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BY 
D r .  SOAD M. SERAG 

ABSTRACT : 

  his pager inves t iga tes  the  f e a s i b i l i t y  of applying 

ma thematical proqrmming and h e u r i s t i c  simulation algorithms 

for  the optimal se lec t ion  af cut t ing  parameters in i.VC tools .  

Recently, t h i s  problen has becomp of major i n t e r e s t  to 

researchers working i n  the  Area of Computer Aide4 biariufactur- 

i n g  (C  .A.M) . The concepts and methods developed i n  Ulis paper 

a re  very useful  fo r  the production engineers ind can be 

successfully applied for  semi-automatic and auton~at ic  machine 

tool  produdtion cen t res  a s  well a s  Numerically Controllccl N/C 

Tools or d i r e c t  nurner i c a l l y  control led N/C cent res  (CNC) and 
FMS . 
1 - Introduction: 

The optimal choice of cu t t ing  parameters had always been 

an in te res t ing  subject  fo r  the production engineers, with the 

rapid devclopinent of production systems and the  developmentof 

~urnei-ically control led N/C too ls  t o  d i r e c t  numerically controllecl 

M/C too ls  by cen t e r a l  computers (DNC) and the advent of DNC 

w i t h  a ~ t o m a t i c  t rans fe r  known a s  r l ex ib lq  Manufacturing Systans 

(FMS) . The choice of cu t t ing  parameters becomes a continiuus 

decision process. 

The Eiachiniq process in  the new 14achine cen te rs  involves 

multiple machini;~g processes. Thus the choice of cu t t ing  para- 

meters becomcs r: more d i f f i c u l t  problem. 

I n  t be following study we w i l l  consider two possible approaches 

t o  solve the problem, t h e  f i r s t  cne is to u s c  mathesintical 

optimization techniques and the second one is to develop a sinul.atio:i 



H e u r i s t i c  A l g o r i t h m  t h e  p r o p e r t i e s  o f  o p t i m a l  s o l u t i o n  a n d  

t h e  s p e c i a l  ~ z t u r e  o f  t h e  p r o b l e m .  

T h e  s t u d \ .  w i l l  f o c u s  on t h e  t w o  m i n  machining p r o c e s s e s  

u s e d  i n  t h e  new d e v e l o p m e n t  M/C c e n t e r s ,  n a m e l y  t h e  t u r n i n g  

a n d  M i l l i n g  o p e r a t i o n s .  

T h e  s t u d y  i s  d i v i d e d  i n t o  t w o  s e c t i o n s ,  t h e  f i r s t  

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

t h e  c o n c e p t  o f  ~ n u l t i p l e - p r o c e s s .  I n  t h e  s e c o n d  s e c t i o n  t h e  

s o l u t i o n  of t11e m a c h i n i n g  m o d e l  by  m a t h e m a t i c a l  p r o g r a m m i n g  

a n d  s i m u l a t i o n  i s  d i s c u s s e d .  

2 - P r o b l e m  F o r m u l a t i o n :  

T h e  s e l e c t i o n  o f  o p t i r r a l  c u t t . i n g  p a r a m e t e r s  can be solved 

a s  a  p r o g r a m i n g  p r o b l e m ,  t h e  p r o d u c t i o n  e n g i n e e r  aim..; t o  

o p t i m i z e  a  g i v e n  o b j e c t i v e  a n d  s a t i s f y  t h e  r e l e v e n t  c o n s t r a i n t s  

i n  c u t t i n g .  

T h e  f u n c t j  o n  t h a t  t h e  e n g i n e e r  w a n t s  t o  o p t i m i z e ,  knoT,.;n 

a s  o b j e c t i v e  f u n c t i o n  or e f f e c t i v e n e s s  or p e r f o r m a n c e  i n d e x  ( 2 )  

m u s t  b e  d e f : n c d  a n d  i t  v a r i e s  a c c o r d i n g  t o  t h e  g o a l s ,  i n  o u r  

s t u d y  w e  w i l l  t a k e  t h e  t o t a l  c u t t i n g  ( v a r i a b 1 . e )  c o s t s .  C t  

T o t a l  c u t t i n g  cos t ,  

T o t a l .  P l a c h i n i n g  t ime cos t ,  

T o t a l  cost  c o e f f i c i e n t ,  

L - 
F.Nr 

C u t t i n g  t i m e ,  

F c c d / r e v . ,  
1 2  .vc 

Rev.  p e r  Min . ,  N = ---- 
7I D 

C u t t i n g  L e n g t h ,  

C d t  t i n g  V e l o c i t y  ( F t / b l i n )  , 
D i a m c t c r  ( i n )  , 



T - T o o l  l i f e  = k 
l / n  p n l  ,dl/nZ v .  

d  - d e p t h  o f  c u t ,  

k ,n ,n l , n2 -  C o n s t a n t  Fo r  N o d i f i e d  T a y l o r  e q u a t i o n ,  

T  - T o o l  l i f e  ( M i n u t e s ) .  

The p e r f o r m a n c c  i n d e x  a s  d e f i n e d  by (1) - will a l w a y s  

t a k e  t h e  form:  

F , v , ~  d e c i s i o n  v a r i a b l e s .  

T h e  v a l u e s  o f  t h e  d e c i s i o n  v a r i a b l e s  i n  (2) a r e  subjected 

t o  v a r i o u s  t y p e s  o f  c o n s t r a i n t s : -  

- Machine C o n s t r a i n t s :  

Such a s  s p e e d  r a n g e s  and  f e e d  r a n g e s  and Max. Power:- 

(Feed  r a n q e )  FL < F  < FU - - 
(Speed r a n g e )  NL 5 N 

(blax . Power ) P  < Pu - 

- S u r f 2 c e  Rouqhness  Rcqui .rement:  

S p e c i a l l y  i n  F i n i s h i n g  o p e r a t i o n .  

- L i m i t a t i o n  For  Max. C u t t i n g  F o r c e :  

' ~ u e  t o  ~ o o l  o r  W.P. d e f l e c t i o n  l i m i t s .  

A l l  t h e  a b o v e  c o n s t r a i n t s  c a n  g e n e r a l l y  be  s t a t e d  as:- 

i - i n d i c a t e  c o n s t r a i n t  ( i ) ,  

a i , b i , c i  = C o n s t a n t s  f o r  c o n s t r a i n t s  ( i ) ,  

L ( i ) , U ( i )  - Lower and uppe r  bounds  f o r  c u t t i n g  o p e r a t i o n  

c o n s t r a i n t s .  

2 . 1  - T h e  T u r n i n g  P r o c e s s : -  --- 
Using e x p r e s s i o n s  ( 2 )  and ( 3 )  for t h e  t u r n i n g  p r o c c s s .  



Performance I n d e x  -- - - 

0  - M a c h i n i n g  c o s t / u n i t  time (L .  E/Min)  , 

C20 - L a b o u r  c o s t / u n i t  t i m e  (L.E/Flj n )  , 
to - T o o l  c h a n g e  t i m e    in). 

C o n s t r a i n t s  : - 

1 - d e p t h  of cut d  < 

2  - Power  b 2- " 1 
k2.V.F .d  - < u 2  

3 - F o r c e  k3 .Fb3.d  < U  - 3  
4 - F e e d  -- L4 L F - < u4 

5 - F i n i s h  ~2 
- E - us < 

(K-Tool  r a d i u s )  

A s  a n  exanipl-e c o n s i d e r  t h e  r o u g h  c u t t i n g  by H.S.S. T o o l  
( 3 )  w h e r e  t h e  c o n : : t a n t s  a r c  :- 

to = 2  b l in .  , k 2  = 20 , k3 = 1 4 3 8 9 5  

Max Power = U2 = 0 . 7 5  K.W 

Max Force  = U3 = 1 5 0  l b .  

b2  = b3 = 0 . 8  , U1 = 0 . 0 5  i n  , U 4 = 0 . 0 2 , L  = 0 . 0 0 2  4  

T h i s  . g i v e s  t h e  f o l l o w i  

M i n i m i z e  

ng  p r o b l e m :  



2 . 2  The Fl i lLinq  P r o c e s s : -  -- --- 
The f o l l o w i n g  ~ a r i a ~ t i o n s  a r e  me t  i n  t h e  M i i l i n g  p r o c e s s : -  

a )  D - d i a m e t e r  o f  M i l l i n g  c u t t e r  is d e c i s i o n  v a r i a b l e ,  
F 

b) S Z -  f e e d  p e r  t o o t h  - and  Z is a d e c i s i o n  v a r i a b l e ,  Z 
c )  B - Width  o f  c u t t e r  ( o r  work p i e c e )  may, o r  may n o t  be 

a d e c e s i o n  v a r i a b l e .  

The  e x t e n d e d  t o o l  l i f e  f o r m u l a  is:- 

U s i n g  ( 7 , 8 )  we d e v e l o p  t h e  f o l l o w i n g  p e r f o r m a n c e  i n d e x  
"2 

- Ln  1 -1 -1 (K- -1 1 Cto - C l O ( n )  D*v - S Z  - 2  + ( -  12 ) v n  . d n  . S z  

"1 - "2 "3 n 
"3 "4 '3 0 n  (7-1) - (i< +1) - 1 -1 n .B .D 

-1 
n  z ~ + -  n  .d .sZ . z . B .D 12k v 

and t h e  f o l l o w i n g  c o n s t r a i n t s :  - 

d e p t h  o f  c u t  : d < U1 - 

Power 

F o r c e  

c.sz2 . Z 2  
F i n i s h  4  D 5 u, ..... (9) 
Speed r a n g e  : L < (12) .v.D 

-1 < 
5- 7T - " 5  

Feed  r a n g e  : L 6 L  SZ. Z - < "6 

C o n s i d e r  t h e  c a s e  o f  p e i p h e r a l  N i l l i n g  w i t h  carbide tm1.s (4) 



S u b j e c t  to:-  

d e p t h  o f  c u t  :- d l  - < 0 . 5  

Power :- 1 . 2 6 2  d  Sz 0 . 7 5  B l . I  D-0 .2  z v  < - 

F o r c e  :- 4 3 2 0 0  d  S Z  0 . 7 5  Bl.l D-0.2 
Z < 4 3 5  - 

F i n i s h  :- 0 . 3 7 5  S z  2  z2 f-1 < 0 . 0 2  - 
S p e e d  r a n g e  : -  20-.: 3 . 8 2  V D - -' < 5 0 0  - 
F e e d  r a n g e  :- 0 . 0 2  - c S Z 

Z - 0 . 1  ...........( 10) 

2 .3 .  M u l t i p l e  C u t t i n g  P r o c e s s : -  

T h e  c u t t i n 2  p r o c e s s e s  d i s c u s s e d  i n  s e c t i o n s  ( 2 . 1 ) ,  ( 2 . 2 )  

a r e  s i n g 1 . e  r-.-.c!-. i n j . n g  p r o c e s s e s .  I n  t h e  ne t?  ~ n a c h i . n i n g  t c c h n i q u c  

w h e r e  v a r i o ~ s  i o o l s  a n d  p r o c e s s e s  a r e  p e r f o r n e d  i n  t h c r n a c k i n i n c j  

c e n t e r ,  t h e  s i t u a t i o n  i s  f a r  m o r e  c o m p l i c a t c d .  

T h e  wol-1.--piece is m a c h i n e d  i n  t h e  " s o  c a l l e d "  m a c h i n i n g  

c e n t e r  b y  scx7cl- < t l  - too ls  a n d  o p e r a t i o n s ,  t h a t  c a n  b e  numbered  

j = 1, 2 ,  ..., M- e v e r y  c u t t i n g  t o o l  j w i l l  p e r f o r m  s e q u e n c e  

o f  o p e r a t i o n  Nj, w h e r e :  

w h e r e  N - T o t a l  N o  o f  o p e r a t i o n s  - 

T h i s  m e a n s  t h a t  b0t.h t h e  p e r f o r m a n c e  i n d e x  (1) a n d  t h e  

c o n t r a i n t s  rnl.!.-;t- b e  m o d i f i e d  t o  a n  o v e r a l l  p e r f o r m a n c e  index and 

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



Subject to:- 

depth of cut :- d < Ui Cj) 
j - 

Finish 

Feed range . - L~(j) - < F  j - < '~(j) 

Speed range . - < - l2 D;'.V, 5 IJN(,) L N ( ~ )  - 7T 

Moreover it is possible to include the total process 

time of the part T as constrained. 
P 

6 j=1 if To(j) > Tj 

6 j=O other-size 

3. PROBLtEM SOLUTION : 

3.1- Solution By Mathematical Programming: 

Until recently the choice of cutting parameters for 

single cutting operation as given in eq. (4,5,9) was a difficult 

non-linear programming problem, however the development of 

geometrical programming for optimizat.ion of posynomicals and 

signonicals offered us a powerful tool to solve the problem. 



The algorithm s t a t e d  i n  t h i s  work or ig ina tes  from the 

geometric programming technique of Zener ('I and dcvcloped 

by ~ l a u ' ~ )  the  algorithm has the following steps:-  

1 - Enter probl.em a s  specif ied by format (correspondence 

between problem coef. and format coef . )  

2 - Determine I n i t i a l  Weight 

To 
z =  C N aotn 

t=l 

3 - Calculate the vector of or thogonal i ty  condit ion.  

4 - Evaluate I n i t i a l  Multiplin 

KT = Transpose of K 

5 - If t h i s  i s  the f i r s t  I t e r a t i o n  go t o  s t e p  6 ,  other-wiae 

determine new weight a s  follows: 

- 
NEW - Y OLD + AY 

GOT0 STEP 6 

CALCULATE NATRIX T 

T - r 
m = l  t=l 

6 o t  

amt Bmt  Ym I amti amtj 

amti amtj 



7 - EVALUATE ERROR 
- - - - 

To 1 cmt aoti Bot 

ei = i = l f  ..... N 1 T 
a o -  C uot B t  i e N j . 1  

t=l s 

Tm 

8 - . FORMULTEi NEWTON-- RAPHSON MATRIX 

....... 1 2 ....... N' N t l  N + 2  N*M+l 

9 - INVERT MATRIX R 

1 0  - Find VECTOR ADJUSTMENT 

It-' e- =[:'J 
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11 - Calculate New Values 

. % = exp (Aln i) 
V = v exp (Aln V) 

1 2  - HAS SOl,UT3 C!:; CONVERGED T O  ACCEPTAB 

YES:- P R I N T  R E S U L T S  AND S T O P  
NO :- GO T O  S E P  13 

L E  L E V E L  L I P I I T  ? 

13  - MAXIMUM AiLCiWABLE I M T E R A T I O N S  REACIiED 

YES:- S T O P  and P R I N T  RCSUIZTS 
NO :- GO T O  STEP 5 

ENTER DATA a 

F i r s t  It. 0 
EVALUATE ERROR s 

F I N D  VECTOR A D J .  l z z z Z I J  
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SIbk&ATION FLOK CHART. 

- 

I 
Koughlng A Roughing A 

A 1 1 1 , 1 2  , I 3  , T  J 1  ,I2 , I 3  , T 

--. 
CALC. dI1 ?== INPUT 171 

CALC. P I l , I ?  , I 3  ,Fc,N, 
I 

1 YES 

YES YES 

[FINISHING a=h] 
1 



The f o l l o w i n g  draws-backs a r e  t o  be s t a t e d  f o r  t h e  

a p p l i c a t i o n  o f  rna thcmat  i c a l  o p t i m i z a t i o n .  

1 - The s i z e  o f  t h e  problem f o r  m u l t i p l e  c u t t i n g  o p e r a t i o n  

w i l l  r e s u l t  in a  huge numlxr o f  c o n s t r a i n t s  rind variable. 

Cons ider  t h e  c a s e  o f  1 0  s e q u e n c e s  and 6 cutt ing variables 

w i t h  5 c o n s t r a i n t s  f o r  e a c h  o p e r a t i o n ,  t h e  r e s u l t  w i l l  

be a sys tem o f  50 c o n s t r a i n t s  and G O  v a r i a b l e s .  

The resultant M a t r i c e s  T,R w i l l  become v e r y  l a r g e ,  

t h e  e r r o r  f o r  m a t r i x  i n v e r s i o n s  w i t h  i n c r e a s e d  No. o f  

i t e r a t i o n s  w i l l  a f f e c t  t h e  cor i lputa t ional  a c c u r a c y .  

2 - Another problem known a s  t h e  d e g r e e  o f  d i f f i c u l t y  which 

arises w i t h  no  o f  v a r i a b l e s  e x c e e d i n g  c o n s t r a i n t s ,  t h i s  

is almost t h e  c a s e  f o r  our  problem. 

T h i s  means t h a t  a l s o  t h e  d e g r e e  o f  d i f f i c u l t y  w i l l  

i n c r e a s e  f o r  M u l t i p l e  c u t t i n g  - and convergence  w i l l  take 

l o n g e r  and l o n g e r  t imes .  

3 - T h e r e  a r e  many p r a c t i c a l  c o n s t r a i n t s  i n  t h e  m e t a l  cutt ing 

t h a t  w i l l  f u r t h e r  i n c r e a s e  t h e  d i f f i c u l t y  of t h e  problem. 

For i n s t a n c e ,  i n  t h e  roughing o p e r a t i o n  t h e  no .  o f  p a t h s  

m u s t  be  i n t e g e r .  

C o n s t r a i n t  ( 1 4 )  is a n o t h e r  example f o r  6 = I n t e g e r .  

4 - I n  some M/CS t h e  s p e e d s  and f e e d s  a r e  n o t  s t e p l e s s  s o t h a t  

W i l l  n o t  e n s u r e  f e a s i b l e  s o l u t i o n s .  

A l l  t h e  above remarks  c r e a t e s  a  n e c e s s i t y  to d e v e l o p  and 

e a s i e r  and more p r a c t i c a l  a l g o r i t h m  t o  s o l v e  t h e  multip1.c- 

c u t t i n g  problem. 

The s i m u l a t i o n  t e c h n i q u e  devc loyed  depend on  t h e  

f o l l o w i n g  f a c t s : -  

1 - The pcrforrnance index has its optkid.  value on the boundary of 

the  permis!;iW.c clamin of cutt ing data constraiqts. 



2 - P e r f o r m a n c e  i n d e x  i s  a  c o n v e x  f u n c t i o n .  

3  - T h e  o p t i m a l  v a l u e  o f  t h e  o v e r a l l  p e r f o r m a n c e  i n d e x  

is t h e  sum o f  o p t i m a l  v a l u e  o f  s i n g l e  c u t t i n g  problem 

w i t h  g i v e n  c o n s t r a i n t s .  

T h e  o p e r a t i o n s  w e r e  c l a s s i f i e d  a s  t u r n i n g  orFlil l iwJ- 

e a c h  o p e r a t i o n  c a n  b e  e i t h e r  r o u g h i n g  or f i n i s h i n g .  , 

0 1 )  The Number o f  p a t h s  I n d e x  I1 = 1 , 2 , .  . . . . " 1 
0 2 )  T h e  Number o f  f e e d s  I n d e x  I2 = 1 , 2 ,  ..... 2 

R2 = N o  o f  f e e d s  - 
I f  R, i s  n o t  s t a t e d  - i t s  i s  e n t e r e d  a s  

a n d  F1 = F [ i i n  

= F Min -t ( 1 2 - 1 )  ( F MAX - F IlIN 
.) 

R 2 - l  

0 3 )  T h e  Number o f  T o o l  l i f e  i t e r a t i o n s  
I 3  

Tbl in  Minimum p e r n i s s i b l  e ] . i f  e l  

IKX. p e r m i s s i b l e  l i f e ,  

T  blIN + (I3-1) T  PlAX - T  P l I N  

T ~ 3  R3 -1 

0 4 )  J = N o  o f  T o o l s .  - 
J = 1 , 2 ,  . . . . . . . . . . . . . . . . . . I  M 

4  - CONCLUSION:- -- 
A p p l i c a t i o n  o f  b o t h  t e c h n i q u e s  f o r  p r o b l e m  ( 6 ) ,  ( 1 0 )  

a n d  t h e  m u l t i p l e  p r o b l e m  o f  t h e  c o n b i n e d  o p e r a t i o n s  g i v e s  t h e  

f o l l o w i n g  r e s u l t s : -  

Turning 

Mi,llj ng 

Mu1 t i p l c  

G.P 1 HEURISTIC 

Cc 
F,S Vc Comp. F,S Vc Comp . 

-- - Tim< sec 
I 

. -- 
Cc 

Time 

T h i s  p r o v e s  t h e  v a l i d i t y  o f  I I e u r i s t i c :  s i n i u l a t i o n  t e c h .  I t  

s h o u l d  bc n o t e d  t h a t  i f  Vc i s  i n c r e m e n t c d  ( I 3 )  t o  more p o i n t s  

t h e  s o l u t i o n  w o u l d  c o i n c i d e  m o r e  t o  t h e  b la th .  O p t i m i z a t i o n .  



T h e  t o t a l  ~ o s t  is' h i g h e r  i n  t h e  s i m u l a t i o n  Mech. by app. 

3% - h o w e v e r  ti12 c o i n p u t a t i o n a l  time is r e d u c e d  t o  4 0 % .  Of 

c o u r s e  w i t h  more p r o c e s s e s  ( t h i s  case Ig = 2 O n l y ) .  Thc s i rn i l a t ion  

m e t h o d  will be rmre p c a c t i c a l .  

5 - FUTURE WORE: - 
1) T h e  o n l y  p e r f o r m a n c e  i n d e x  we c o n s i d e r e d  was t h e  c0s.t- 

how eve^ o ther  p e r f o r m a n c e s  may b e  c o n s i d e r e d  s u c h  a s  

maximum p r o d u c t i v i t y ,  M i n i m a l  wear,  e t c .  A l s o  i n  t h e  

cost f u n c t i o n  t h e  power  c o n s u m p t i o n  cost ~1.a:~ be included 

t h i s  v i1 . l  c e r t a i n l y  i m p r o v e  t h e  total cost  e q u a t i o n .  

7)  The s l ~ s t e n  c o n f i g u r a t i o n  w i t h  d a t ~  ! ~ a s e  a n d  t h e  f i l e  

c o n s t r u c t i o n s  a n d  s o f  t-ware is a v e r y  i n t c r e s t i n y  subject 

t h a t  w e  d i d  n o t  y e t  m a n a g e d  t o  d e s i g n  as  i11te:jral system. 
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