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Comparative analysis of pick & place strategies for a multi-robot
application

G. Humbert, M.T. Pham, X. Brun, M. Guillemot and D. Noterman

Abstract—This paper deals with a comparative analysis of
different pick & place strategies. The purpose is to give some
rules to obtain a good sizing in terms of components (number of
robots, conveyor speed) and control laws (individual scheduling
rules of each robot, collaborative strategy of all the robots)
of a multi-robot cell. This approach is validated by the use
of a new simulation tool combining a behavioral simulation
of multiple robots and the product flows. This simulation tool
takes into account not only the end effector, but also the robots
collaborative aspect to ensure the desired overall performance
for a given task.

I. INTRODUCTION

In recent years, the customers demand of productivity and
flexibility for their production lines has largely increased.
This is why robots and robotic pick & place cells are
more and more present in some industrial fields such as
the food industry. In high-performance applications, typical
characteristics of a pick & place robot can reach the following
values : velocity 10 m/s, acceleration 100 m/s? precision +/-
0.1mm, pick & place cycle 0.40s on average. To improve the
performance of these applications it is necessary to improve
the design of current production systems (number of robots,
performances, etc.) whilst also improving the management
of flows and workload management when several robots are
used.

Placing conveyor

Picking conveyor

Fig. 1. Robotic cell with delta robots.
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A pick & place application is usually composed of a
series of several robots installed in a line one after the other
taking products on a first conveyor and placing them in boxes
located on a second conveyor, see figure 1 [23] [21].

On a multi-robot packaging cell, when there is no work-
flow optimization system, pick instructions are divided
equally between the first robots. A final robot is added to
try to recover the products that could not be taken by the
previous robots. Products initially assigned to a robot may not
be taken because they finally are out of the robot workspace
because of a lack of boxes to fill, for example. This kind
of flow management approach is widely used in industrial
applications and has three disadvantages:

1) The first robots have an important individual workload
close to 85%, which can lead to availability issues.

2) Contrarily, the last robot has an individual workload
close to 25%.

3) A large number of products can not be picked and
they are discarded. The average percentage product lose
could reach 1% in steady state and 5% in the transient
state.

In industrial applications, field experiences are commonly
used for production line sizing. To the best of our knowledge,
there are not efficient tools that can help sizing either
the performance analysis or the workflow optimization for
several reasons:

o The problem is complex: many parameters have to be
taken into account (robots, conveyors, products, etc.).

« Different skills must be used: robotics and flow man-
agement.

o There are no tools dedicated to both simulation and im-
plementation. Some tools such as online programming
exist but they do not support high level programming.
This kind of feature could be interesting for pick & place
applications, product flow simulation and collaborative
aspects between several robots.

However simulation approaches are beginning to be devel-
oped by some companies, but the performance of the software
tools that they propose are difficult to assess:

o Staiibli: LineManager software dynamically manages
the workload [25].

o ABB: RobotStudio and PickMaster 3 software with
the add-on Picking PowerPac provides a configurable
environment to test different application [1]. Stumm
et al. [26] have used this software to show a realistic
representation of product flow and the arising dynamic



changes within product flow in pick & place applica-
tions.

o Keba: Real World Simulation Software Package soft-
ware can test pick & place strategies [14].

« Bosch Rexroth: IndraWorks software dynamically man-
ages the workload [14].

o Fanuc: Genkotsu Learning Control software improves
the speed and the performances of their robots with
learning [7].

To the best of our knowledge, in industrial and academic
context, there are no simulation tools that take into account
the four following aspects: a behavioral simulation of the
robots, a simulation of the work environment (product flow,
boxes flow), the collaborative work of several robots and fi-
nally the possibility to go from simulation to experimentation
(the code developed for during the simulation tool need to be
automatically generated for the industrial controllers of the
robots).

The first contribution of this paper is to show the impact
of the presence or lack of collaborative strategies between
the robots on an oversized system and on an accurate sized
system.

The second contribution is to show the impact of the
individual scheduling rules assigned to each robot.

The third contribution of this paper is the development of a
software interface that represents the robotic cell in a realistic
3D environment. The developed software is able to simulate
realistic product and box flows, generate the trajectory of
the end effector to reduce the picking time and the placing
time, propose several collaboration strategies between robots.
This software is also modular and allows the simulation
of different configurations for a same application based on
several parameters (number of robots, environment design,
placement of the robots, etc.).

Section II presents the typical sizing that is done in some
industrial applications. Pick & place strategies are shown and
a new simulation tool dedicated to pick & place application is
presented. Section III shows a comparative study of different
pick & place strategies according to two sizing assumptions.
Finally, a conclusion and future works are presented.

II. SIZING AND SIMULATION OF PICK & PLACE
APPLICATIONS

A. SIZING OF INDUSTRY APPLICATION

As indicated in section I, the sizing of pick & place robotic
systems is usually done empirically. However, this empirical
approach follows a decision sequence, which can be summed
up in the following:

1) An input product flow is chosen by the customer, in
terms of products per second F'Ps.

2) The customer generally knows the average time for a
robot to do a pick & place task. This information gives
an estimation of the product cadence per second P Pas.

3) The system is oversized using two possibilities:

o FEither a margin of safety M fp is added to the
products flows (10-15%).

¢ Or another robot is added to the minimum number
of robots.

4) The minimum of robot NRmin is calculated:
NRmin = FPsx (14 M fp)/PPas rounded up to
the nearest integer.

5) If the margin on the flow is chosen, the final number of
robot NRf = N Rmin otherwise NRf = N Rmin +
X where X can be 1 or 2 (depending on the application
size).

6) The output box flow F'Bs is calculated based on
the number of places NPb in one box: FBs =
FPs/NPb.

7) The input V¢ and output Vo speeds are either fixed by
the customer or fixed arbitrarily, however, they need
to depend on the flow and the spacing between the
middle of the products E P and the boxes EB: FPs =
Vi/EP and FBs = Vo/EB.

8) There is no collaborative strategy between the robots,
the individual scheduling rules are the same for all the
robots and are “all-you-can-pick”.

This sizing works but is not optimal. The first robots work
more than the last robots, which can cause premature wear.

B. PICK & PLACE STRATEGIES

When a single robot is used, a queue or a basic sort in one
direction is sufficient. Matton et al. [15] have proposed inter-
esting online scheduling rules based on a queue. Erlandsson-
Warvelin et al. [6] have filed a patent about control methods
for machines which used a sort method in one direction.

If several robots are used, more complex algorithms than a
queue are necessary. The aim is to size the number of robots
with respect to the number of products, boxes and conveyors.
To do this, optimization algorithms could be used. Research
works related to optimization algorithms used in robotic
applications are numerous. Huang er al. [11] have utilized
a greedy randomized adaptive search procedure to search for
the optimal scheduling rules. Slim et al. [24] have compared
three metaheuristic methods: ant colony optimization, genetic
algorithm and particle swarm optimization. The aim was
to maximize the number of picking products and to take
also into account the execution time. Bonert ef al. [2] have
searched a solution of the Travelling Salesperson Problem
with a genetic algorithm. Fujimito et al. [8] have used a
genetic algorithm to seek the best combination of scheduling
rules in order to obtain an appropriate flow. Zhu et al. [32]
have studied a differential evolution algorithm for the pick
& place problem of multi-head surface mounting machines.
Mendelson et al. [17] have developed a decentralized palletiz-
ing multi-robot system using fuzzy logic. Edan et al. [5] have
developed a fuzzy method and a simple “all- you-can-pick”
algorithm. Isil Bozma er al. [3] have proposed an approach
based on non-cooperative game theory to decide the robots
actions in a multi-robots pick & place application. In all of



these works, only simulation is used and the translation from
simulation to experimentation is unfortunately not tackled.

Usually the optimization techniques above are compu-
tationally intensive and are not appropriate to real time
application where the computation cycle required is about
a millisecond. Another alternative is to use this kind of off-
line algorithms in simulation in order to schedule the best
combination of rule then apply the result in practice.

Petri nets have been used for pick and place system mod-
eling. The aim of these works is mainly to synchronize two
robots relative each other. Yasuda [29], [30] has developed
a Petri net for a production system where two robots can
exchange pieces. Zhou et al. [31] have proposed a Petri
net which allows the work of two robot arms inside the
same workspace. However in our application, the robots are
independent and their workspaces are not shared.

In the literature, a few patents are related to pick &
place strategies. Izumi et al. [12] have filed a patent about
conveyors sharing in order to balance the robots workload.
Herzog [9] has filed a patent about a method of filling
containers using the discretization of the system. He used
quadratic programming to solve the problem. Wappling et
al. [28] have filed a patent about a scheduling method for
pick & place applications.

C. A NEW SIMULATION TOOL DEDICATED TO PICK &
PLACE APPLICATIONS

There are several needs for this study. Firstly, the robots
behavioral have to be simulate and the end effector has to
be visualize to check if the end effector moves correctly and
stops in the right position. Secondly, the work environment
(product flow, boxes flow) has to be simulated in order to
check the interaction between the robots and the environment
and to verify the robot pick the right product. Thirdly, two
level of strategies (collaborative strategies and individual
scheduling rules) has to be taken into account. And fourthly,
the possibility to go from simulation to experimentation have
to be taken into account in order to have an implementation
in-situ the easiest and fastest possible.

In the literature, there are several works dedicated to
robotic pick & place simulation, which are only used for
visualization, to verify the kinematics and dynamics. They
are also used for robot design to validate its behavior, its
movements and its interaction with the environment (col-
lision detection). Johari et al. [13] have used Workspace5
to visualize an entire robotic application system in order to
detect collisions between robots and their environment. Sam
et al. [22] have designed a pick & place robotic system using
Solidworks Softmotion software to study the motion of an
articulated robot.

To improve the productivity of a pick & place multi-robots
application, the flow management has to be improved. There
are several programs that are able to simulate this. Meiyun
et al. [16] have used Witness in order to find bottlenecks in
a production system. Mirzapourrezaei et al. [18] have also
used Witness to evaluate various aspect of manufacturing

systems. The objective was to enhance the productivity and
efficiency of the line. Pegden ef al. [20] and Sturrock et al.
[27] have presented Simio, a software based on intelligent
objects. Concannon et al. [4] have developed Simul8, a
software which uses techniques of production planning and
scheduling. Hindle et al. [10] have used Simul8 to answer the
complex scheduling problem of sequencing part requirements
through a composites manufacturing center. Nikakhtar er al.
[19] have compared two simulation tools: Arena and Witness.
However, all of these programs are mainly dedicated to flow
simulation. Visualizations are very basic, and mainly focused
on the flows. The displacement of products or boxes on
conveyors can be visualized with Simio 3D or Witness but
it can not have several products on the width of a conveyor
and just the execution time of a robot is simulated and not
the movement of the effector.

Unlike other works, the environment software developed
in our work allows the creation of a virtual machine, in
3D and in real time, based on the CAD model of the real
system. This simulated robotic cell has the same kinematics
and the same dynamics as the real process, its environments
can also be simulated: products arriving on a conveyor etc.
Scenarios can be implemented to verify its behavior. A high-
level layer can be used to implement a products pick & place
strategy and a collaboration strategy between several robots
if necessary. This software is also modular, it can configure
the production system (robot, conveyor, etc.), its environment
(products, boxes, etc.) and the different scenarios.

The tool developed incorporates two levels of strategies
shown in Figure 2. Simple individual scheduling rules for a
single robot can be:

¢ FIFO: First In First Out. The robot picks the first product

arrived in its workspace.

o LIFO: Last In First Out. The robot picks the last product

arrived in its workspace.

o SPT: Shortest Processing Time. The robot picks the

nearest products of its end effector.

Collaborative strategies -
W

Products/
Products to pick/place position Boxes

Robot Robot Robot Robot position
Pickdnd place produfts

Fig. 2. Simulation architecture with the two levels of strategies (individual
scheduling rules and collaborative strategies).

Collaborative strategies can also be used and the products
can be assigned to the robots before they arrive in the
different workspaces. An example of different collaborative
strategies between four robots is given in figure 3. The red



products are assigned to the robot 1, the green products are
assigned to the robot 2, the blue products are assigned to the
robot 3 and the yellow products are assigned to the robot 4.
If there is an assignment by clusters (Figures 3.c and 3.d), the
last ones are sequentially treated. The lightest orange cluster
is treated in the first row and the darkest orange cluster is
treated at the end.

« Right / Left: Assign to the robots the products one by
one from the right to the left (Figure 3.a).

o Up / Down: Assign to the robots the products one by
one from up to down (Figure 3.b).

e Up / Down Cyclic: Assign to the robots the products
one by one from up to down for a number of products
equal to the number of robots. And then the order of
robots is cyclically changed (Figure 3.c).

o Up / Down Alternate: Assign to the robots the products
one by one from up to down for a number of products
equal to the number of robots. Then the assignation is
down to up and the assignment is alternate. (Figure 3.d).

Conveyor

direction:

Fig. 3. Example of different collaborative strategies

The simulator also includes the management of field bus
and a real-time kernel. The user can verify the behaviour
of different pick & place strategies on his/her host computer
with a refined simulation where the behaviour of a real indus-
trial controller is included. The idea is to run the simulations
either on an instruction set simulator, with a behaviour close
to the real production system, or on a hardware target.

The pick & place application creation consists of several
steps, first the definition of the simulation model is carried
out with a 3D software. At this stage the graphic objects
and the kinematic behaviors of the application objects are
defined (robots, conveyors, etc.) in C++. The second step is
the development of collaborative strategies between robots in
simulation en C++. Finally, simulations could be run with the
software, see figure 4, to test the model behavior and analyze
the results of the different pick & place strategies. Once the
parameters of simulation are optimized, experimental tests
can be done to check the algorithms operation and test their
performance.

III. COMPARATIVE STUDY

A comparative analysis has been carried out using the new
software tool presented section II-C. This study compares

AlgoSupervisor001
Time : I ms

ConvSupervisor

Emulator stateRUNNING] time[10h-56m-2x:
> M P| —e®rmescare 10

LTLYLILTL IOIEIEHEE

Fig. 4. Simulation example with four robots and two conveyors co-current
with the Right/Left collaborative strategy.

different collaborative strategies between robots and various
individual scheduling rules for each robot presented section
II.C: Left/Right, Up/Down, Up/Down Cyclic and Up/Down
Alternate collaborative strategies and FIFO, LIFO and SPT
individuals scheduling rules. Firstly this study was conducted
for two sizing assumptions: an oversizing of the system
similar to those that can be found in industrial applications,
and an accurate sizing of the system, where the number
of robots and the parameters (speeds of the conveyors) are
chosen to obtain the desired product flows. In both cases, the
sizing is performed such that there are not any lost products
and unfilled boxes. Undersized systems are not studied in the
following analysis. During the simulation with the oversizing
assumptions, a study was carried out to compare the impact
of a placing priority rule. This rule stops the output conveyor
if an unfilled box reaches the second half of the workspace
of the last robot.

Different parameters are analyzed and compared such
as the percentage of lost products, unfilled boxes and the
balance of the workload of the robots and the total workload
of the system. The workload is defined by the following
equation (1):

T ic T ace
Workload = Pick + 1Pl (D

TPick + TPlace + TWait
where T'pick, T'piace and Tyyqi are respectively the picking,
placing and waiting time in seconds. The balance of the
workload is defined as the difference of the workload of the
robots and calculated with the equation (2):

NRj;—1
BW = Y Wy — Wi )
k=1
where W), is the workload of the k;;, robot. The more BW
is close to O the more the system is balanced. The total
workload of the system is defined by the sum of the workload
of all the robots and calculated with the equation (3):
NRj

TW = Z Wi, (3)
k=1



where Wy, is the workload of the k;;, robot. The index T'W
gives an idea of the operating rate of the entire system. The
higher this index is the more the robots work.

Secondly for an accurate sized system, the influence of
the speed of the input and output conveyors is studied for
the same input and output flow.

In the following, general assumptions on the pick & place
application are considered:

o All the robots are identical.

o A pick & place cycle for one robot takes an average
0.383 sec. The robot can pick PPas = 1/0.383 = 2.61
products per second.

« The robots work at a speed of 10 m/s and an acceleration
of 100 m/s?> and pick & place one product at the same
time.

o The conveyors are parallel with co-current flows.

o Products in the input flow are positioned randomly.

o The boxes measure 0.1 m * 0.1 m and contain 9 products
(NPbL=9).

A. OVERSIZED SYSTEM

Additional assumptions on the pick & place application in
this section:

o The input conveyor speed is chosen arbitrarily equal to
0.2 m/s (Vi =0.2).

« The distance between two boxes is arbitrarily set to 0.05
m (EB = 0.1+ 0.05 = 0.15).

According to the method described in section II.A, an input
product flow is chosen F'Ps = 7.83 products per second.
To oversize the system, a margin of safety M fp = 25% is
added. The minimum of robot is NRmin = FPs* (1 +
M fp)/PPas = 7.83%(140.25)/2.61 = 3.75 rounded to 4.
Since a margin of safety was used, the final number of robot
is NRf = NRmin = 4. Based on the number of products
in a box, the output flow is equal to FBs = FPs/NPb =
7.83/9 = 0.87 boxes per second. Using the distance between
the boxes, the output conveyor speed needs to be equal to
Vo= FBs+* EB =0.87%0.15 = 0.13 m/s.

The simulation is performed with the following arbitrary
parameters:

o Pick and place individual scheduling rule for all the

robots: FIFO.

o Simulation time: 1h.

Tables I and II show the simulation results for different
collaboration strategies applied on an oversized system. The
table I shows the simulation not using the placing priority
rule and the table II shows the simulation using the placing
priority rule. First we notice that the placing priority rule
allows to have all the boxes filled. Without, there are un-
filled boxes. This is only due to the rounded errors in the
calculations. In addition, the total workload is slightly lower
with the placing priority rule. However, this rule unbalanced
the workload between the robots.

In these two cases, the worst results are obtained without
any collaborative strategy because there is a percentage of

lost products. In addition, there is a strong imbalance between
the robots, which can lead to premature wear of the first
robots. However, the total workload is better than the others
(around 297%). With the others strategies the total work-
load is bigger (around 335%) but there is a better balance
(around 20%). There are two kind of strategies, Left/Right
and Up/Down cyclic strategies which have a better balance
(around 12.8%) and Up/Down and Up/Down Alternate which
have a better total workload (around 329%).

B. ACCURATE SIZED SYSTEM

In addition to the general assumptions, further assumptions
on the pick & place application are made:

« The input conveyor speed is chosen arbitrarily equal to
0.2 m/s (Vi =0.2).

o The distance between two boxes is arbitrarily set to 0.05
m (EB = 0.1 4+ 0.05 = 0.15). A placing priority rule
is added. The output conveyor is stoped if an unfilled
box reaches the second part of the workspace of the last
robot.

According to the method described in section II.A, an input
product flow is chosen F'Ps = 10.18 products per second.
To oversize the system, a margin of safety M fp = 2.5%
is added. The minimum of robot is NRmin = F'Ps* (1 +
M fp)/PPas = 10.18%(1+0.025)/2.61 = 4. Since a margin
of safety was used, the final number of robot is NRf =
NRmin = 4. Based on the number of products in a box,
the output flow is equal to FF'Bs = FPs/NPb=10.18/9 =
1.13 boxes per second. Using the distance between the boxes,
the output conveyor speed needs to be equal to Vo = F'Bsx
EB =1.13%0.15 = 0.17 m/s.

The simulation is performed with the following arbitrary
parameters:

« Picking and placing individual rules: FIFO.

o Using of a placing priority rule.

o Simulation time: 1h.

Table III shows the simulation results where different
collaboration strategies on an accurate sized system. The
best results are obtained without any strategies and with the
Up/Down Cyclic strategy. All the products are picked and
all the boxes are filled thanks to the placing priority rule.
However, without any strategies the flow can be increased
slightly because the total workload is smaller than 400%.
The other strategies are bad because some products are lost
even though the number is low.

Compared to an oversized system this result is quite
unexpected but this is due to the collaborative strategy. In
fact putting a collaborative strategy adds a constraint to the
pick & place system. Since there is no need of collaborative
strategies between robots, a comparison of the four different
individual scheduling rules of each robot is presented in the
following. The possibilities are numerous (3* = 81) and the
simulation time of each of them takes 10 min.

Tables IV and V show the simulation results of the effect of
the individual scheduling rules of each robots on an accurate



TABLE 1
RESULTS OF THE COLLABORATIVE STRATEGIES FOR AN OVERSIZED SYSTEM WITHOUT PLACING PRIORITY RULE.

Lost products (%) | Unfilled boxes (%) | Balance workload (%) | Total Workload (%)
Without any strategy 0.0467 5.01 93.7 297
Left/Right 0 3.90 5.00 352
Up/Down 0 3.68 6.21 346
Up/Down Cyclic 0 4.20 4.58 351
Up/Down Alternate 0 391 6.36 346
TABLE II

RESULTS OF THE COLLABORATIVE STRATEGIES FOR AN OVERSIZED SYSTEM WITH PLACING PRIORITY RULE.

Lost products (%) | Unfilled boxes (%) | Balance workload (%) | Total Workload (%)
Without any strategy 4.48 0 96 288
Left/Right 0 0 12.8 344
Up/Down 0 0 28.8 329
Up/Down Cyclic 0 0 12.8 343
Up/Down Alternate 0 0 28.8 329

TABLE III
RESULTS OF THE COLLABORATIVE STRATEGIES FOR AN ACCURATE SIZED SYSTEM WITH PRIORITY RULE.

Lost products (%) | Unfilled boxes (%) | Balance workload (%) | Total Workload (%)
Without any strategy 0 0 5.92 385
Left/Right 0.225 0 1.09 390
Up/Down 0.721 0 0.04 391
Up/Down Cyclic 0 0 1.46 389
Up/Down Alternate 0.529 0 0.12 391

sized system. For the sake of simplicity the rules are denoted:

TABLE IV 0 for the FIFO rule, 1 to the LIFO rule and 2 for the SPT
INDIVIDUAL SCHEDULING RULES WITH LESS THAN 1% OF LOSS rule. Table IV gathers only the combinations that allow to
obtain less than 1% of lost products and unfilled boxes.
R1 | R2 | R3 | R4 | Products | Boxes First, we note that the worst rule is the SPT rule in every
0 0 0 0 0 0 o .
0 o ; o 00236 0 combination. The lost rate is greater than 1%, or very close
0 0 5 0 0.1535 0 to this value. This can be explained by the fact that the pick
0 1 0 |0 0 0 and place time increases from the first robot to the last robot.
0 ! 1 0 0.0472 0 It is noteworthy that the FIFO rule must be used by the last
0 1 2 0 0.2481 0 ..
0 5 0 0 08677 0 robot. When several products arrive in the workspace of the
1 0 0 0 0 0 last robot, if the individual scheduling rule of this robot is
1 0 | 1 0 0 0 LIFO or SPT rule, the last or the nearest product is picked
: (1) g 8 0'3(386 8 while the other products will continue. If the penultimate
i I 1 0 00118 0 robot uses a LIFO rule there are few losses. For the other
I 2 0 0 0.9168 0 robots, the choice between FIFO and LIFO rules do not have
a significant impact on the results.

Table V shows the combinations that allow to have the
best balance or total workload. The best combinations for
balance and total workload causes lost products.

TABLE V )

SUMMARY OF THE BEST INDIVIDUAL SCHEDULING RULES. For an accurate sized system, the customer has to use the
robot without a collaborative strategy to have no lost products
Rl | R2 | R3 | R4 and no unfilled boxes. This adds a constraint to the system.
Eoztuptri"g““s (('17;)) 8 8 8 8 8 The latest robots have to use the FIFO individual scheduling

niile 0Xes (4 . P .
Balance workload (%) | 408 | 1 ; T 0 rules. For the other robots, the 1n'dlv1dua1 scheduh.ng FIFO or
Total workload (%) 334 1 5 0 0 LIFO rules seem to be better. Since a collaborative strategy

is not required when the system is well sized, the last aspect
of our study concern the influence of the conveyors.



C. IMPACT OF THE SPEED OF THE CONVEYORS

According to the method described in section IL.A, an
input product flow is chosen F'Ps = 10.44 products per
second. No margin Mfp is added. The final number of robot
is NRf = FPs/PPas = 10.44/2.61 = 4. Based on the
number of products in a box, the output flow is equal to
FBs = FPs/NPb=10.44/9 = 1.16 boxes per second.

The simulation is performed with the following arbitrary
parameters:

o Pick and place individual scheduling rules for all the
robots: FIFO.
« Simulation time: 20 min for each configuration.

Input conveyor speed: During this simulation, the speed
of the input conveyor varies between 0.1 and 0.8 m / s but
with the same product flow. The spacing between boxes is
arbitrarily equal to 0.5 m, which corresponds to an output
conveyor speed of 0.170 m/s.
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Fig. 6. Unfilled Boxes depending of the input conveyor speed.

Figure 5 and 6 show the impact of the input conveyor
speeds on the number of lost products and unfilled boxes.
It is noteworthy that more the input conveyor speed is high
more products and boxes are lost. This happens for all the
strategies.

Output conveyor speed: During this simulation, the
speed of the output conveyor varies between 0.1169 m/s
(which corresponds to a space between boxes equal to Om)

and 0.4 m/s (space equal to 0.1566m) with the same boxes
flow. The input conveyor speed is arbitrarily fixed to 0.2 m/s.
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Fig. 8. Unfilled boxes depending of the output conveyor speed.

Figure 7 and 8 show the impact of the output conveyor
speed on the number of lost products and unfilled boxes. It
is noteworthy that the best strategies lose less products and
boxes with a speed equal to 0.2m/s. Up/Down and Up/Down
Alternate strategies lose less products and boxes when the
speed increase but still higher than the other strategies.

To minimize the number of lost products and unfilled
boxes, the input conveyor speed has to be reduced to its
minimum. For this system, the output conveyor speed has to
be close to 0.2 m/s (space equal to 0.14m).

IV. CONCLUSION

In this paper, we presented a comparative study of different
collaborative strategies between robots and various individual
scheduling rules for each robot under two sizing assumptions:
oversizing and accurate sizing. To validate our study a
new simulation tool has been developed. According to the
customer demand, a collaborative strategy between the robots
and the individual scheduling rules of each robot will not be
the same. For an oversized system, it is preferably to use
a collaboration strategy between robots. This allows to pick
all the products and fill all the boxes. This allows also to
balance the workload on all the robots and thus to reduce
the premature wear of a robot. The study shows that if the



customer wants an accurate sized system to be the most
efficient, it is better to not use a collaborative strategy because
it adds a constraint to the system. We also have shown that
it is better to use an individual scheduling rule FIFO for the
last robots and FIFO or LIFO rules for the others robots. If
the customer wishes to improve workload balance, the use of
the FIFO rule for the last robot and LIFO rule for the others
robots is a good combination. However, some products will
be lost. Finally, the last section of this paper shows it seems
to be better to have an input and output conveyor speed the
lowest possible.

Future work concerns the study and the analysis in simu-
lation with different configurations (number of robots, prod-
uct flow, simulation time) to reinforce the results. Another
work is to improve the capability of the application to be
autonomous in order to cope of an input products flow change
for example. Another work is to validate these results on a
benchmark composed of three robots and two independent
conveyors.
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