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Abstract: Economic benefit of an industrial company depends on forethought deployment of an industrial 

production system. Authors propose the procedure for optimization of specification of multi-robot system. It uses 

following concepts: mission requirements are defined using components –functions of the robotic system. 

Components are grouped into agents – mobile robots or stationary units of a robotic system. Finally a set of 

agents is considered as a solution – a specification of heterogeneous robotic system, which defines types of 

agents and a number of their instances used to carry out a mission. The paper describes the analysis of 

investment and running costs of heterogeneous multi-robot system and presents development of costs estimation 

model used as a fitness function in genetic algorithm.  
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Introduction 

Application of robotic systems in various fields is gaining popularity. Robotic systems are being used on 

industrial sites for production process automation (Jammes & Smit, 2005) and intelligent manufacturing 

(Almeida, 2011). An increasing number of applications is reported in such domains as medicine (Davies, 2010), 

elderly care (Hansen et al., 2010) or daily life as household companions (Parlitz et al., 2007). During the years 

researches have noticed variety of advances of heterogeneous robotic systems comparing with convenient ones 

(Weiming Shen & Norrie, 1999; Bi et al., 2008). Increasing number of applications of heterogeneous robotic 

systems (Kiener & von Stryk, 2010; Medvidovic et al., 2011; Wong et al., 2011) set the complex task of design 

and  development of optimal heterogeneous robotic system. The effectiveness of production system and 

economic benefit of a company depends on successful deployment of industrial robotic system. 

Current researches are aimed to improve performance of heterogeneous robotic system using variety of novel 

methods applied for intelligent control (Nouyan et al., 2009; Parker, 2008), world modeling (Coltin et al., 2010), 

communication (J. E. Haddad & S. Haddad, 2004; Rybski et al., 2007; Mathews et al., 2011), etc., but the 

configuration of the system is predefined or selected intuitively. However the performance of whole system is 

strongly influenced by characteristics and functionalities of the individual robots (Levi & Kernbach, 2010). 

Author proposes an optimization procedure, which is based on heuristic search methods, and its purpose is to 

reduce the space of feasible solutions and to identify non-optimal combinations at early stage with minimal 

effort.  

The paper describes costs estimation model for heterogeneous robotic system which is used for initial evaluation 

of solution candidates and is implemented as fitness function for genetic algorithm. Genetic algorithm was 

introduced as powerful, domain-independent heuristic search technique inspired by Darwinian theory (Holland, 

1975). Successful applications of genetic algorithm were reported in variety of domains, which include 

chemistry (Zhong & Tian, 2011), management (Gonçalves et al., 2008), logistics (Sourirajan et al., 2009), 

control (Jiang & Adeli, 2008). Researches demonstrate optimization of various parameters of robotic system 

(Martínez et al., 2009; Hondo & Mizuuchi, 2011; Saravanan et al., 2009). Author use total costs of ownership 

(TCO) as a universal criterion for multi-robot system applied at analysis and design stage of the project. TCO 

includes costs required for design, implementation, deployment and operation of such system. The aim of 

described costs estimation model is evaluate large number of solution candidates within reasonable amount of 

time. 

Concept of specification optimization procedure 

The scope of current research is limited to heterogeneous multi-robot systems domain and it aims to develop a 

formal method for optimization of specification of multi-robot system. Multi-robot system specification is a 

formal description of system’s configuration. The specification defines types of agents (classes), their functions 

as well as a number of instances of each class of agents in the system. Optimal specification of multi-robot 

system is such configuration of the system, which maximizes objective function. Author is selected total costs of 

ownership (TCO) which is convenient criterion for robotic systems as it includes design, development and 

operating costs of system. 

According to developed specification optimization procedure several concepts has been defined (see Fig. 1.). 

Component stands for a definition of function of the robotic system. Components are grouped together in order 
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to form an agent (rather, mobile robot or a stationary unit). Solution is a specification of heterogeneous robotic 

system, it defines types of agents and a number of their instances used to carry out a mission. Number of rules is 

applied before considering any combination of agents as a solution. Complexity analysis demonstrates that 

combinatorial explosion is typical for such types of optimization problems.  

 
Specification optimization is performed according to developed procedure, which specifies five consecutive 

steps (see Fig.2.). First of all business requirements are defined by industrialist, then optimization objective 

function is developed and solution space is analyzed. If the number of possible solutions is too high to evaluate 

all of them, then heuristic algorithms are used to narrow the scope of considerable options to the bunch of fittest 

solutions. Finally evaluation is performed using simulations in order to select optimal solution for particular 

mission. Detailed description of steps of the procedure is provided in (Komasilovs & Stalidzans 2012). 

 
The scope of this paper is limited to step 4 of the specification optimization procedure and it describes TCO 

estimation model used for initial evaluation of solution candidates.  

Estimation of investment costs 

Within the current paper author use term investment costs to define all expenses required to design, implement 

and deploy multi-robot system from the scratch into production environment. Investment costs do not include 

expenses related to the operation of the system. 

Simple model has been developed that allows fast estimation of investment costs and fast evaluation of solution 

candidates. Investment costs could be divided into several positions described below. Conceptual model of 

multi-robot system specification optimization procedure imply that the mission for such system is defined using 

a list of components. Costs estimation model assume that components have additional properties, which are 

related to the costs of particular component. 

Proposed model imply that investment costs of the whole system ( ) equals to the sum of investment 

expenses for agents ( ). Additionally expenses for system design are applied as a fraction of agents’ 

expenses (  coefficient). 

  (1) 

Investment costs of agents ( ) consists of design costs of particular type of agents ( ) and 

production expenses ( ) of all instances of particular class of agents. 

  (2) 

 
Fig.1.Conceptual model of the solution 
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Fig.2. Specification optimization procedure 
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Design costs ( ) depends on the number of components ( ) involved into design of particular type of 

agents, and author assume that it grows exponentially. Coefficients (  and ) are used to tune growth 

dynamics according to real prices of design. 

  (3) 

Production costs of an agent ( ) equals to sum of purchase prices of components ( ) used in particular 

agent and agent assembly expenses ( ). 

  (4) 

Assembly costs of an agent ( ) grows exponentially depending on number of components used in the agent 

( ). Author assume that each component have additional complexity index ( ), which should be 

involved into assembly costs calculation. 

  (5) 

Values of  and  are defined for each component used in multi-robot system specification optimization 

procedure, coefficients  and  both for design and assembly costs estimations are defined on the level of 

optimization problem. 

Estimation of operating costs 

Within the scope of current research author defines operating costs as the expenses which are required to 

perform particular mission specified for specification optimization procedure. Operating costs of the 

heterogeneous multi-robot system are highly dependent on application peculiarities of the system because of 

dynamic perturbations between mobile robots of different types. The most precise method to estimate operating 

costs for such systems are simulations, which allow reproduction of operating environment close to real 

production site.  

The aim of the paper is to development of fast operating costs estimation model which is used to evaluate large 

amount of solution candidates. Author assumes several simplifications: it is considered that agents have no 

downtime. Agents switch from one task to another instantly, and they are utilized for 100% of time. Also it is 

considered that particular agent can perform only one of its functions at time.  

According to proposed model operating costs ( ) of the system consist of energy ( ) and maintenance 

( ) costs of equipment. 

  (6) 

Maintenance costs ( ) of the robotic system are considered to be constant over operating time of the system 

( ). It is considered that maintenance rate exponentially grows of total number of agents within the system 

( ). 

  (7) 

Major part of operating costs of the system consists of energy expenses ( ), like electricity or fuel costs. It 

depends of operating costs ( ) and operating time ( ) of each agent. 

  (8) 

Operating expenses of particular agent per time unit ( ) are calculated as sum of power consumption 

indicators ( ) of its components. 

  (9) 

Working time estimation for particular agent is not trivial in multi-robot systems and it refers to logistics. It 

could be generalised as transportation problem where agents are capable to perform certain tasks with defined 

performance (suppliers). The mission for robotic system is to get completed defined amount of tasks 

(consumers). Additional parameters are defined for the mission in order to calculate dynamic attributes of the 

agents. General transportation problems are solved using linear programing, for instance using simplex method 

(Nelder & Mead 1965).  

Conclusion 

The paper presents costs estimation model for heterogeneous multi-robot system, which is used for initial 

evaluation of system’s specification. It refers to step 4 of proposed specification optimization procedure, which 

is implemented using genetic algorithm. The model is used as fitness function for individuals of genetic 

algorithm population and it allows fast evaluation of solution candidates with acceptable accuracy.  

Specification optimization procedure was developed as formal analysis method for heterogeneous multi-robot 

systems and it allows elimination of non-optimal solution branches on early stages with minimal effort.  



International Conference on Applied Information and Communication Technologies (AICT2012), 26.-27. April, 2012, Jelgava, Latvia 

http://aict.itf.llu.lv 121 

Acknowledgements 

Academic study and publication financed by the project “Support for doctoral studies in LUA” 

/2009/0180/1DP/1.1.2.1.2/09/IPIA/VIAA/017/ agreement Nr. 04.4-08/EF2.D1.05.  

References 

Almeida, F.L.F., 2011. Designing and implementation of an intelligent manufacturing system. Journal of 

Industrial Engineering and Management, 4(4), pp.718–745. 

Bi, Z.M. et al., 2008. Reconfigurable manufacturing systems: the state of the art. International Journal of 

Production Research, 46(4), pp.967-992. 

Coltin, B. et al., 2010. Challenges of Multi-Robot World Modelling in Dynamic and Adversarial Domains. In 

Workshop on Practical Cognitive Agents and Robots, 9th International Conference on Autonomous 

Agents and Multiagent Systems (AAMAS 2010). 

Davies, B., 2010. A review of the state-of-the-art of “smart” systems in surgery. International Journal of 

Intelligent Systems, 8(1/2/3/4), p.423. 

Gonçalves, J.F., Mendes, J.J.M. & Resende, M.G.C., 2008. A genetic algorithm for the resource constrained 

multi-project scheduling problem. European Journal of Operational Research, 189(3), pp.1171-1190. 

Haddad, J.E. & Haddad, S., 2004. A fault-tolerant communication mechanism for cooperative robots. 

International Journal of Production Research, 42(14), pp.2793-2808. 

Hansen, S.T., Andersen, H.J. & Bak, T., 2010. Practical evaluation of robots for elderly in Denmark: An 

overview. In Proceeding of the 5th ACM/IEEE international conference on Human-robot interaction. 

ACM, pp. 149–150. 

Holland, J.H., 1975. Adaptation in Natural and Artificial Systems: An Introductory Analysis with Applications to 

Biology, Control, and Artificial Intelligence, Ann Arbor, Michigan: University of Michigan Press. 

Hondo, T. & Mizuuchi, I., 2011. Analysis of the 1-Joint Spring-Motor Coupling System and optimization 

criteria focusing on the velocity increasing effect. In 2011 IEEE International Conference on Robotics 

and Automation. IEEE, pp. 1412-1418. 

Jammes, F. & Smit, H., 2005. Service-Oriented Paradigms in Industrial Automation. IEEE Transactions on 

Industrial Informatics, 1(1), pp.62-70. 

Jiang, X. & Adeli, H., 2008. Neuro-genetic algorithm for non-linear active control of structures. International 

Journal for Numerical Methods in Engineering, 75(7), pp.770-786. 

Kiener, J. & von Stryk, O., 2010. Towards cooperation of heterogeneous, autonomous robots: A case study of 

humanoid and wheeled robots. Robotics and Autonomous Systems, 58(7), pp.921-929. 

Komasilovs, V. & Stalidzans, E., 2012. Procedure of Specification Optimization of Heterogeneous Robotic 

System. In IEEE 10th Jubilee International Symposium on Applied Machine Intelligence and Informatics 

(SAMI). Herl’any, Slovakia: IEEE, pp. 259-263. 

Lasdon, L.S. et al., 1978. Design and testing of a generalized reduced gradient code for nonlinear programming. 

ACM Transactions on Mathematical Software (TOMS), 4(1), pp.34-50. 

Levi, P. & Kernbach, S., 2010. Heterogeneous Multi-Robot Systems. In Rć¼. Dillmann et al., eds. Symbiotic 

Multi-Robot Organisms. Springer Berlin Heidelberg, pp. 79-163. 

Martínez, R., Castillo, O. & Aguilar, L.T., 2009. Optimization of interval type-2 fuzzy logic controllers for a 

perturbed autonomous wheeled mobile robot using genetic algorithms. Information Sciences, 179(13), 

pp.2158-2174. 

Mathews, N., Christensen, A. & Dorigo, M., 2011. Cooperation in a heterogeneous robot swarm through 

spatially targeted communication. Swarm Intelligence, pp.400–407. 

Medvidovic, N. et al., 2011. Engineering Heterogeneous Robotics Systems: A Software Architecture-Based 

Approach. Computer, 44(5), pp.62-71. 

Nelder, J.A. & Mead, R., 1965. A simplex method for function minimization. The computer journal, 7(4), p.308. 

Nouyan, S. et al., 2009. Teamwork in Self-Organized Robot Colonies. IEEE Transactions on Evolutionary 

Computation, 13(4), pp.695-711. 

Parker, L.E., 2008. Distributed Control of Multi-Robot Teams: Cooperative Baton Passing Task. Synthesis 

(ISAS&#39;98), 3, pp.89-94. 

Parlitz, C., Baum, W. & Reiser, U., 2007. Intuitive human-machine-interaction and implementation on a 

household robot companion. Human Interface and the Management of Information. Methods, Techniques 

and Tools in Information Design, (01), pp.922-929. 

Rybski, P.E. et al., 2007. Communication Strategies in Multi-robot Search and Retrieval: Experiences with 

MinDART. In R. Alami, R. Chatila, & H. Asama, eds. Distributed Autonomous Robotic Systems 6. 

Springer Japan, pp. 317-326. 

Saravanan, R. et al., 2009. Evolutionary multi criteria design optimization of robot grippers. Applied Soft 

Computing, 9(1), pp.159-172. 



International Conference on Applied Information and Communication Technologies (AICT2012), 26.-27. April, 2012, Jelgava, Latvia 

http://aict.itf.llu.lv 122 

Shen, Weiming & Norrie, D.H., 1999. Agent-Based Systems for Intelligent Manufacturing: A State-of-the-Art 

Survey. 

Sourirajan, K., Ozsen, L. & Uzsoy, R., 2009. A genetic algorithm for a single product network design model 

with lead time and safety stock considerations. European Journal of Operational Research, 197(2), 

pp.599-608. 

Wong, C.Y., Seet, G. & Sim, S.K., 2011. Multiple-robot systems for USAR: Key design attributes and 

deployment issues. International Journal of Advanced Robotic Systems, 8(1), pp.85-101. 

Zhong, W. & Tian, Z., 2011. Application of Genetic Algorithm in Chemical Reaction Kinetics. Applied 

Mechanics and Materials, 79, pp.71-76. 

 


