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1. INTRODUCTION
1.1 PRELUDE
Cooperating industrial robots in the factory is not a new concept where, it is a well-known
application since last decades, especially with the development of the automotive industry and
the new transformation revolution of Industry 4.0 [1], where the automation systems have
replaced the human resources, by installing industrial robots in the production chains as
parallel robots, manipulator arms and hybrid robots to accomplish a concrete task [2]: pick
and place, packaging, welding [3] or painting. With the appearance of Artificial Intelligence
(AI) and Multi-Agent System (MAS) [4, 5] concepts the idea was developed to use intelligent
industrial robots [6, 7] instead of controlled ones collaborating together and take a decision in
a smart way to achieve their tasks. Usually, industrial manipulator arms are the most used in
the automotive industry because of their advantages to using them in different situations, also
their ability to carry heavy products. Cooperating of multi manipulator arms guarantee the
achievement of tasks planned more easily than single manipulator arm [8, 9], it is known that
the control of a single robot arm was always a trivial task comparing to the control of multirobot arms which presents a real deal for scientist [7], the development of controller design
for such structure was proposed in several articles [11, 12].
Nowadays, automotive corporations as Audi, BMW, Mercedes have already emerged the
concept of cooperating robots in their production chains trivially, the meaning of different
industrial robots working together in the same environment and executing different tasks, if
some malfunction or an error occurs the process, where one robot fails and became out of
order to execute its task, therefore the whole process will stop till the maintenance will be
done. Stopping all the robots and checking the error in the process takes a large time which
causes the distribution of the lead time decreasing productivity.
From this insight, I started to build the basis of the dissertation, wherefrom my sight the
process of cooperation robots can be developed in a smart way using AI tools, the idea is
based on creating an assembly line that includes a few robot manipulators, these robots as
members of a multi-agent system can help each other and cooperate to finalize the appropriate
line tasks using efficient algorithms. If some malfunction or another problem occurs in the
production line, the robots can reconfigure themselves and reorganize the steps of the same
task.
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1.2 THE PURPOSE OF DISSERTATION
Collaborative robots using Artificial Intelligence techniques is a large topic founded on many
subjects that deal with different fields. With the aim to achieve the real goal of the dissertation
the working path is divided into several aims presented as follow:
 First of all, as a reminder, the main goal is creating an assembly line using industrial
robots, these robots working parallelly. If a problem occurs in the chain process, the
robots will continue the work by using a quasi-optimal solution created by us or
applying AI tools, this aim is explained theoretically by giving the hypothesis needed.
 The first aim in this large area is determining a real task that needs the cooperative
concept, the task should be explained very precisely and taking into consideration all
the equipments used: The task is building a card house using two robot arms, where
from our childhood we knew this task by using two hands and building together with
the house of cards, in our insight the two hands are presented as two manipulator
arms.
 The second aim is about dealing with the industrial arm, studying the theoretical part
of the robot arm structure and modeling it in the virtual environment, also being
familiar with programming a robot arm in the real-environment, respecting the
workspace and the obstacles that can be existent.
 The third aim of the dissertation is to deal with the trajectory improvement of robot
motion by studying the torques and velocity effects in each joint and develop a better
scenario to perfectionate the process.
 The fourth aim is dealing with the virtual environment since realizing the cooperative
concept in the reality is a challenging task, therefore, simulation in the virtual robotic
software gives us more flexibility to check and control all the hypothesis where boost
us to develop new techniques.
 As a final aim, modeling the task in the virtual environment allows us to execute the
process by trying different AI algorithms that can be used for industrial robots,
especially for finding the quasi-optimal robot trajectory developing an algorithm for
such task.
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2. METHODOLOGY
In the first part of my dissertation research work, different areas are highlighted in the state of
the art to give an overview of the main topic, where cooperating robots concept presents a
large field that deals with several subjects, therefore, I started by explaining the case studies
of Industry 4.0 concept and its basic relation necessity to the development of cooperative
industrial robots, presenting more deeply the industrial robot arm morphology and how the
control trajectory can be successfully done in case of optimisation, AI takes a part in the state
of the art, where it plays a significant role to improve cooperative industrial robot process.
In the second part, I define the core of the dissertation by describing the research and
innovation done during the PhD study period, where the main dissertation target is divided
into several theses completing each other to achieve the final target presented in the
development of cooperating robots concept, to create an assembly line that includes a few
robot manipulators, these robots as members of a multi-agent system can help each other and
cooperate to finalize the appropriate line tasks using efficient algorithms. If some malfunction
or another problem occurs in the production line, the robots can reconfigure themselves and
reorganize the steps of the same task.
The process is presented in two scenarios:
I. Scenario: Presents the normal process or the static mode including tasks, processes that
take place as were planned. In this scenario, the planning methods of AI are used for creating
the optimal scheduling for the tasks taking into the parallel work of the robots. These AI
methods mainly mean search algorithms and first-order logic.
II. Scenario: Presents the disturbing process including some problems, random happenings,
errors, etc. When intelligent reordering, rescheduling of steps needed. In this scenario, the AI
is intended for finding quasi-optimal strategies for continuing the work after the random
happening. In this case, the mentioned AI methods are completed with probability algorithms.
Thanks to Robotic simulation software, the model of the assembly line can be executed in the
virtual environment by designing all the equipment’s needed in the process using CAD
software, robotic simulation software allow us to control the steps of each task executed by
the robots precisely using one of programming language (Lua, Python, C++..).
As we can create larger systems virtually only using simulation, smaller tasks were created to
demonstrate the robot cooperation in reality, wherein the real task we intended to use two
Mitsubishi robots RV-2AJ [10] and RV-2SD [11] from our institutes see Figure 1.
The task aims to create a house of cards providing some building elements (“cards”).
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Figure 1. Cooperating industrial robots in the real environment [10, 11]

The task needs cooperation trivially if there is no some sort of supporting element while to
build an A shape from two cards needs two hands, in our task, it needs two manipulator arms
RV-2AJ arm and RV-2SD arm.
The process is presented in two scenarios:
Normal Scenario: Presents the trivial application where RV-2AJ arm and RV-2SD arm pick
two cards and place them in a slanted way together as an A shape.
Abnormal Scenario: Presents the abnormal process when one of the robots fails to execute
its target, therefore the other robot should think smartly and find a new solution to accomplish
the building process. The solution could be exist using only one manipulator arm Mitsubishi
RV-2AJ robot by applying an innovative technique using a simple support element.
Using the support element and removing it later needs extra time opposite to cooperating
robots, which can prove the advance of robot cooperation in the optimization of lead time in
any process.
The process realization is started by executing the disturbing scenario at first using RV-2AJ
robot arm due to its availability at our laboratory. The task is divided into subtasks starting by
realizing the first small “A” shape composed of two cards where RV-2AJ arm executes the
following scenario to achieve the final process:
-

RV-2AJ arm picks the support element and places it in a known position.

-

RV-2AJ arm picks again the slanted card and places it according to the support element.

-

RV-2AJ arm picks a new slanted card and places it according to the previous card that
forms an A shape.

The results of the previous scenario is presented in Figure 2, where we can see that RV-2AJ
arm was able to place the three elements in the positions expected but the imprecise contact
between two cards appeared, the experience was repeated many times even with the correct
calibration of RV-2AJ and setting the precise zero position “reference point”, this problem
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arises from the limited freedom of the robot arm and creates instability where we were unable
to build up the card house.

Figure 2. Imprecise contact between two cards

The imprecise contact between the two slanted cards is caused due to the angle problem
where RV-2AJ arm has a five-degree of freedom (5Dof; RRR-RR), the missing of the 6th
joint makes RV-2AJ robot incapable to execute such positioning and coincide the two slanted
cards in a good fixation. In order to solve the problem of parallelism precision the rethinking
of the robot kinematical possibilities has made, the solution based on creating a new
placement for RV-2AJ where the robot will be changed from normal vertical into horizontal
placement. Figure 3 illustrates the design of the mechanical holder prototype where RV-2AJ
arm will be fixed on it.

Figure 3. The mechanical holder prototype geometry development.

The new horizontal placement for RV-2AJ robot arm could achieve all the position required
for card house building, the solution for this problem was based on the optimal formation of
the workspace where the arm in the horizontal placement can move and rotate the end effector
more precisely to eliminate the positioning errors providing stability of the card house.
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The test of pick and place task on the new process was clear after the modification was
realized, but the execution of the best position was always difficult using Trial and error
approach thus we decided to model the new process in the virtual environment using different
Robotic simulation tools.

Figure 4. Frames assignments for RV-2AJ and RV-2SD robot arms

Modeling a real robot arms theoritically [15, 16] and in a 3D environment requires achieving
the real conditions, therefore we started to build the external CAD structure of a Mitsubishi
RV-2AJ robot arm and an RV-2SD robot arm. RV-2AJ robot arm combines 5 rotational joints
and RV-2SD robot arm combines 6 rotational joints. Error! Reference source not found. Error! Reference source not found. present the external structure of RV-2AJ arm and RV-2SD
arm in SolidWorks [14] environment and the reality.

Figure 6. RV-2SD robot arm in SolidWorks
software and the reality

Figure 5. RV-2AJ robot arm in SolidWorks
software and the reality

In our case we implemented the model of card house using CoppeliaSim software is a 3D
robot simulator based on a distributed control architecture [15]. This makes CoppeliaSim
software very versatile and ideal for multi-robot applications and allows users to model
robotic systems similarly as in reality. Controllers can be written in C/C++, Python, Java,
Lua, Matlab, or Octave.
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The building model in CoppeliaSim software requires the import of all the pieces of
equipment needed to achieve the task application, therefore, I modeled the following parts
using SolidWorks software: RV-2AJ arm – RV-2SD arm – cards – table – mechanical holder
– basement – card holder – gripper, the models of components should be imported from
SolidWorks to CoppeliaSim as URDF file as seen previously or using STL file.
To realize a clean and flexible simulation, within the import process, CoppeliaSim is required
to apply the mashing process to reduce the triangle number of components.
At the final step, the assembly process has been realized after positioning all the objects and
the robot as well as the real environment, Figure .. describes the final assembly model for card
house building in CoppeliaSim. In this step, RV-2AJ can execute any motion and handle the
pick and place task, the detection of cards to pick them successfully and precisely is achieved
using an infrared sensor placed in the center of the gripper which test the detection and if the
sensor detects an object than the gripper will be closed to pick the card, the robot moves to a
specific position where it will place the card within the opening of the gripper.

Figure 7. The final assembly model for card house building in CoppeliaSim

Figure 7 shows the initial and the final states of the process are designed where RV-2AJ arm
has different obstacles to avoid which make the execution task harder, especially that RV-2AJ
has 5 degrees of freedom, therefore, the singularities are more supposed in a smaller
workspace, the operation of pick the support card and place it in the aim to maintain the
slanted card take a large time comparing to the cooperating of RV-2AJ and RV-2SD robots
where the optimization of energy and time is guaranteed, in the abnormal scenario when only
RV-2AJ arm build the card house, the motion is executed by many positions using forward
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and inverse kinematics, especially when the robot place the card in the center area the
singularities hamper the motion of RV-2AJ, thus we try to solve the problem by using
forward kinematics instead of the inverse. The next step is all about cooperating robots
concept where RV-2AJ is installed in front of the process, together RV-2AJ and RV-2SD
work in a parallel way.
The scenario will be as following: RV-2AJ and RV-2SD start working together with picking
and placing the cards, if some malfunction occurs in the process, the other robot will continue
the work by using the support element which is an optimal solution for continuing work. The
detection problem and the reaction regarding it are executed using a tree search algorithm
which is presented as one AI algorithm that will be described later. The program is written in
Lua language in the threaded script at CoppeliaSim environment.
In this section we intend to emerge intelligent thinking to the industrial robots in order to
optimize the lead time of the process in case of errors, the methodology proposed was realized
in the virtual environment where the control can be handled easily using sensors and camera,
either than the reality where the controllers are black boxes that you can not modify their
basic control theories, in case if we would like to apply the concept on real robots, only
normal or abnormal scenarios can be realized otherwise the switching from the normal to the
abnormal using critical thinking is not allowed due to the following reasons: - the
unavailability of the required sensors in the robots and the lab that inform the second robot
that there is a problem, - the inability to handle the robot's controllers to develop new
technics. If we would like to study more deeply the situation, we have first of all create a
graphical interface and a small controller using electronic equipment, the controller interface
will receive the inputs from the robot and send the commands to it as outputs, the commands
are developed and decided by the developed controller which is synchronized with a
computer using MATLAB [16], this system is known as Master/Slave control where the
original controller of the robots will be the slave and the computer with the developed
controller are the master.
Figure 8 describes the cooperating process between RV-2AJ and RV-2SD robots in

CoppeliaSim environment. The simulation of cooperating robots in CoppeliaSim is
advantageous as well as we can test different strategies of control as motion control- dynamic
control, in the next section we intend to see the role of AI within the collaborating concept, by
studying showing to the reader the most effective algorithms can be used for industrial robots.
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Figure 8. The cooperating process between RV-2AJ and RV-2SD robots
in CoppeliaSim environment.

Dealing with motion robot problems from building the task in real and virtual environments
inspired us to develop new methods with the aim to optimize the trajectory of an industrial
robot arm, where in the first method an algorithm was created to reduce and optimize the
robot arm cycle time.
The purpose of this algorithm is based on the newly elaborated “Whip-lashing” method
[20, 21] that aims to realize an optimized trajectory for the five-degree-of-freedom RV-2AJ
robot arm, i.e., to generate a path for a robot arm without any design constraints. This newly
elaborated method seeks to minimize the cycle time of the trajectory with constrained torque
values applied in joints for executing smooth motions. Where it is supposed that the robot arm
motion can act as a whip, consequently, it results in achieving the improved trajectory of the
robot arm, to increase the velocity of the robot arm’s parts, thereby minimizing motion cycle
times and utilizing the torque of the joints more effectively. The main value of the research is
that a manipulator arm can be treated as a whip in certain conditions, which can guarantee
running an improved path that results in reduced cycle time. The proof of this novelty is
presented by applying the real parameters of an RV-2AJ arm to simulation tools.
For finding a better or “quasi-optical” solution and proving the effectiveness of the newly
elaborated whip-lashing method, two paths were generated with the same starting and ending
points but with different internal motions. During the application of the method, both paths
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require the rotation of second–third–fourth joints, whereas the first and the fifth articulation
are not used.
Original path
The original trajectory as a usual interpolated path is presented in Figure 9 as a continuous red
arc starting from start point S and ending in final point E. In this path, the RV-2AJ robot arm
executes its motion by computing the angle steps for each internal point dividing the start-end
angle of every joint with the number of points minus one step.

Figure 9. The trajectories of the RV-2AJ arm in three views

Improved path – application of the newly elaborated „Whip-lashing” method
The suggested trajectory named “improved path” given in blue in three views (front, top, and
left side views) with the robot arm in Figure 9 is based on the newly elaborated special
method that imitates the natural motion of a whip [19]. The improved path aims to decrease
the cycle time for RV-2AJ arm’s movement from the starting point S to the final point E. This
method is based on principle of the whip-lashing motion that determines the torques applied
in the closing and opening of joints of the arm.
By running the algorithm for the original and improved trajectories, the two minimum cycle
times were determined and compared. In Figure 10, the elaborated cycle time minimization
algorithm is introduced in detail.
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The algorithm aims to calculate the cycle time ct of the trajectory. It was made using a
successive approximation algorithm as mentioned before. The concrete parameters of the
algorithm are the next. The number of trajectory points TP = 12, where the index of a
specified point is i = 1,…, 12. The number of RV-2AJ arm joints is 5, where the index of a
specified joint is j = 1,…, 5. In the algorithm two conditions should be fulfilled:
-

ts ≤ ets (ts—time step; ets—ending time step),

-

mT[j] ≤ aT[j] (mT[j]—the joints’ torque maximums; aT[j]—allowed torque for every j-th
joint).

The algorithm aimed to determine the following data:
The T[j] torque vector is calculated for every i-th trajectory point and copied into the TM[j][i]
torque matrix into the i-th column.
The T torque vector is determined by the “inverse Dynamics MATLAB Robotics System
Toolbox function” of the MATLAB Robotic Toolbox. Then, the maximum of every j-th row
of TM torque matrix is determined to the j-th cell of the mT[j] maximum torque vector. Then
the mT[j] ≤ aT[j] condition setting the tof torque overload flag selects between cycle time
decreasing or time step refinement and back stepping.
The organigram presented in Figure 8 contains different blocs (A–E) that define the following
calculations:
-

A: Filling up the TM torques matrix with the T torque vectors for every i-th trajectory
point.

-

B: Copying the i-th T torque vector in the i-th column of the TM torques matrix.

-

C: Determining the mT[j] maximum torque for the j-th joint.

-

D: Checking if any joint torque maximum mT[ j ] exceeds the allowed torque aT[ j ] for
the j-th joint.

-

E: Refinement of time step ts if necessary and continuing iteration, or finishing if time
step ts goes below ending time step ets.

The two trajectories are defined by positioning the same starting and ending points and 10
desired inner points that differ for each path using the spline function of MATLAB script to
define the continuous path between the points.
The execution of script code for both trajectories resulted in the value of cycle time ct for each
path, Figure 11 presents the merging of both trajectories to compare their cycle time values
executed by the robot.
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First, a starting large cycle time ct = 5 [s] was entered as input, then the algorithm was run till
we obtained a new cycle time described as the searched cycle time sct when the torque
limiting condition became unsatisfied. The algorithm continued to iterate the new values for
cycle time ct and time step ts around the searched cycle time value till the value of the tuned
time step became smaller than the value of ending time step ets. For the original path, the
minimum cycle time was ct = 2.82 [s], while for the improved path, the minimum cycle time
was ct = 1.86 [s]. Comparing the two results,

Figure 10. Cycle time minimization algorithm
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we proved that the improved trajectory, which is described as a whip motion analogue,
utilized the maximum allowed torques with shorter cycle time than the original trajectory.

Figure 11. The original and the improved scenarios of RV-2AJ robot arm

After studying the cycle time variation, the analysis of torque change effect regarding both
trajectories were also discussed. To perform the simulation in the Simulink environment, we
imported the RV-2AJ body structure XML file into MATLAB. Then, we configured each link
and joint in the structure to receive the vector of positions as input blocks that represent the
original and the improved path, as well as to calculate the torques applied for providing the
series of such positions.
Based on the demonstration of diagrams and the comparison between the multigraphs of each
path for the second joint, it was clear that the original path exceeded the allowable torque aT
optimally with ct = 2.82 [s], unlike the improved path, which exceeded optimally aT with ct =
1.86 [s], as presented in Figure 12. Consequently, we proved that the improved path
consumed 33% less time than the original path, which verified the concept of optimization.

Figure 12. Optimal cycle time values for the original and improved paths
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The application of this newly elaborated method can provide many advantages in industrial
applications in the immediate future, where the robot arms will be designed as the shape of a
whip; furthermore, the robot arms will be manufactured by usage of lightweight materials
instead of recently used traditional metals. These innovative solutions (application of “Whiplashing” method and lightweight materials) will result in more flexible robot arms that can
achieve motion with higher speeds without consuming higher energy, by the application of
the momentum conservation law. This law can also be used by the existing rotation joint of
robot arms where the motion can be achieved in a plain to increase the speed of the robot arm
and decrease the motion time. This conception requires the application of new robot
controllers and robot simulation software. It can be concluded that the application of the
newly elaborated “whip-lashing” method results in achieving the optimized trajectory of the
robot arms in order to increase the velocity of the robot arm’s parts, thereby minimizing
motion cycle times and utilizing the torque of the joints more effectively. Consequently,
productivity will be increased significantly. In the following research, the aim was to find a
quasi-optimal trajectory between two given points. The searching for the quasi-optimum
solution used the Tabu-search method.
As the second method the newly elaborated Hybrid algorithm for optimization of robot
arms’ trajectory is presented, where I continued the improvement of trajectory optimization
by using this time Tabu-search algorithm as AI tool [23, 24], the method is presented in 3D
grid with interpolated point (wayPoint) insertion, plus grid step halving. The method can
determine a quasi-optimal trajectory where its application in the real environment is useful to
minimize cycle time when avoids obstacles in the workspace of the robot.
The algorithm starts with a spline starting from the S endpoint and finishing in the E
endpoint, fitted on a few inner interpolated points located on gridpoints of a 3D grid having a
larger grid step. Then a double embedded c(c(TS  PI )  GR) cycle structure starts – c
means cycle with the cycle core between brackets that includes a c(TS  PI ) cycle where TS
is Tabu-search and PI is Point Insertion, when a new interpolated point is inserted halving a
selected segment of the spline.
The c(TS  PI ) cycle finishes when the last PI could not find a better spline. In such a case
the last point insertion is canceled. Then the GR Grid Refinement follows which halves the
grid step. This halving finishes the core of the outer cycle. The outer cycle repeats its core,
while the process stops. Several terminating conditions can be imagined, e.g. the upper limit
of the number of interpolated points.
15
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As the N number of interpolated points plays an exponential effect in the algorithm based on
the described search process, the stopping of the process using the value of N is rational.
The goal of using Point Incrementation is to allow producing more fitting spline, but the use
of only a few points, in the beginning, speeds up the search. The goal of using Grid
Refinement is similar.
The working of the c(c(TS  PI )  GR) algorithm is demonstrated in 2D in Figure 13 Suppose
that the optimal trajectory’s spline is marked with a wide red line. The starting spline marked
1 has N=3 interpolated points, so 1 inner point. The blue splines numbered 2, 3, 4 show the
progress of the TS algorithm.
As there is no better spline fitting on neighboring grid points, the PI point insertion works.
The 5-5 spline marked with brawn color is the result of the PI point insertion. Then the TS
works again and progresses through 6-6 and 7-7 brown splines. Then terminates because there
is no better spline with two inner points. The PI point insertion tries to insert a third inner
point on the grid, but these trials do not result in a better spline. So, the c(TS  PI ) cycle
finishes and the GR grid refinement halves the grid step. Then the c(TS  PI ) cycle starts
again and the TS works. Finds the 8-8 green spline and terminates because there is no better
spline fitting on the neighboring points. The PI point insertion tries to insert a point on the
refined grid, but the terminating limit, N < 5 does not allow to increment N to 5.

Figure 13. Tabu-search (TS) based optimisation method interpolation in 2D

Figure 14 describes the blocks of the algorithm process where Tabu-search block and
Position insertion block defines other algorithms.
The algorithm execution was done in MATLAB software by entering the necessary input
arguments for each block from the organigram and writing an optimal code script.
16
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Figure 14. Tabu-search flow chart for refining trajectory

To see the iteration of the algorithm more precisely and study the nature of trajectories
obtained, I plotted only the best iterations executed from tabu_list known as the best
candidates during the iteration, starting from the initial trajectory till the final trajectory with
their minimum cycle times.
Figure 15 presents the best candidates trajectories executed by the Hybrid algorithm, we can
see that the algorithm works precisely, and it could converge and find the optimal trajectory
among many possibilities, beginning with a starting trajectory which includes 3 points
(Starting point - First inner point – Ending point), this trajectory was initialized in the inputs
arguments of the code script presented earlier, from this trajectory the algorithm starts to
converge using Tabu-search optimization based on iterating to the neighborhoods of first
inner point and create a trajectory for each neighboring and calculate the minimum cycle time
for it, by comparing the values of minimum cycle time for the candidates.
17
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Figure 15. The best candidates trajectories executed by the hybrid algorithm

From the result obtained, we can confirm that the Hybrid algorithm can find optimal
trajectory goes from starting trajectory presented in purple color which has ct min = 5.5 [s]
and iterating among many possibilities till converge to final best trajectory presented in red
color with minimum cycle time value ct min = 1.75 [s].
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3. NEW SCIENTIFIC RESULTS – THESES
T1. Performing the “card house” building task is suitable for modelling the collaboration of
cooperative robots, which can be executed by one individual robot only if supporting
element is used. Accomplishing this task using the RV-2SD 6 DoF and the RV-2AJ 5
DoF robot arms is impossible in the original vertical position of RV-2AJ because of the
low 5 DoF. By setting this robot in a horizontal position, with the J5 axis becoming
parallel to the J1 axis, the necessary orientations are achievable, and the suitable inclined
orientation of the “cards” can be granted.
Verification: With the real implementation of the task using the RV-2AJ robot arm fixed
in a horizontal position on a built stand [P3, P4, P5, P9, P11].
T2. Applying SolidWorks models of two cooperating robot arms (RV-2SD robot arm and
RV-2AJ robot arm in horizontal placement) is suitable for modelling and simulating the
“card house” building task in a CoppeliaSim virtual environment in both normal and
abnormal scenarios.
Verification: Building of models and running simulations [P15, P16].
T3. Significant cycle time saving can be achieved by applying the newly elaborated “whiplashing” method on the movement of the gripper of the RV-2AJ robot arm (which has
RRR-RR kinematic chain) compared to the general path with simple angle interpolation
at the joints. The efficiency of the elaborated “whip-lashing” method was confirmed by a
case study, in which a cycle time saving of 33 % was achieved in case of motions not
exceeding the maximum allowable joint torques.
Verification: Simulation by the application of MATLAB Simulink [P7, P13].
T4. Determination of quasi optimal trajectory for robot arms is possible with the elaborated
new hybrid optimization algorithm that applies Tabu-search optimization method,
trajectory point insertion and grid refinement. The trajectory calculation algorithm
providing quasi-optimal cycle time has moderate, not combinatorically exploding time
complexity.
Verification: Elaboration of the new hybrid optimization algorithm and application in a
case study for proving the efficiency [P14].
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