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ABSTRACT 

This paper deals with part sequencing and optimal robot moves sequence in 2-machine robotic cells according to Petri 
net graph. We have assumed that the robotic cell is capable of producing same and different parts. We have considered 
a new motion cycle for robot moves sequence which is the development of existing motion cycles in 2-machine robotic 
cells. The main goal of this study is to minimize the cycle time by determining the optimal part sequencing and robot 
moves sequence in the robotic cell. So, we have proposed a model based on Petri network. 
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1. Introduction 

In the present competitive world, time is an important 
and determining factor in industries. Along with techno- 
logical progress in industries and organizations, manag- 
ers’s decision-making and their organizational activities 
and strategies have become increasingly complex. One of 
these strategies is the development of automation in in- 
dustries and manufacturing organizations, which invol- 
ves the use mechanical and programmable devices called 
robots for moving parts between the different stations. 
By establishing machines in cellular layout and using 
robots for automating the process, managers try to reduce 
the production time in order to increase the effectiveness 
of the production line, and to increase the productivity 
output in robotic manufacturing cells. In the last few 
years, researchers have been concerned with optimizing 
the robot move sequence in order to reduce production 
time in robotic manufacturing cells and many studies 
have been done in this regard. 

The study of Sethi et al. [1] is considered as the begin-
ning point of the robotic cell scheduling literature. They 
discussed on minimizing the cycle time in the single ma- 
chine robotic cell. Sethi et al. [2] proved that in buffer- 
less single-gripper two-machine robotic cells producing 
single part-type and having identical robot travel times 
between adjacent machines and identical load/unload 
times, a 1-unit cycle provides the minimum per unit cy-
cle time in the class of all solutions, cyclic or otherwise. 

For three machine case, Crama and van de Klundert [3], 
and Brauner and Finke [4] shown that the best 1-unit 
cycle is optimal solution for the class of all cyclic solu-
tions. Hall et al. [5,6] considered the computational com- 
plexity of the multiple-type parts three-machine robotic 
cell problem under various robot movement policies. I. N. 
Kamalabadi et al. [7] provided a new solution for the 
cyclic multiple parts three-machine robotic cell. They 
also [8,9] considered the minimizing of cycle time in a 
blocking flow shop cell. This problem is studied for 
no-wait robotic cells too. For example Agnetis [10] 
found an optimal part schedule for no-wait robotic cells 
with three and two machines. Agnetis and pacciarelli [11] 
have studied part scheduling problem for no-wait robotic 
cells, and found the complexity of the problem. Crama et 
al. [3,12] studied flow-shop scheduling problems, models 
for such problems, and complexity of these problems. 
Dawande et al. [13] reviewed the recent developments in 
robotic cells and, provided a classification scheme for ro- 
botic cells scheduling problem. Some other special cases 
have been studied such as: Drobouchevitch et al. [14] 
provided a model for cyclic production in a dual-gripper 
robotic cell. Deineko et al. [15] studied the special case of 
two machine flexible robotic cell that the first machine per-
forms one operation, and the second machine processes K 
operations step by step. Akturk et al. [16] studied on robotic 
cell scheduling with operational flexibility. Gultekin et al. 
[17] studied robotic cell scheduling problem with tooling 
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constraints for a two-machine robotic cell where some 
operations can only be processed on the first machine 
and some others can only be processed on the second 
machine and the remaining can be processed on both 
machines. Gultekin et al. [18] considered a flexible 
manufacturing robotic cell with identical parts in which 
machines are able to do different operations and the op-
eration time is not system parameter and is variable. 
They proposed a lower bound for 1-unit cycles and 2-unit 
cycles. Sriskandarajah et al. [19] classified the part se-
quence problems associated with different robot move-
ment policies, in this paper a robot movement policy is 
considered, which its part scheduling problem is NP- 
Hard, and Baghchi et al. [20] proposed to solve this 
problem, by a heuristic or meta-heuristic.  

It is obvious that the two fundamental problems in ro-
botic cell scheduling are part sequencing and optimizing 
the robot move sequence. If the cell is meant to produce 
identical parts, the scheduling problem will depend on 
finding the optimal robot move sequence. In this paper, 
we have defined a new cycle for robot move sequence in 
a 2-machine robotic manufacturing cell, which is devel-
opment of existing robot motion cycles. Our purpose is 
to obtain the optimal cycle time by determining the op-
timal parts entry to the cell. For the modeling this prob-
lem, timed Petri network has been used. In Section 2, 
assumptions, concepts and the robot move sequence for 
the proposed new cycle are introduced and the cycle time 
is calculated. In Section 3, concepts and relations in a 
Petri network are described. Then, the proposed motion 
cycle is described in full detail according to Petri net 
model. At first the mathematical model for the problem 
of producing identical parts in the production cycle is 
obtained, and then the model is generalized to the prob-
lem of producing different parts. Thereby, by determin-
ing the optimal part sequencing for the proposed cycle 
the minimum cycle time is obtained. In section 4 the re-
sults are analyzed and concluded. 

2. Problem Definition 

In robotic manufacturing cell scheduling, the major pro- 
blem is how to determine the sequence of robot moves 
and order the parts entry in a cell that produces different 
parts. In past studies about 2-machine robotic cells, 

12 21 2 1  motion cycles have been introduced [1], 
and the robot move sequence and the order of parts entry 
in 2-machine robotic cells have been studied [2]. In 3- 
Machine robotic cells, the sequence of robot moves and 
parts entry to the cell has been investigated for both the 
same parts and different parts manufacturing cells [3,21]. 
In this paper, we have defined a new cycle for two-ma- 
chine robotic cells and have considered the problem of 

different parts entry sequencing to obtain the optimum 
cycle time by a timed Petri net model. In most studies on 
scheduling 2-machine robotic cells the problem of flow 
shop has been considered. Thereby, each part is process- 
ed on the first machine and then conveyed by the robot to 
the second machine to be processed on. Indeed, each part 
must be processed on both machines. It is also assumed 
that the two machines are identical, i.e. the processing 
time of a same operation is the same on both machines. 
In addition, the robot’s movement time between any two 
consecutive locations is the same and it is additive be- 
tween different locations. Also, the robot’s loading and 
unloading time in all conditions is the same and the robot 
has a linear movement in the cycle. 

, ,S S S S

Definition 1:  
Activity ( ijA ) signifies the robot’s conveying a part 

from location i to location j. 
Definition 2:  
A n-unit cycle means that the robot has entered n parts 

into the cycle and for doing all the required processes on 
n parts each activity has been repeated n times. At the 
end of each cycle, n part should be taken out of the cell 
by robot. Also, the beginning and the end mode of the 
n-unit cycle should be same. 

Definition 3: 
The n-unit cycle time is defined as the time needed to 

produce n parts in a cyclic process that a robot starts 
from the initial state and moves in a specific sequence, so 
that the necessary operations for producing n parts is 
performed and then the robot goes on the initial position. 
Also, if we assume that the machines are flexible, in 
other words if each machine is capable of performing all 
operations on each part so that every part is processed 
completely by a single machine, then a new motion cycle 
can be defined with a sequence of moves as the follow-
ing: 

At the beginning of the cycle, a part is being processed 
by the second machine and the robot is located opposite 
the input area. According to definition 1, the sequence of 
the robot movements is 01 23 02 13A A A A , i.e. the robot picks 
a part on the input buffer (the needed time is  ) and 
takes the part to the first machine ( ). Then it loads the 
part on the first machine (


 ) and moves towards the 

second machine (  ) and waits opposite this machine 
until it completes processing the part (w2), after the sec-
ond machine has completed the process, the robot 
unloads the part from the second machine ( ) and takes 
it to the output buffer (  ), then it loads it on the output 
buffer (  ). Then the robot comes back to the input buffer 
(3  ), pick  a part from the input buffer (s  ), moves it to 
the second machine (2  ), and load it on it (s  ), then it 
tu s back to the first machine (  ) and waits opposite 
the machine until it completes processing the part (w1). 

rn
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When processing is finished, the robot unloads the part 
from the first machine (  ), tak s it to the output (2e  ) 
and then loads it on output area (  ). T en it comes back 
to the input buffer (3  ). T ereby, the cycle is finished 
and the robot returns to the initial position. During this 
cycle, two parts are produced, so the cycle is called 
2-unit cycle. In this cycle, it is assumed that the robot has 
no waiting time in the input and the output buffer. It 
should be noted that since each machine has the ability to 
perform all operations, in the process of producing n 
parts and in each sequence of cyclic moves, after one 
stage we have a repetitive sequences of robot movements 
which continues until n parts are produced. In this pro-
posed cycle, the starting point of the mentioned repetitive 
process is the beginning of the cycle. 

h
h

In this case, the cycle time for producing two parts is 
calculated as follows, and its parameters are: 

 : Loading or unloading time 
 : The time in which the robot moves between two 

successive locations 
P: Processing time of each part on the machines 

iw : Waiting time in front of machine i 
Ct: Cycle time: 

22 unit 3 2

                  8 14
t

1 3w 1 2w w2

C w   


 4

4

 
  

         

          



2w







,w P

,w P

 



1  

 2 

 
 

(1) 

 M ax 0 8              (2) 

2 Max 0                 (3) 

Therefore, the time needed to produce a part in this 
cycle is: 

1 2w8 1
1 unit t

w
C

 
 

4 
2


                (4) 

  

 

0,

4 2

1
1 unit 4 2 4

2
1

                   Ma 0, 8
2

tC Max P

P w

      

    

7

x

 
    (5) 

The layout of the proposed cycle and the initial posi-
tion are shown in Figure 1. 

 
Input Machine 1 hine 2 Output Bu

Linear 

Mac ffer 

Robot Part 

 

Figure 1. Layout of the new cycle. 

3. Petri Network Model 

Many systems can be modeled on Petri nets and it is pos-
sible to show their features using these networks [22]. 
Petri network is a suitable device for mathematical and 
graphical modeling. The graphical behavior of variables 
and the ability to convert them into flowchart and dia-
gram is one of the important features of Petri nets [8]. 
Petri networks were introduced for the first time by 
Adam Petri in 1962. Lee and Yung (1955) presented a 
new method for planning flexible process sequences us-
ing Petri networks [22]. Petri nets are directed split 
graphs which are divided into two groups of place and 
transition. The directed arcs link some places to some 
transitions or link some transitions to some places. Nota-
tion in a Petri network is a vector whose elements show 
the number of arcs. Each Petri network is shown as 

 , , , ,PN P T A W M 0

P: a finite set of places  
 [22] in which: 

 1 2, ...., nP P P P
, ....,t t tT: a finite set of transitions    1 2 mt

   A: a finite set of arcs A P T T P      
W: weight function associated with each location 
 1, 2,.....P  :W A  

M0: Initial network markup  0,1, 2,.....P  0 :M P  
Mark changes in a Petri network involving firing (tran- 

sposition) is as the following: 
1) The firing is performed when the location Pi has at 

least W (Pi, t) token, whereby W (Pi, t) is the arc weight 
of Pi to t. 

2) An active transposition may lead to firing depend-
ing on whether its movement is performed or not. 

3) If the transition t is fired, W (Pi, t) of tokens is re-
duced from each Pi to t input place and W (P0, t) number 
of tokens is added to each P0 output location of transition 
t. are added. W (t, P0) is the arc weight of t to P0 [22]. 

Theorem 1: 
In a marked graph, for each location that has iM  to-

kens the following relationship B A i t , whereby S S M C 
BS ,  are the starting times of transitions of B and A, 

and t  is the cycle time in timed Petri network. Figure 
2 shows this marked graph. 

AS
C

3.1. Timed Petri Network Model for Producing 
Identical Parts in the New Cycle 

At the beginning of the proposed cycle, it is assumed that 
a part on the second machine is being processed and the 

 

 

Figure 2. Marked graph related to theorem 1. 

B A
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robot is located opposite the input buffer. For simplicity 
of calculation and drawing Petri networks, in modeling 
the problem and drawing its graph we assume that the 
starting point of the cycle moves to the moment when the 
robot loads the first machine and leaves for the second 
machine; at this moment a part is being processed by 
both machines. At the end of the cycle the robot returns 
to this situation. Accordingly, the graph for the same 
parts production cycle is shown in “Figure 3”. 

The parameters needed for modeling this problem by 
Petri network are the following: 

R1: moving toward the second machine and waiting 
opposite the second machine  

( ) 2

R2: unloading the part from the second machine (
w 

 ) 
R3: moving towards the output buffer, loading the part 

on the output buffer, moving towards the input buffer, 
unloading the part from the input buffer and moving to-
wards second machine ( 6 2  ) 

R4: loading the part on the second machine ( ) 
R5: moving toward the first machine and waiting op-

posite the first machine ( ) 1

R6: the robot’s unloading the part on the first machine 
(

W 

 ) 
R7: moving towards the output buffer and loading the 

part on the output buffer, moving towards the input 
buffer, unload the part from the input buffer, and moving 
toward the first machine ( 6 2  ) 

R8: loading the part on the first machine (  ) 
' : starting moment of the first machine’s processing 

M1 
 : The moment that the first machine has finished its 

 

1P  1R  2P

8R  

8P  

7R  

 26   

7P  6R  5P  6P  5R  

4R

3R  

4P  

3P  

 26     

P  

  

  

2w  

  

  

1w  

P



 

2R

 



 

Figure 3. Petri network graph for same parts production 
cycle. 

task and is waiting for the robot to unload the part from it 
  : starting moment of the second machine’s proc-

essing (M2)  
 : The moment that the second machine has finished 

its task and is waiting for the robot to unload the part 
from it 

P: operating time of the first or the second machine 
Mathematical model for production planning problem 

of producing same parts in the proposed cycle are the 
following: 

Min Ct  

Subject to:                                (6) 

1 1 8: tP S S C                     (7) 

2 2 1 2:P S S w                     (8) 

3 3 2:P S S                        (9) 

4 4 3: 6P S S 2                   (10) 

5 5 4:P S S                       (11) 

6 6 5 1:P S S w                    (12) 

7 7 6:P S S                       (13) 

8 8 7: 6P S S 2                   (14) 

6 8: tS S C P                   (15) 

2 4: tS S C P                   (16) 

1 2, , 0iS w w                     (17) 

In this model, the objective function is to minimize the 
cycle time of producing same parts. The constraints are 
written according to the properties of timed Petri network 
and what were written in “Theorem 1”. 

3.2. Mathematical Model for Production  
Planning Problem of Producing Different 
Parts in the Proposed Cycle 

In the proposed new cycle, we assume that n different 
parts must be produced, and that the processing time for 
all parts is specified. Therefore, we can model the Petri 
network in a way that the optimal sequence of parts’ en- 
tering the cell is determined. According to this model, n 
parts are produced by this production cycle in the mini- 
mum possible time. Petri network graph related to the 
production of these n parts is obtained by repeating the 
same parts production cycle 2n  times as described in 
the previous section. Because in the proposed same parts 
production cycle 2 parts are produced, for producing n 
parts in the cycle, the mentioned sequence must be re- 
peated 2n  times. For modeling the new proposed dif-
ferent parts production cycle, in addition to the parame- 
ters used for producing identical parts, the following pa- 
rameters are needed: 
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X1ij: if the part i, is the jth part given to the first machine 
X2ij: if the part i, is the jth part given to the second ma- 

chine 
t: part counter t i  
Mathematical model for production planning problem 

with different parts are the following: 
min Ct 

Subject to:                               (18) 

1,1 1,1 8,: n tP S S C                    (19) 

1, 1, 8,:    2,....,j j jP S S j n            (20) 

2, 2, 1, 2:     1,....,j j jP S S w j n          (21) 

3, 3, 2,:    1,....,j j jP S S j n            (22) 

4, 4, 3,: 6 2      1,....,j j jP S S j n        (23) 

5, 5, 4,:     1,....,j j jP S S j n            (24) 

6, 6, 5, 1:     1,....,j j jP S S w j n          (25) 

7, 7, 6,:     1,....,j j jP S S j n            (26) 

8, 8, 7,: 6 2     1,....,j j jP S S j n         (27) 

1 6,1 8,1 1
1

:
n

t in i
i

S S C x a 


                (28) 

6, 8, 1
1

:     2,....,
n

j j j i j i
i

S S x a j n 


        (29) 

1 2, 4, 2
1

:
n

n n t i n
i

S S C X bi 


                 (30) 

2, 4, 2
1

:     1,...., 1
n

j j j i j
i

S S X bi j n 


         (31) 

1 2
1 1

1    1,......,
n n

i j i j
i i

X X j
 

    
n n

n       (32) 

1 2
1 1

1    1,......,i j i j
j j

X X i
 

    n        (33) 

2 2 0 1    1,......,i n iX X i   n          (34) 

1 1 1 1 1    1,......,i n iX X i    n

,

         (35) 

. 1 , , 1 ,1 2 2 1 1 ,i j t j i j t j
t i t i

X X X X i t 
 

       
   
  j  (36) 

1 2, , 0i jS w w                (37) 

 1 2, 0i j j jX X  ,1              (38) 

Constraints added to this model are the following: 
Constraint (32) states that at any stage only one part 

must enter and it must be assigned only to one machine. 
Constraint (33) states that part i must enter only in one 

stage of the cycle. 

Constraint (34) states that the part being processed on 
the second machine at the beginning of cycle is the nth 
part in the previous cycle and represents the sequence in 
new cycle. 

Constraint (35) states that the part being processed by 
the first machine at the beginning of cycle is n + 1st part 
in the previous production cycle. 

Constraints (36) state that the sequence of parts enter-
ing the new cycle must be observed, i.e. if in a stage one 
part is given to one of the machines, in next stage the 
next part is given to the other machine. 

Constraints Pi,j are written according to “Theorem 1”. 
Also, the objective function of the problem is to mini-
mize the cycle time to produce n various parts in the new 
proposed cycle. 

4. Conclusions 

In this paper, at first the existing feasible robot moves 
cycles in a 2-machine robotic cells reviewed, then a new 
cycle with assumption that the machines are identical and 
flexible with the ability to perform all the necessary op-
erations for producing the same and different parts, was 
introduced. The main problem in this research was to 
minimize the cycle time in producing same and different 
parts by optimizing part sequencing in the robotic cell. 
Accordingly, we provided a mathematical programming 
model based on Petri network. Among the issues that can 
be considered in future researches are: 1) to provide 
methods for solving the problem model and comparing 
the results; 2) to test the performance of the existing ro-
bot move sequences in the form of new proposed cycle; 3) 
to extend these problem to 3-machine robotic cells. 
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