t  t h e  c l a m p i n g  
s u r f a c e  e x a c t l y .  T h i s  is n e c e s s a r y  i n  o r d e r  t o  a v o i d  damage  t o  
t h e  part a n d  t o  a s s u r e  maximum f r i c t i o n .  It y i e l d s  o f  c o u r s e  a 
s u b s t a n t i a l  d i s a d v a n t a g e  i n  c o m p a r i s o n  w i t h  m a c h i n i n g  i n  o n e  set- 
up. T h e  e x t r a  time n e e d e d  for  t h e  e x c h a n g e  o f  t h e  j a w s  is a l so  
d i s a d v a n t a g e o u s .  W i t h i n  a n  FMS s y s t e m  c o m p l e t e  parts h a v e  t o  b e  
p r o d u c e d  o n e  by o n e  so t h e  e x c h a n g e  h a s  t o  b e  p e r f o r m e d  twice f o r  
e v e r y  p r o d u c t .  

When t h e  p r o d u c t  can b e  m a c h i n e d  i n  o n e  s e t - u p ,  b u t  i n  b o t h  
p o s s i b l e  p o s i t i o n s .  t h e  most e c o n o m i c  s e t - u p  has t o  b e  selected. 
I f  more t h a n  o n e  s e t - u p  is r e q u i r e d ,  t h e  m o d u l e  h a s  t o  d e t e r m i n e  
t h e  t y p e s  of jaws t o  be u s e d  a s  w e l l  as  t h e  l o c a t i o n  o f  t h e  
c l a m p i n g  s u r f a c e s  w i t h  respect t o  b l a n k ,  p a r t  a n d  Jaws. I n  
a d d i t i o n  t h e  m o d u l e  h a s  t o  c a l c u l a t e  t h e  i n t e r m e d i a t e  c o n t o u r  
w h i c h  d e s c r i b e  t h e  s h a p e  of t h e  p r o d u c t  a f t e r  c o m p l e t i o n  of t h e  
f i r s t  s e t - u p .  It h a s  t o  s e a r c h  f o r  t h a t  c o m b i n a t i o n  o f  s e t - u p s  
w h i c h  s a t i s f i e s  b e s t  t h e  o p t i m i z a t i o n  cri teria.  w i t h o u t  
e l a b o r a t i n g  a l l  p o s s i b l e  v a r i a n t s .  F i g .  2 s h o w s  two p o s s i b l e  
s o l u t i o n s  f o r  t h e  m a c h i n i n g  of a part i n  two c o n s e c u t i v e  s e t - u p s .  
The s e l e c t i o n  s t r a t e g y  is b a s e d  o n  d e t e r m i n a t i o n  o f  f e a s i b l e  

c l a m p i n g  s u r f a c e s  (see Fig. 3) a n d  d i v i s i o n  o f  t h e  v o l u m e  t o  b e  
removed i n t o  m a c h i n i n g  areas (see Fig. 4). 

Geometrical c o n s t r a i n t s  are  imposed  by t h e  i n i t l a l  s h a p e s  o f  
part a n d  b l a n k :  c y l i n d r i c a l  c l a m p i n g  s u r f a c e s  o f  s u f f i c i e n t  



l e n g t h  have t o  be a v a i l a b l e .  Fchmx 1 
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and t h e  c e n t r i f u g a l  force lrom: 

FIG. 3 THE POTEhTIAL CLAMPING SURFACES. 
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AREAS. 

Technological c o n s t r a i n t s  are imposed by t h e  requi red  geometric 
accuracy of t h e  p a r t  ( c o n c e n t r i c i t y .  c y l i n d r i c i t y .  s u r f a c e  
roughness. roundness etc.) but a l s o  by t h e  requi red  clamping 
f o r c e s  i n  connection wi th  t h e  c u t t i n g  forces and by i n e r t i a l  
forces .  The m d e l s  to  c a l c u l a t e  t h e  necessary clamping f o r c e s  and 
reaxinnup r o t a t i o n a l  speed a r e  according t o  VDI 3106 [71. T h i s  
ensures  t h e  genera t ion  of set-ups which m e e t  an accepted s a f e t y  
s tandard .  The p o t e n t i a l  combinations o f  s o l u t i o n s  a r e  compared by 
us ing  a c o s t  model which can be tuned according to  t h e  
experience.  needs and c i rcumstances  of a s p e c i f i c  company. Tuning 
is performed by adjustment of  t h e  s a f e t y -  and balancing- f a c t o r s .  
The predic ted  c o s t  r e l a t e d  t o  t h e  machining of a producL i n  a 
s p e c i f i c  set-up is a sum of c a l c u l a b l e  c o s t s  and es t imated  c o s t s .  
F a c t o r s  which play a r o l e  i n  t h e  c a l c u l a b l e  c o s t s  a r e  o r d e r  s i z e ,  
batch s i z e .  jaw-changing c o s t s ,  jaw-sett ing c o s t s ,  jaw-machining 
c o s t a  e t c .  The es t imated  c o s t s  a r e  inf luenced  by technologica l  
f a c t o r s  such a s  t h e  clamping f a c t o r ,  t h e  e x i s t e n c e  of a x i a l  
c o n t a c t  between j a w  and part and t h e  n e c e s s i t y  of grooving 
opera t ions .  The clamping f a c t o r  is used as a coarse e s t i m a t i o n  of 
t h e  def ined  
as: 

r e l a t i v e  q u a l i t y  of a combination of set-ups and is 

vol  vol 

Z A% 
Kcl I -- - --- cs7 ( 1 )  

where vol s t a n d s  €or t h e  volume of a p a r t i c u l a r  a r e a  which has  t o  
be removed i n  a p a r t i c u l a r  set-up, Z is t h e  metal removal r a t e ,  i\ 

is t h e  c ross -sec t ion  a r e a  of t h e  c h i p  and v is t h e  c u t t i n g  speed. 
The minimum c u t t i n g  f o r c e  Fv. requi red  t o  remove a c h i p  with a r e a  
A is c a l c u l a t e d  from: 

F v - E s * A  "I (7.) 

where Es is t h e  s p e c i f i c  c u t t i n g  energy. 

which can  be a p p l i e d  by t h e  chuck and can be c a l c u l a t e d  from: 
The nmximum c u t t i n g  f o r c e  is l i m i t e d  by t h e  clamping f o r c e  Vc. 

Fv - Fch / ( K t  t Kb) PI ( 3 )  

where K t  is t h e  reduct ion  f a c t o r  f o r  t o r s i o n  and Kb is t h e  
reduct ion  f a c t o r  f o r  bending. 
The r a t i o  between t h e  components of t h e  c u t t i n g  f o r c e  a r e  

es t imated  according to 1117: 

Ff / Fv - 0.4 and Fp / Fv = 0.2 (4) 

lc 
For l c  > dch Kb - (6 )  

l c h  * 0.67 t 0.5 pcha  * dch 

For l c  - < d c h  or with  a d d i t i o n a l  suppor t ing  a i d s  Kb - 0 (7 )  

where p c h t  is t h e  f r i c t i o n  c o e f f i c i e n t  i n  t a n g e n t i a l  d i r e c t i o n  
and p c h a  is t h e  f r i c t i o n  c o e f f i c i e n t  i n  a x i a l  d i r e c t i o n ,  
( e s t i m a t i o n s  KJJ is t h e  
s a f e t y  f a c t o r  for  t h e  f r i c t i o n  (4% 1.3). dc is  t h e  maximum 
c u t t i n g  diameter.  l c  is t h e  maximum d i s t a n c e  between t h e  
r e s p e c t i v e  p o i n t s  of a p p l i c a t i o n  of t h e  c u t t i n g  f o r c e  and t h e  
clamping f o r c e ,  dch i s  t h e  clamping diameter and l c h  is t h e  
c o n t a c t  l e n g t h  between jaw and workpiece. The Inf luence  of t h e  
weight of t h e  workpiece is neglected.  

of t h e s e  c o e f f i c i e n t s  are found i n  L7]). 

The a v a i l a b l e  clamping f o r c e  is c a l c u l a t e d  from: 

where Fchmax is t h e  maximum clamping f o r c e  which can be appl ied  
by  the  chuck when t h e  r o t a t i o n a l  speed n = 0, Kch is t h e  s a f e t y  
f a c t o r  ior  t h e  chuck ( i c h > -  l . j ) ,  I;c is t h e  s a f e t y  f a c t o r  f o r  
the  c u t t i n g  f o r c c  ( K c 7 -  1 .5) ,  m i  is  t h e  mass of the  jaws and y. j  
is the  d i s t a n c e  from t h e  c e n t e r  of Rravity of thc  jaws t o  t h e  
clamping sur face .  The s ign  of Fcf i n  equation ( H )  i s  neRative f o r  
e x t e r n a l  clampinp and p o s i t i v e  f o r  i n t e r n a l  clamping. 

S u b s t i t u t i o n  of t h e  equat ions  (2..9) i n  ( 1 )  y i e l d s :  

vol 4 Ks * Kc 4 (Kt t Kb) 
K c l  [s] (1U) 

I 

(Fchmax/Pch - mj(dch/2tyj)*2*(v/dc) ) * v 

This  equat ion  shows a minimum for :  

Fchmx *' d c  
y = 

b f Kch * m.j(dch/l+yj) 

S u b s t i t u t i o n  i n  (10) y ie lds :  

3/2 
vol * (Kt thb)  * v 6  * mj(clch/Ltyj) 

\ 

(12)  Kcl Ks 0 Kc 4 _____ * 
Cz:ax ) dC 

'This f a c t o r  is u s e f u l  f o r  conparlng p o t e n t i a l  combinations of 
set-ups,  before  all d e t a i l s  about t h c  mchin lnR opera t ions  a r c  
known. 

The es t imated  manufacturing c o s t s  can be derived from a 
balanced s m t i o n  of t h e  clamping f a c t o r s  over a l l  a r e a s  and a l l  
set-ups. 

GI -9 ~ ( W C  * Kcl) 
i=1 i= 

where k'c is a c o s t  f a c t o r  which can be c o r r e c t e d  for  a x i a l  
c o n t a c t .  grooving o p e r a t i o n s  etc. 

The t o t a l  cost. pcr o r d e r ,  i n  r e l a t i o n  with settinq u p  is 
colcu laced  from: 

c = c j  t cm * 9 ( t l  t t 2 )  t Ccl ( 1 4 )  
1-1 

where C j  is the  c o s t  r e l a t e d  t o  t h e  m c h i n i n g  of s o t t  jaws. cm is  
rhe c o s t  of machining tine. m is t h e  number  of s e t - u p s ,  t l  1 s  t h e  
jaw-adjustment time and t 2  i s  t h e  Jaw-chanRlng time. 

7. THE ~ I U L E  mH SELECTIW! OF YACHINISG .XTHODS FOR muCiiIxC 
OPERATIONS. 

In  t h i s  module t h e  volume which has  Lo b e  removed is divided i n t o  
a number o f  a r c a s .  t o  each of which a s p e c i f i c  Ruchininfi 
opera t ion ,  such a s  d r i l l i n g .  tu rn ing .  fac inp  e t c .  is ass igned .  I n  
t h e  pro to type  vers ion  t h e  d i v i s i o n  i n  a r e a s  has still  t o  be 
performed by t h e  opera tor  i n  an i n t e r a c t i v e  way. a s  t h i s  module 
is still  undcr development. 

F i r s t ,  t h e  opera tor  c r e a t e s  t h e  a r e a s  t o  be machined by  
i n d i c a t i n g  them on t h e  screen  and subsequently a s s i g n s  machining 
o p e r a t i o n s  t o  them. He can s e l e c t  machining o p e r a t i o n s  from a 
menu which inc ludes  f u l l y  s p e c i f i e d  s tandard  opera t ions ,  
o p e r a t i o n s  without s p e c i f i e d  d i r e c t i o n  and o p e r a t i o n s  on g r w v c s  
and recesses. 

The automatic vers ion  of t h e  module w i l l  b e  ob lc  t o  present  t h e  
systems own sugEes t ions  f o r  d i v i s i o n  of t h e  a rea  with t h e  
matching machining opera t ions .  'he most economic d i v i s i o n  is 
shown f i r s t .  A t  choice  t h e  opcra tor  may c a l l  a range of 
a l t e r n a t i v e s  and s e l e c t  t h e  s o l u t i o n  which s u i t s  h i n  best .  An 
o t h e r  p o s s i b i l i t y  is t o  modify manually one of t h e  suRgested 
s o l u t i o n s .  

8. THE SELEnION ;.K)DLILE FOR ROOGilIXC TOOLS RSDRTL 

The t a s k  of R N D m  C83 i s  t o  s e l e c t  t h e  b e s t  t o o l s  f o r  machining 
t h e  a r e a s  which a r e  defined by t h e  prev ious  modulc. The o b j e c t i v e  
is t o  o b t a i n  t h e  most economic roughing t o o l  set f o r  t h e  complete 
machining process.  S e l e c t i o n  of t h e  optimum t o o l  f o r  every s i n g l e  
a r e a  u s u a l l y  w i l l  produce a t o o l  s e t  which is  f a r  too  l a r g e  i n  
r e l a t i o n  t o  t h e  number of a v a i l a b l e  t u r r e t  p o s i t i o n s  and t h u s  
w i l l  very much complicate tool  managemnt. The combination of 
both e f f e c t s  w i l l  l ead  t o  a l i m i t e d ,  optimal twl set. As a 
p a r t i c u l a r  t o o l  i s  s e l e c t e d  once i ts  chance t o  be s e l e c t c d  again 
is increased  s i g n i f i c a n t l y  because t h e  c o s t  o f  twl handling and 
set-up can be shared over more m c h i n i n g  opera t ions .  
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The problem of f i n d i n g  t h e  optimum set of t o o l s  is now s p l i t  up 

Finding a l l  t o o l s  which can machine t h e  r e s p e c t i v e  areas 
which mainly is a geometr ica l  p r o b l m .  
S e l e c t i n g  t h e  optinum set of t o o l s  from it .  which mainly 
is a technologica l  problem. 

h e  t o  the  d i f f e r e n c e s  between roughing and f i n i s h i n g  
o p e r a t i o n s  t h e  a lgor i thms which have been developed t o  s e l e c t  
f i n i s h i n g  t o o l s  (KNDFTL) EY] can not  be used t o  select roughing 
t o o l s ,  al though the  same s t r a t e g y  is followed with some s l i g h t  
modi f ica t ions .  

i n  two p a r t s :  
1 )  

2 )  

FIG. 5 SONE EXAMPLES OF GROOVING OPERATIONS.  

The s e l e c t i o n  of t o o l s  for t h e  machining of  grooves and 
r e c e s s e s  can be r a t h e r  complicated.  I f  i t  is not  p o s s i b l e  t o  
machine t h e  groove with a s i n g l e  t o o l ,  a combination of l e f t  and 
r i g h t  hand t o o l s ,  n e u t r a l  tools and grooving t o o l s  h a s  t o  be 
used. Some examples are shown i n  Fig. 5. The a r e a  of t h e  groove 
has t o  be d i v i d e d  i n t o  a number of a r e a s ,  each of which can be 
m c h i n e d  with a s i n g l e  too l .  Usually t h e r e  a r e  more so lu t ions .of  
which t h e  b e s t  one has t o  be s e l e c t e d .  

Tool s e l e c t i o n  is performed i n  t h r e e  consecut ive  s t e p s :  
1 )  S e l e c t i o n  on t h e  type of machining opera t ion .  
2 )  Comparison of t h e  t o o l  v e c t o r s  wi th  t h e  part geometry 

3) Checks for c o l l i s i o n s  between t o o l  ho lder  and p a r t .  
( s e e  Fig .  6 and 7) .  

A s  t h e s e  s t e p s  incorpora te  progress ive  c a l c u l a t i o n  times, they 
have t o  be performed i n  t h e  given sequence. 

When i t  is allowed t o  perform roughing and f i n i s h i n g  o p e r a t i o n s  
with t h e  same t o o l ,  t h e  t o t a l  number of tools-in-use can be 
reduced. &cause tool wear, caused by roughing o p e r a t i o n s ,  
i n f l u e n c e s  t h e  a t t a i n a b l e  accuracy and s u r f a c e  roughness dur ing  
f i n i s h i n g .  t h e  dec is ion  depends on t h e  requi red  accuracy of t h e  
p a r t ,  the  s i z e  o f  t h e  batch and t h e  r u l e s  and h a b i t s  of t h e  
company. 

F I G .  6 THE TOOL VECTORS. 
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FIC. 7 THE P I N I S H I t i G  CONTOUR ELEMENT VECTORS. 

Keduction of t h e  c o l l e c t i o n  of tools which is a v a i l a b l e  to  t h e  
workshop does not only reduce t h e  amount of inves ted  c a p i t a l .  but 
also lowers t h e  c o s t  of t o o l  management. An a n a l y s i s  of t h e  
frequency of use of t h e  var ious  t o o l  types  can  he lp  t o  compose 
t h e  most s u i t a b l e  bas ic  t o o l  set f o r  every ind iv idua l  machine 
t o o l .  T h i s  rninimims t h e  n e c e s s i t y  of t o o l  changes and tool 
s e t t i n g  and hence i n c r e a s e s  product iv i ty .  The use of block twls. 
toge ther  wi th  a u t m t i c  t o o l  changing can be a s o l u t i o n  when t h e  
number of a v a i l a b l e  t u r r e t  p o s i t i o n s  appears  t o  be tw small for 

t h e  b a s i c  tool set. When t h e  ba tch  size is smal le r  than a 
s p e c i f i e d  number of products,  a t  f i r s t  only t h e  t o o l s  of t h e  
bas ic  tool s e t  a r e  considered f o r  s e l e c t i o n .  I f  i t  is n o t  
p o s s i b l e  t o  f i n d  a s u i t a b l e  t o o l  f o r  every a rea .  t h e  s e l e c t i o n  is 
extended t o  a l l  o t h e r  t o o l s  i n  s t o r e .  The t o o l s  s e l e c t e d  from t h e  
store a r e  exchanged a g a i n s t  some t o o l s  which belong t o  t h e  bas ic  
t o o l  set but a r e  not used to  machine t h i s  p a r t i c u l a r  product. The 
frequency of use decides  which t o o l s  a r e  exchanged f i r s t .  

as 
a s h o r t e s t  r o u t e  problem in an uni -d i rec t iona l  network which is 
solved by a dynamic programing technique L103. A s  t h e  s o l u t i o n  
is dependent on t h e  arrangement of t h e  columns i n  t h e  network i t  
is sorted according t o  t h e  volume of t h e  a reas .  

IF i n  a u n i d i r e c t i o n a l  network t h e r e  a r e  m u l t i p l e  p t h a  
from node X(i)  t o  ad jacent  nodes Y(l..n) 

AND a l l  c o s t  r e l a t e d  t o  those  pa ths  a r e  known 
AND t h e  optimum r o u t e  through t h e  network from each of 

those nodes t o  the  end node is known 
TIEN t h e  optimum r o u t e  from node X ( i )  t o  t h e  end node runs 

v i a  t h a t  s p e c i f i c  node Y(k) of which t h e  sum of t h e  
c o s t s  to  g e t  from node X ( i )  to  node Y(k) and t h e  cost 
of t h e  optimal r o u t e  from node Y(k) t o  t h e  end of t h e  
network is  minimum. 

t h e  network r e p r e s e n t s  a t o o l  which can  nmchinc a 
s p e c i f i c  a r e a  and each path r e p r e s e n t s  t h e  s e l e c t i o n  of a t o o l  
f o r  

The problem of f i n d i n g  t h e  optimum s e t  of t o o l s  is modelled 

The bas ic  idea  behind t h i s  technique is: 

Each node i n  

t h e  machining of an a r e a .  
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The s e l e c t i o n  of a path involves  c e r t a i n  c o s t s .  Fig. 8 shows 
t h e  explana t ion  of t h e  p r i n c i p l e .  From t h e  l e f t  hand node t h e r e  
a r e  t h r e e  possible r o u t e s  t o  the  next nodes. The f i g u r e s  a t  t h e  
r i g h t  hand s i d e  r e p r e s e n t  t h e  c o s t  of t h e  optimum r o u t e  from 
those  nodes to t h e  end node. The f i g u r e s  above t h e  arrows 
r e p r e s e n t  r i g h t  
hand nodes. The s m a l l e s t  sum r e s u l t s  from s e l e c t i o n  of t h e  upper 
r i g h t  hand node, so t h i s  w i l l  be a p a r t  of t h e  optimum route .  
T h i s  p r i n c i p l e  can be extended throughout t h e  network. The 
o b j e c t i v e  f u n c t i o n  is  developed going backwards from t h e  end node 
( t h e  a r e a  with t h e  l o r g e s t  volume), t o  t h e  s t a r t i n g  node. I n  
o r d e r  t o  be a b l e  t o  c a l c u l a t e  the r o u t e  with minimal c o s t s ,  t h e  
c o s t  o f  a l l  pa ths  have t o  be determined. A rough e s t i m a t i o n  of 
t h e s e  costs w i l l  be s u f f i c i e n t  a t  t h i s  s t a g e  a s  t h e  only  
o b j e c t i v e  is t o  select t h e  proper t o o l s .  The a c t u a l  c o s t s  a r e  
inf luenced  by t h e  opt imiza t ion  of machining v a r i a b l e s ,  which is  
t h e  t a s k  of t h e  next module RNDRTE C31. 

t o t a l  c o s t s  r e l a t e d  t o  t h e  s e l e c t i o n  of a p a r t i c u l a r  tool 
r e s u l t  from t h e  s u m a t i o n  of t o o l  management c o s t ,  t o o l  changing 
c o s t ,  machining c o s t  and t h e  c o s t  of t h e  tool. Tool management 
c o s t  is defined here  a s :  a l l  c o s t s  f o r  having t h e  r i g h t  tool 
a v a i l a b l e  on t h e  r i g h t  spot  a t  t h e  r i g h t  moment. h e n  a s p e c i f i c  
tool belongs t o  t h e  basic tool set of t h e  machine t o o l  or h a s  
a l ready  been s e l e c t e d  before ,  no t o o l  management c o s t  have t o  be 
taken i n t o  account.  Otherwise t h e s e  c o s t  a r e  c a l c u l a t e d  from: 

t h e  c o s t s  t o  get from t h e  l e f t  hand node t o  t h e  

The 

C1 - C t m / N  (15) 

where C t m  s t a n d s  f o r  t o o l  management c o s t  and N f o r  the  batch 
s i z e .  
The tool-changing c o s t s  a r e  composed of t h e  c o s t  f o r  changing 

t h e  i n s e r t  due to tool wear and t h e  cost for tool changing due t o  
a l i m i t e d  number of t u r r e t  p o s i t i o n s .  I n  FMS usual ly  block t o o l s  
w i l l  b e  used and t o o l  changing w i l l  be automated. When t h e  t o o l s  
have t o  be changed manually it is very unl ike ly  t h a t  a h igher  
metal removal r a t e  w i l l  j u s t i f y  s e v e r a l  t o o l  changes per product,  
u n l e s s  t h e  volume which has t o  be removed is extremely high. 

The tool-changing c o s t  can b e  c a l c u l a t e d  from: 

C2 = c m  ts  (tclT+(Z*N-l)/N) (16 )  

where cm s t a n d s  f o r  c o s t  of machining time, ts f o r  tool changing 
t ime, t c  f o r  a c t u a l  c u t t i n g  time, T for t o o l  l i f e  and N f o r  batch 
s i z e .  I f  t h e  number of t u r r e t  p o s i t i o n s  is s u f f i c i e n t  then  N i s  
set t o  112. 

The machining c o s t  a r e  c a l c u l a t e d  f r m :  

C3 = cm * ( t c t L r / v r )  with t c  - vol/(s*a*v) (17)  

where vol s t a n d s  for t h e  volume which has  be r e m v e d ,  B for t h e  
feed ,  a f o r  t h e  depth of c u t ,  v f o r  t h e  c u t t i n g  speed, Lr f o r  t h e  
t o t a l  l e n g t h  of a l l  p o s i t i o n i n g  m v e m n t s .  and vr f o r  t h e  speed 
of rap id  feed  motion. Lr can be es t imated  f r w  GA/a. where A is  
t h e  a r e a  of t h e  c r o s s  s e c t i o n  of t h e  volume t o  be remved.  
The machining v a r i a b l e s  a ,  s and v a r e  c a l c u l a t e d  by us ing  a 

s i m p l i f i e d  opt imiza t ion  a lgor i thm,  t h i s  being of t h e  same 



s t r u c t u r e  as t h e  one used i n  RNDRTE l 3 J .  
c o n s t r a i n t s  are taken i n t o  cons idera t ion .  such as :  

Only t h e  most important 

- t h e  maximum feed and depth of c u t  
- t h e  maximum power. torque  and r o t a t i o n a l  speed of t h e  

- t h e  c h i p  s l e n d e r n e s s  i n  connection with c h i p  

Within t h e  a r e a  c r e a t e d  by t h e s e  c o n s t r a i n t s .  t h e  feed and depth 
of c u t  a r e  maximized and t h e  c u t t i n g  speed is optimized accord ing  
t o  t h e  a p p l i c a b l e  o b j e c t i v e  func t ion .  The a lgor i thm u s e s  
a p p r o x h t i n g  formulas and va lues  f o r  t h e  whole machining 
opera t ion .  This w i l l  cause  d e v i a t i o n s  from t h e  a c t u a l  machining 
c o n d i t i o n s ,  but usua l ly  t h i s  e f f e c t  shows t h e  same tendency f o r  
a l l  t o o l s  under cons idera t ion .  In t h e  t o o l  c o s t s  only t h e  wear of 
t h e  i n s e r t  is nccounted f o r .  because t h e  d e p r e c i a t i o n  of t h e  
holder  is  neglec tab le .  I t  is c a l c u l a t e d  from: 

machine t o o l  

removal and c o n t r o l .  

C4 - Ct * t c l T  (18) 

where C t  s t a n d s  f o r  t h e  cost of a c u t t i n g  edge and tool l i f e  T i s  
c a l c u l a t e d  from t h e  s i m p l i f i e d  Taylor equation: 

The 
be c a l c u l a t e d  from: 

sum of t h e  c o s t  r e l a t e d  t o  t h e  usc of a p a r t i c u l a r  t o o l  can 

C - Kl*Cl t K1*C2 + K2*Cl + K4%4 (20)  

where Yl..Y4 a r e  balancing f a c t o r s  which can be used t o  a d j u s t  
t h e  c o s t  equat ion  i n  order  t o  i n f l u e n c e  t h e  s e l e c t i o n  procedure. 
When t h e  o b j e c t i v e  func t ion  is minimum production time K4 should 
be a e t  to  zero.  

The s e l e c t i o n  of roughing tools is  irnplcmented i n  such  a m y  
that it can be performed f u l l y  a u t m a t i c a l .  However. a t  choice ,  
t h e  o p e r a t o r  can  perform manual s e l e c t i o n .  based on geometric and 
economic c r i t e r i a .  For ins tance .  i t  is p o s s i b l e  t o  le t  t h e  s y s t e m  
select a l l  t o o l s  which are capable ,  i n  a g w l l e t r i c a l  s e n s e ,  t o  
perform a s p e c i f i c  machining opera t ion .  whi le  leav ing  t h e  f i n a l  
s e l e c t i o n  of t h e  ' b e s t '  tool to  t h e  opera tor .  The u s e r  i n t e r f a c e  
is menu dr iven  and can supply alpha-numeric and graphic  
informat ion  on t h e  subsequent s t e p s  of t h e  s e l e c t i o n  procedure. 
Table 1 g i v e s  an example of t h e  alpha-numeric r e p r e s e n t a t i o n  of 
t h e  network f o r  a simple aachin ing  opera t ion .  The cross-hatches 
i n d i c a t e  t h e  optimum route .  Fig. 9 shows a sample of a sc reen  
h g e  of a simple p a r t  contour  wi th  a h ighl ighted  machining a r e a  
and t h e  corresponding t o o l .  

1 1  11000. 12012.& 15000.Y 11000. 

I n 2  I 11004. 12020. 15004. 11004. # 
-I 

E 3  11032. 13004. 15004. 11032. , 

11036. 11036. 
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FIG. 9 AN EXAWPLE OF A SCREEN IMAGE GENERATED BY RNDRTL. 
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