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Abstract 
The level of autonomy is the most important feature by which the modern robotic systems 

development is directed. Furthermore, if the robots are supposed to work together in order to 

solve a complex task, their workspaces are shared. In this case, the robots present dynamic 

obstacle to each other. This paper presents a solution of the problem of motion coordination 

of two robots with overlapping workspaces based on co-evolutionary algorithm for 

simultaneous motion planning of the two robots. A method for exact calculation of the 

solution coding chromosome length based on physical limitations of the robots is proposed. 

The algorithm is evaluated in a simulation environment developed in Matlab. Implementation 

to the real industrial FANUC Lr Mate 200iC robots is performed. The simulation and 

implementation show high potential in terms of convergence robustness and time. 
(Received in March 2012, accepted in August 2012. This paper was with the authors 1 month for 1 revision.) 
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1. INTRODUCTION 

A possible way to increase manipulability and dexterity of a technical system is to increase 

the number of the DOF of the system. For example, human hand, considered as paramount for 

flexibility has 27 DOF in total, with 19 DOF excluding the wrist [1]. The complexity of 

building similar or adequate technical system increases with the number of the DOF as well as 

necessary computational power to control them [2-4]. Humans and all higher primates have 

symmetrically distributed limbs. This can be regarded as an evolutionary achievement or 

optimization, which allows us to perform complex tasks that are not possible to be completed 

using only one hand. 

      In this paper, a robotic system is built of two standard industrial six DOF robots that work 

with high level of coordination in circumstances where the workspaces of the robots overlap, 

see Fig. 1. It is important to note that separated controllers, with separated time domains, 

control the two robots. The motivation for such setup is to increase the performance of the 

system compared to capabilities two independent six DOF robots each, but at the same times 

to leave a certain level of autonomy of each robot. This enables the robots to work together, 

and separately, ignoring the other robot when needed. 

      The problem with having two robots that can enter each other’s workspaces is that they 

present dynamic obstacle to each other. Standard industrial approach to programming robotic 

systems where the workspaces overlap is to ensure that the robots actually never enter the area 

of interference in the same time. 

      This can be achieved by tracking the position of a master robot, and force the slave robot 

to adapt its movement not to interfere with the master. It becomes immediately evident that 

consequences of such an approach are time delays. Moreover it is an unnatural way of motion 

execution, with lot of pauses, stop and go intermittent motions etc. There are approaches with 

implementation of simple break-away screws or external shock sensors. The problem is that, 
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in this scenario, the collision actually occurs, with its physical consequences and a need for 

replacement is necessary, what introduces production delays and increases costs. Dedicated 

commercial solutions with special software and hardware installations exist as an option 

provided by recognized robot manufacturers. These solutions are expensive, and at the same 

time the collision actually occurs. Despite high monitoring frequencies, production delays are 

inevitable. Another drawback of similar approaches is that the monitoring is possible in the 

system only on isolated discrete position, where the special sensor is installed. 
 

 

Figure 1: Arrangement of the two robots. Spheres indicate workspaces of the robots. 

      Many important contributions to the problem of path planning in recent years have been 

made, each one possessing its own merits and disadvantages. Comprehensive survey can be 

found in [5]. Practical multi-robot motion planning problems are often decoupled in the sense 

that the robots trajectories are planned for only one robot at a time in priority order. Then in 

the second phase, velocities are modulated so that collisions between the robots are avoided 

[6]. If a problem of path planning is formulated as an optimization problem, robust 

optimization techniques, such as evolutionary algorithms have proven suitable for finding 

feasible solutions, since the problem is NP hard. Rana and Zalzala [7, 8] propose an 

evolutionary planner to evolve near time optimal collision free trajectories for multi-arm robot 

manipulators. Davidor [9] also applies evolutionary algorithms to the trajectory generation by 

searching the inverse kinematics solutions to pre-defined end effector robot paths. Pires et al. 

[10] employ multi objective genetic algorithm to evolve joint-space strings of manipulator 

configurations. Five indices, namely manipulator joints travelling distance, joint velocity, 

Cartesian distance, Cartesian velocity and energy are used to qualify the evolving trajectories. 

Toyoda and Yano [11] used multi-purpose genetic algorithm to optimize movement of multi-

joint robotic arms in presence of stationary obstacles. Venegas and Marcial-Romero [12] 

present preliminary results of Constructive Solid Geometry based approach to path planning 

of multiple robot arms. They used two phase genetic algorithm to obtain a plan for the robotic 

arms by using a strategy that combines the exploration of the free collision space while 

looking for the target position from each previously explored area. Abo-Hammour et al. [13] 

developed continuous genetic algorithm and implemented it to solve the problem of path 

planning of Cartesian manipulator in the workspace containing stationary obstacles. Majority 

of papers dealing with evolutionary-based path planning consider single agent operating in an 

environment without obstacles, or in an environment containing static, usually simplified 

obstacles [14, 15]. The problem then boils down to finding suitable set of interior points, to be 
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interpolated to formulate the polynomial of given order representing the trajectory. Another 

common drawback of methods based on evolutionary algorithms is the time required to find a 

feasible solution, thus very limited number of implementations to real robots is presented.  

      An approach to a path planning of a dual-arm reconfigurable robot is presented in [16]. 

The problem deals with a SCARA-like configuration of a robot controlled by a single 

controller. Real-time optimum is achieved for given start and end positions of the tool centre 

point (TCP). The algorithms were successfully applied to an industrial application of gear 

assembly, with some limitations in terms of reliability. 

      There are a number of research approaches to compliance control of a coupled dual arm 

robotic systems. Such systems are based on two robots which have a contact between 

reference points, either by caring a common object or directly. These methods are based on 

impedance control, to maintain interaction forces within some predefined level [17, 18]. A 

probabilistic approach to path planning based on dense tree exploring is presented in [18]. The 

bottleneck of proposed approach was high-dimensionality of configuration spaces for exact 

path verification, thus limiting the performance of proposed method. 

      Co-evolutionary algorithms offer great potential for concurrent multiagent domains [20, 

21]. Concepts of co-evolution were also successfully coupled with other heuristic 

optimization techniques [22, 23] to solve complex optimization problems whose search-

spaces are connected. The main problem reported concerning the co-evolutionary algorithms 

is their game-theoretic background and resulting pathologies, namely cyclic dynamics, loss of 

fitness gradient and evolutionary forgetting [24]. 

      The main contribution of this paper is the development of modified co-evolutionary 

algorithm, and its implementation to the real system composed of two industrial robots. We 

modify the co-evolution to approach the real-time usability of the system, developing 

methods of selection of best collaborators based on combination of Pareto front exploration 

and hall of fame creation to save best collaborators – instances of both populations whose 

combinations yield best results. The results are evaluated in genotype space as motion of the 

two robots, with following evaluation criteria: number of collisions between robot links or 

stationary obstacles, trajectory length, TCP velocity profile, and the total angle of rotation in 

robot joints. Eight instances of co-evolution were implemented and statistically evaluated. 

The results show that modified co-evolutionary algorithm outperforms the standard instance 

of the algorithm in terms of convergence speed what is a critical parameter if the algorithms 

are to be implemented in real-time. 

      The remainder of the paper is organized as follows: In section 2, main features of system 

architecture are described. Section 3 presents simulation environment developed for 

calculation, together with main steps of the proposed algorithm. In section 4 an 

implementation to the real robots for experimental verification is described. Section 5 

contains final discussion and conclusions with future work insights. 

 

2. FEATURES OF THE PROPOSED SYSTEM 

The system used in our work is built from the following components: two Fanuc Lr Mate 200 

iC robots, equipped with force / torque sensors, cameras, Karel programming language with 

fast Ethernet cards etc., the setup is presented in Fig. 2. 

      The robots are connected via fast Ethernet to each other and to a PC, running Matlab 

R2008. The Matlab is extended with the MuPAD symbolic engine, optimized for operating on 

symbolic mathematical expressions and custom graphics. 

      The calculation begins after the robots have successfully received start and end 

configurations; main steps of the algorithm are illustrated in Fig. 3. These data is provided 

from the robot controller as a query message to the PC. The initial and final configurations 
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can be given via the teach pendant or can be obtained from the vision system after the object 

of interest has been recognized. 

      The algorithm checks whether initial and final configurations cause collision of arbitrary 

part of the robot 1 and robot 2. If there is collision present, the planning cannot be executed 

and the error message is provided indicating that different set of initial conditions has to be 

provided. 
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Figure 2: System architecture. 

      The planning is processed in the ZX of the robots, reducing the search space significantly. 

Two evolutionary algorithms that are coupled by a common fitness function perform 

planning. The main criterion, which connects the two populations, is criterion of collision. 

Optimal value of this criterion is known in advance, and for the solution to be feasible and 

acceptable it should be equal to zero. 

      The search starts with random initialization of two populations, each containing a set of 

codified configurations for one robot in a finite number of time steps. The performance of 
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each instance of the populations depends on the current state of the robots (encoded as 

chromosomes) from other population, since the two must coordinate the motion, to achieve 

continuous collision free movement. 

Configurations of R1 and 

R2 ; t=ti

Initial configuration 

Feasibility check

Configurations of R1 and 

R2 ; t=ti+1

Final configuration

Feasibility check

Coevolutionary

planner

Feasible solution 

found
Motion execution

 

Figure 3: Main steps of the proposed algorithm. 

      In the canonical co-evolutionary algorithm, all individuals from both populations should 

be mutually evaluated – this is called complete mixing. This way maximum amount of 

information is extracted from the current solution pool. It is obvious that this procedure is 

extremely time consuming and not applicable to the problems where convergence time is a 

critical parameter. To speed-up the evolution process, modified co-evolution is introduced. In 

the modified version, each individual is evaluated by a finite set of the top collaborators from 

the other population, based on scores from previous generation; this is called hall of fame. 

Pareto-front based selection of the populations is combined with hall of fame individuals, 

which is a modification of the approach proposed by the Sims [25], where “…the most 

“interesting“ results occurred when the all vs. best competition pattern was used”. The 

successive generations are reproduced on the basis of roulette wheel, to fasten the evaluation 

process. Standard single point crossover operator is used. Individual in a population is 

represented as chromosome containing real-valued vector in the joint space (1): 

                , , 2 , 2 , 2 , 2 ,

11 11 11
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     (1) 

where i denotes the robot  i = 1, 2, j is the number of DOF, since the problem is reduced to 

planar plane, j = 1, but generally it is expandable to the full six DOF space, t is sampling 

time between two consecutive configurations, q is angle between the link and positive x axis, 

G is current generation. 
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Figure 4: Analysis of the movement of the robots TCP. 
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      At the beginning of the evolutionary process, joint values are randomly initialized, but the 

initial and final configurations are not encoded into the string because they remain constant 

throughout the search process. Without the loss of generality, adopted is normalized sampling 

time with T = 0.01 s. 

      Adopting the form of an individual in the population according to (1), what is a discrete 

form of individual and results with discrete information given to the robot controller, there is 

a trade-off between the granularity of the discretization and the real time computational 

requirements. There is an important question – how to decide what is the appropriate length of 

the chromosome representing the individual and defining the granularity of discretization? 

      It is assumed for this calculation that the robot moves as follows, see Fig. 4: if the second 

joint of the robot is static, the joint displacement of the first joint is, 1, if the first joint of 

the robot is static, the joint displacement of the second joint is 2. In both cases the distance 

travelled by the reference point equals S. Now the formula can be derived: 1
 . 

(l1 + l2) = 

2
 . 

l2 = S where l1 and l2 are for the lengths of the robot links. If T is assumed as sampling 

time, the distance travelled by the reference point is S = Vmax 
.
 T, and the angles travelled can 

be obtained from (2): 

 

     (2) 

 

where Vmax is for maximum velocity of the TCP. For this calculation we will assume that Vmax 

= 5 m/s, T = 0.01 s and l1 = l2 = 0.25 m. The angles calculated are: 1  11.5°, 2  23°, 

thus the discretization space is bounded. The calculation of the chromosome length L follows: 

             (3) 

where         Dj
i

G = j
i

n-2,G( )
-j

i

1,G( )
       is the difference between the initial and final angle of rotation of 

the i
th

 robot link, L is the length of the chromosome rounded up to the first larger integer. 

Number 2 is for the couples of values in the chromosome, two angles for one configuration. 

For the worst case, when robots initial and final configuration are on the boundaries of the 

upper semiplane, what will actually never happen in reality, the resulting chromosome length 

is L = 32, what means 16 configurations are needed at upper bound. 

      Since the evaluation of populations composed of the chromosomes of length 32 is 

extremely computationally complex and is thus not possible to perform it in real time, we 

keep the length L < 10, what is experimentally proven to be achievable in real time, 

calculating less intermediate points. A simple interpolation procedure is developed to 

reconstruct the missing configurations based on polynomial of at least third order. In that 

case, the solutions are obtainable in real time. 

      The problem analysed in this paper presents a multi objective optimization problem with 

conflicting criteria. All the criteria are to be minimised, but they are conflicting in nature. 

      A concept of Pareto [26-28] dominance is implemented into the evolutionary algorithm to 

keep a set of good solutions, which are good approximates of the Pareto front. It is obvious, 

that the proposed algorithm can found solutions on the Pareto front in an early phase of 

evolution, after only 30 generations, see Fig. 5. This is beneficial property of the algorithm, 

whose consequence is increased likelihood of finding global – optimal area of the multi-

objective search space. 
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Figure 5: Pareto fronts in early phase (G = 30) of evolution for different pairs of optimization  

     criteria. 
       

 

 
Figure 6: Impact of the selection method to the speed of the convergence. 

     The time required to find a feasible solution is accepted if it is in range less than 5 s. It is 

possible, however, since the algorithm is heuristic that no feasible solution is found in the 

predefined time range. The good thing is that it is easy to check whether the algorithm has 

converged, based on critical criterion of collision. If no convergence has occurred, and 

collision is present, the algorithm generates new populations and starts again. Since the 

planning takes place only once, at the beginning of the motion, a pause, 5 s max. is noticeable 

during the calculation, but the results proven acceptable for the real time application. Often, 

the time is significantly less than maximal acceptable time. Actually, every motion solution is 
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acceptable if the resulting number of collisions equals to zero. This solution might not be 

optimal in terms of all optimization criteria, but if the time is critical, it can be adopted and 

executed. 

      Regarding the number of generations needed for the convergence, we have compared 

several variations of standard approach based on roulette wheel selection, methods I-IV in 

Fig. 6. To increase the speed of the convergence, we introduced Pareto based selection. The 

idea is to keep not only best collaborators, as pairs of values from both populations in the hall 

of fame, but to include the whole Pareto front of the current generation for evaluation. The 

methods based on Pareto domination are labelled methods V-VIII in Fig. 6. It is visible that 

significant impact on the speed of the convergence is achieved introducing the new selection 

method. 

     The differences between methods are following: I – IV are instances of standard roulette 

wheel selection process, with different values of evolutionary parameters, such as size of the 

populations, mutation and crossover probabilities. The methods V – VIII are based on Pareto 

selection, with different parameters of population sizes, crossover and mutation operator 

values. The methods are evaluated with 20 runs for each method, and the corresponding 

results are illustrated with standard deviation, top of Fig. 6, and box-plot, at the bottom of Fig. 

6. We experimented with the depth of the hall of fame procedure. Namely, if the hall of fame 

is not changed during the process of evolution, an opposite effect in terms of convergence 

speed can occur since the number of good individuals tends to grow. The consequence is that 

more calculations per generation are necessary. In an early phase of evolution this is not 

important since the hall of fame is empty, or contains a small number of solutions. The 

parameter depth of the hall of fame indicates the memory effect, namely after how many 

generations will new members start to replace the old ones. For our purposes, we obtained 

best results if a hard limit of 15 % of the population size was set to limit the size of hall of 

fame. Pareto front is changing from generation to generation. We obtained best results 

keeping the complete front for evaluation. It is important to note that the size of the front 

changes during the evolution since global optimum for some criteria might be approached or 

found. 

 

3. SIMULATION RESULTS 

Simulation environment on the computational level is developed and implemented in Matlab. 

The links of the robots are presented as lines. A finite set of reference configurations is 

evolved because of time constraints. Full path reconstruction with arbitrary time step follows, 

as shown in Figs. 7 and 8. 

 

Figure 7: Motion of the two robots in developed simulation environment. 
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      Important is to monitor the change of rotation angle of the joints in time, since this value 

has an upper bound in terms of achievable accelerations of the real robot. Peaks of the 

gradient should be avoided, for the smooth motion of the robot, and for the motion to be 

applicable to the real system. 

 

Figure 8: Joint rotations for the two robots. 

      After the solution is found, it is possible to implement it on the real robots. For safety 

reasons, an intermediate step is introduced – implementation of the robot movement in 

Fanuc’s physical simulation environment Roboguide. An illustration of the robot motion is 

shown in Fig. 9. 

      A special case is illustrated, with left robot being stationary. This is a simpler variant of 

general case with both robots moving. The algorithm successfully converged and found a set 

of transition configurations to ensure smooth, collision free motion. 
 

      

Figure 9: Motion execution in Roboguide physical simulator. 

      A problem was noticed during the physical simulation in sense that the TCP used as a 

reference point for the Matlab calculation is surrounded by the flange of the robot and located 

in the centre of the sixth DOF link of the robot. 
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      Actually, that means that there is a certain probability of collision if, for example, solution 

presented by Fig. 7 would be implemented. Applying a variable safety factor around the TCP, 

virtually shifting the trajectory in every point towards the global coordinate system origin, the 

problem was solved. Since the factor applied is variable, mounting different tools to the 

robots flange is possible, without the risk of collision. 

       The values of the safety factor are experimentally determined according to the physical 

characteristics of the robot and the tool mounted on the flange. 

 

4. APPLICATION TO THE REAL ROBOTIC SYSTEM 

The application to the real robots was, after tuning of safety factor discussed in previous 

section, a task related to solving a set of communication / synchronization problems between 

the robots, PC, and a programmable logic controller. Procedures were developed to 

synchronize Matlab execution with the robots through robots native programming language 

Karel. 

      To enable TCP IP communication protocols in the system, we assigned following IP 

addresses: Robot 1 (left robot): 192.168.123.26; Robot 2: 192.168.123.25, and PC: 

192.168.123.40. Two communication channels are opened. The first channel is for sending 

data from robot to the PC. In that case, the robot has a role of the server, while PC is a client 

receiving the desired data. The second channel is for sending of the response from PC to the 

robot controller. Now the PC has a role of the server and robot controller is a client receiving 

the desired data. The messages that are sent are codified and can have different forms, 

indicate whether the motion is possible or not (i.e. intersection of the robot links in initial or 

final configurations). If the motion is possible, a list of coordinates is sent. 

      It is important to ensure that the time delay between the motion start of the both robots is 

kept to minimum. This is done through directly connected I/O signals between the two robot 

controllers. These signals have the role to trigger the motion in desired moment on both 

robots. 

 

5. CONCLUSIONS 

In industrial environments where several autonomous robots work in shared environment, it is 

essential to find feasible, collision free motions. In this paper, we have presented a method 

based on co-evolutionary algorithms that finds optimal or near-optimal trajectories for two six 

DOF robots. Exact values for the granularity of calculation, through chromosome length, are 

calculated, based on the physical limitations of the robotic system used for experimental 

verification. This approach is scalable, in terms of adapting it to different dimensions of 

robots. Also, it is general, implying the possibility of adding new DOFs or new robots in the 

system.  

      Standard approaches for co-evolutionary algorithms are implemented and evaluated, and 

modifications including Pareto based selection and collaborations transition to the new 

generations are presented. The methods are compared and significant speed-up in 

convergence is achieved. 

      The routine developed in this research is expected to serve as a low-level procedure 

ensuring safe motion of the robots requested to perform high-level tasks. To solve the 

problem, we have developed simulation environment that analyses movement of the 

simplified robots models. The next step is implementation in the physical simulation 

environment, where interaction between physical constraints and simplified model occurs and 

tuning of the model can be performed to satisfy real-world constraints. 
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      Finally, full implementation is performed on two Fanuc Lr Mate 200iC robots. We see 

further work in adding more robots and more DOFs into the model. The model is developed 

to be scalable and allows inclusion of additional features, although important questions 

regarding computational power are expected. The main bottleneck of the approach remains its 

computational complexity, despite effort put in algorithmic simplification. A possible way to 

overcome this problem is to implement co-evolutionary process to the distributed computer 

architecture and to perform independent evolutionary operators in parallel.  

      At this point of research, the planning is performed only once, at the beginning of the 

motion of the two robots. This is fine if nothing unexpected occurs during the motion of the 

two robots. If one robot would unexpectedly stop during the motion, there is a possibility of 

collision with other robot, since the robots are not aware of each other after the motion starts. 

This is a limitation, but future work will consider permanent motion sampling for the two 

robots. If an interaction of motion of one of the robots is detected via a reference signal value, 

this robot could be treated as a stationary obstacle. Thus a simple replanning procedure would 

be executed eliminating the possibility of collision during the operation cycle. 
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