
F r a n c i s z e k  M A R E C K I

D e p a r t m e n t  o f  C o m p u t e r  S c i e n c e  S y s t e m s  
T e c h n i c a l  U n i v e r s i t y  o f  ł . ó d ź  
B i e l s k o - B i a ł a  B r a n c h

T R A N S P O R T  L I N E  M O D E L L I N G

S u m m a r y .  T h e  p a p e r  p r e s e n t s  t he  m a t h e m a t i c a l  m o d e l  o f  a n  a u t o m a t i c  
t r a n s p o r t  l i ne .  T h e  m o d e l  h a s  a f o r m  o f  l o g i c a l l y  a r i t h m e t i c a l  e q u a t i o n s  
o f  s t a t e .

1. I n t r o d u c t i o n

A u t o m a t i c  t r a n s p o r t  l i n e s  h a v e  a n  i m p o r t a n t  p o s i t i o n  in f l e x i b l e  
p r o d u c t i o n  s y s t e m s .  W i t h i n  t h e s e  l i n e s  l o a d i n g  a n d  u n l o a d i n g  ar e  
p e r f o r m e d  by  i n d u s t r i a l  r o b o t s .

C o n t r o l  o f  t h e s e  s y s t e m s  is m a r k e d  b y  m e a n s  o f  s i m u l a t i o n  
m o d e l s  [ 1 ] , [ 2 ] .
L o g i c a l l y -  a r i t h m e t i c a l  e q u a t i n s  o f  s t a t e  [3]  a r e  t h e  b a s i s  f o r  
s i m u l a t i o n s  m o d e l s .  T h e  p a p e r  p r e s e n t s  t h e  m a t h e m a t i c a l  m o d e l  o f  an  
a u t o m a t i c  t r a n s p o r t  l i ne  - in t he  f o r m  o f  a r i t h m e t i c a l l y - l o g i c a l  
a q u a t i o n s  o f  s t a t e .

2.  P r o b l e m  f o r m u l a t i n g

L e t ' s  c o n s i d e r  t he  a u t o m a t i c  t r a n s p o r t  l i ne  w h i c h  h a s  t h e  f o r m  o f  
a l o o p .  T r a n s p o r t e d  o b j e c t s  a r e  l o c a t e d  in t h e  k n o t s  ( p a l l e t s ,  n o r s e l s ,  
e t c . )  o f  t h e  l i ne .  T h e  k n o t s  o f  t he  l i ne  a r e  p l a c e d  in t h e  c o n v e y o r ,  
w i t h i n  e q u a l  d i s t a n c e s .  S t a t i o n s  a r e  d i s t i g n i s h e d  a l o n g  t he  t r a n s p o r t  
l i ne .  O b j e c t s  a r e  m o v e d  b e t w e e n  t he  s t a t i o n s  in c y c l e s .

L e t ' s  a s s u m e  t h a t  t h e  t r a n s p o r t  l i ne  c o n s i s t s  o f  M  l o a d i n g  s t a t i o n s  
a n d  o f  N  u n l o a d i n g  s t a t i o n s .

W e  m a r k  t h r o u g h :
/-  n u m b e r  o f  s t a t i o n  ( /  = / . . . . , ! )  ;
m -  n u m b e r  o f  t h e  l o a d i n g  p o i n t ,  ( » / =  I  M) ;
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/;- n u m b e r  o f  t he  u n l o a d i n g  p o i n t ,  (/? / ........A’).
In e v e r y  l o a d i n g  p o i n t  at  a n y  o p t i o n a l  m o m e n t ,  t h e  o b j e c t  o f  t he  

d e f i n i t e  t y p e  m a y  be  l o a d e d .  C o n s e q u e n t l y ,  t he  l i ne  t r a n s p o r t s  o b j e c t s  
o f  A/ t y p e s .

T h e  u n l o a d i n g  p o i n t s  a r e  s i t u a t e d  at  t h e  s u i t a b l e  m a c h i n e s .  S o m e  
m a c h i n e s  s e r v e  o b j e c t s  o f  t he  s a m e  t y p e ,  t h e r e f o r e  N > - M .  T h e  o b j e c t s  
u n l o a d i n g  f r o m  t h e  t r a n s p o r t  l i ne  a r e  l o c a t e d  in c o n t a i n e r s  w i t h  
c o n f i n e d  c a p a s i f y .
S c h e d u l e s  o f  t h e  w o r k  o f  m a c h i n e s  a r e  k n o w n .  F r o m  t h e s e  s c h e d u l e s  
r e s u l t s  in w h i c h  c y c l e  t h e  m a c h i n e  t a k e s  t h e  f o l l o w i n g  o b j e c t  f r o m  t he  
c o n t a i n e r .  I f  t h e r e  is n o t  a n y  o b j e c t  in t h e  c o n t a i n e r ,  t h e n  t h e  m a c h i n e  
w a i t e s  a n d  t he  a c c o m p l i s h m e n t  o f  t h e  s h e d u l e  is d e l a y e d .

M i n i m a z i n g  t h e  t i m e  o f  w a i t i n g  o f  al l  m a c h i n e s  i s  t h e  p u r p o s e  o f  
c o n t r o l  t h e  t r a n s p o r t  l i ne .  I n d u s t r i a l  r o b o t s  p e r f o r m  l o a d i n g  a n d  
u n l o a d i n g .

3.  M a t h e m a t i c a l  m o d e l

S t r u c t u r e  o f  t h e  t r a n s p o r t  l i ne  is g i v e n  w i t h  t h e  v e c t o r :

\U, it t bere is nei t her  l oading or  unloading point  at  s t at ion l - t h j  

W e  s t i l l  a c c e p t  t h a t  M = N .
T h e  c o n v e y o r  is in s t e p  m o t i o n .  T h e  o b j e c t  w h i c h  w a s  at  / s t a t i o n  in a 
c e r t a i n  c y c l e ,  w i l l  be  f o u n d  at  s t a t i o n  l~  I  in t he  s u c c e e d i n g  s t a t i o n  at  
t h e  e n d  o f  t h e  c y c l e .

L e t ' s  m a r k  wi t h :
k -  n u m b e r  o f  t h e  c y c l e  , ( k  = I  K ) ,  w h e r e  K  is t h e  n u m b e r  o f
a n a l y s e d  c y c l e s  o f  t r a n s p o r t  l i ne ) .

(1)
E l e m e n t s  o f  t h i s  v e c t o r  a r e  d e f i n e d  in t h e  f o l l o w i n g  w a y :

i'm,  i f  t here is m - t h  l oading point  at  l - t l i  s tat ion 

n,  i f  there is n - t h  unl oading point  at  l - t h  s tat ion ( l a )
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DEI' .
S t a t e  o f  t h e  t r a n s p o r t  l i ne  a f t e r  c y c l e  k  is t he  v e c t o r :

X k = [ x ^ (2)
w h e r e

t /m, if  object o f  type m is found at station / after cycle k'
x, =

1 \  0, in the opposite case

W e  m a r k  t h e  g i v e n  i n i t i a l  s t a t e  , b u t  X *  i s f o r  t h e  u n k n o w n  f i na l  
s t a t e .

( 2 a )

DE F .  2
S t a t e  o f  t h e  r e s e r v e  o f  o b j e c t s  in c o n t a i n e r s  a f t e r  c y c l e  k  i s t h e  

v e c t o r :

z k =
n = l ,  , N ( 3 )

w h e r e

¿ n  - n u m b e r  o f  o b j e c t s  in c o n t a i n e r  n a f t e r  c y c l e  k.  
C a p a c i t i e s  o f  c o n t a i n e r s  at  m a c h i n e s  a r e  g i v e n  w i t h  t h e  v e c t o r :

B = [ * . L N  ( 4 )

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

0  < Z  < bn n
D E F .  3

C o n t r o l  o f  l o a d i n g  in c y c l e  k  i s t he  v e c t o r :

uk = K ] i) i M

( 5 )

(6)
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E l e m e n t s  o f  t h i s  v e c t o r  a r e  d e f i n e d  in t he  f o l l o w i n g  w a y :

t /1, i i'm - th object is loaded in k - th cycle\
11 n, =  L  ■ ..\0 , in the opposite case /

C o n t r o l  m u s t  f u l f i l  t h e  f o l l o w i n g  c o n d i t i o n :

(xf~l > 0 ) a {a, = m)  = 0)

( 6 a )

( 7 )

I f  c o n d i t i o n  ( 7 )  is no t  f u l f i l l e d ,  t h e n  o b j e c t  ni m a y b e  l o a d e d  in c y c l e  k. 

D E F .  4
U n l o a d i n g  in c y c l e  k  is t h e  v e c t o r  :

r y n n = l . . . , N  ( 8 )

E l e m e n t s  o f  t h i s  v e c t o r  a r e  d e f i n e d  in t he  f o l l o w i n g  w a v :

k =  j \ ,  i f  ( -U “1 =  m ) A (r * ”‘ <  b j \

\0, in the opposite  case /
V e c t o r  Yk  is c o n t r o l  o f  u n l o a d i n g .  T h i s  c o n t r o l  r e s u l t s  f r o m  ( 9 ) .  
N e v e r t h e l l e s ,  it is n o t  k n o w n  b e f o r e  i n i t i a t i n g  t h e  p r o c e s s .  Yk  d e p e n d s  
o n  c o n t r o l  o f  l o a d i n g .  In p r a c t i c e  an  i n d u s t r i a l  r o b o t  p e r f o r m s  

u n l o a d i n g  a f t e r  t h e  r e c o r d  o f  s t a t e  X . '  a n d  Z j 1.
D E F .  5

T h e  s c h e d u l s  o f  m a c h i n e  n is t h e  v e c t o r :

5 "  =

E l e m e n t s  o f  t h i s  v e c t o r  a r e  d e f i n e d  in t he  f o l l o w i n g  w a y :

I, if machine n takes an object to be serviced in cycle/:\

(9 )

s ’!.
k= \  K ( 10)

0, in the apposite case
( i i )
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T h e  s c h e d u l e  is c o r r e c t e d  i f  an o b j e c t  is to be  t a k e n  in c y c l e  k,  
bu t  t h e  c o n t a i n e r  is e m p t y  t h e n .

4. E q u a t i o n s  o f  s t a t e

L e t ’s a s s u m e  t h a t o b j e c t s  l o a d e d  in n - t h  l o a d i n g  p o i n t  a r e  to be  
u n l o a d e d  in n - t h  u n l o a d i n g  p o i n t .  I f  t h e  c o n t a i n e r  in t h e  u n l o a d i n g  
p o i n t  is e m p t y ,  t h e n  t h e  o b j e c t s  s t a y  on t he  t r a n s p o r t  l i ne . .  L o a d i n g  o f  
t h e  o b j e c t  m a y  t a k e  p l a c e  i f  t he  k n o t  in t he  l o a d i n g  p o i n t  is e m p t y .

C o n t r o l  o f  i n d u s t r i a l  r o b o t s  m a y  b e  m a r k e d  by  m e a n s  o f  
s i m u l a t i o n  m o d e l .  V a r i o u s  v a r i a n t s  g i v e  v a r i o u s  w a i t i n g  t i m e s  o f  
m a c h i n e s .  T h e  o p t i m u m  c o n t r o l  m i n i m i z e s  w a i t i n g  t i m e  o f  m a c h i n e s  in 
c y c l e s  r a n g i n g  f r o m  1 to K.

T h e  s i m u l a t i o n  m o d e l  m a y  be  c o n s t r u c t e d  on  t he  b a s i s  o f  
e q u a t i o n s  o f  s t a t e .

L e t s  a s s u m e  t h a t  t h e  i n i t i a l  s t a t e s  a r e  g i v e n :
XO, ZO a n d  s c h e d u l e s  H n .
a)  l o a d i n g  p o i n t s  o f  t he  l i ne

V
/

(a, =  ri)A(xf  1 = 0) = > « ,  = it/ ■ ri)
a n d

V
/

{a, = n)A(xf~l >  0)j = > « ,  =  x k, "')

b)  u n l o a d i n g  p o i n t s  o f  t he  l ine:

V  [{a, =  = w)a (zk~l < bnj\  =>

= >  [(ykH = D a « ,  =  0 ) a ( z *  =  z k-' +  1 -  K )

( 12)

( 1 3 )

( 1 4 )

a n d

V
/

(a, =  -n )  a  ( x f “ ‘ =n)  a  =  bn)k-1

\yk — 0) A (X*, = -vf-1) A (z! = -  K ) ( 1 5 )
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M o r e o v e r :

V
I

( a ,  =  - n ) a ( x , a “ ' *  n )

[ ( y lt = o ) a « , = * , * > &
c )  p a s s i v e  p o i n t s  o f  t h e  l i ne

V(a, =  0 ) = > ( 4 ,  =  xf~')
d)  c o r r e c t i o n  o f  t h e  s c h e d u l e

A -l
- K )

( 1 6 )

( 1 7 )

V
/

f e * ' 1 =  o ) a ( j ;  =  i ) = >

v  w +1 =  s f w v  =  0 )k<i<K
( 1 8 )

e)  c o n t r o l  c r e t e r i o n

Le t ' s  m a r k  w i t h  <7„ t h e  v a r i a b l e  d e f i n e d  in t he  f o l l o w i n g  w a y :

1, i f ( z B* - ‘ = o ) a (.s;  =  i ) '
qkn =  4 n  . .

^0, in the opposite case
S o  w a i t i n g  c y c l e s  o f  m a c h i n e s  m a y  be  c o u n t e d :

( 1 9 )

n= N  k= K

e = Z 2 > ‘

n ~ 1 A=1
C o n t r o l  I lk ,  ^  = y  A' w h e r e  i n d i c a t o r  ( 2 0 )  is t h e  l e a s t  w i l l  be

o p t i m u m .

(20)
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5. F i n a l  r e s u l t s

T h e  p r e s e n t e d  m a t h e m a t i c a l  m o d e l  m a y  t a k e  i n t o  a c c o u n t  f u r t h e r  
p r o d u c t i o n  l i m i t a t i o n s .  It a l l o w s  to c o n s t r u c t  a c o m p u t e r  s i m u l a t o r  
p r o g r a m .

C o n t r o l  o f  a u t o m a t i c  t r a n s p o r t  l i ne  is m a r k e d  t h r o u g h  s i m u l a t i o n  
e x p e r i m e n t s .  S i m u l a t i o n  r e s e a r c h  a l l o w s  to g a t h e r  k n o w l e d g e  f o r  
e x p e r t  s y s t e m  o f  c o n t r o l  t r a n s p o r t  l i ne .
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